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Abstract

In the present work we have combined the polarizable force field based on the classical Drude
oscillator with a continuum Poisson-Boltzmann/Solvent Accessible Surface Area (PB/SASA)
model. In practice, the positions of the Drude particles experiencing the solvent reaction field
arising from the fixed charges and induced polarization of the solute must be optimized in a self-
consistent manner. Here, we parameterized the model to reproduce experimental solvation free
energies of a set of small molecules. The model reproduces well experimental solvation free
energies of 70 molecules, yielding a root mean square difference of 0.8 kcal/mol versus 2.5
kcal/mol for the CHARMMZ36 additive force field. The polarization work associated with the
solute transfer from the gas-phase to the polar solvent, a term neglected in the framework of
additive force fields, was found to make a large contribution to the total solvation free energy,
comparable to the polar solute-solvent solvation contribution. The Drude PB/SASA also
reproduces well the electronic polarization from the explicit solvent simulations of a small protein,
BPTI. Model validation was based on comparisons with the experimental relative binding free
energies of 371 single alanine mutations. With the Drude PB/SASA model the root mean square
deviation between the predicted and experimental relative binding free energies is 3.35 kcal/mol,
lower than 5.11 kcal/mol computed with the CHARMM36 additive force field. Overall, the results
indicate that the main limitation of the Drude PB/SASA model is the inability of the SASA term to
accurately capture non-polar solvation effects.

Graphical Abstract

The polarizable force field based on the classical Drude oscillator was combined with a continuum
Poisson-Boltzmann/Solvent Accessible Surface Area model. In this model the positions of the
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Drude particles, representing the electronic degrees of freedom, experiencing the solvent reaction
field are optimized in a self-consistent manner. The model reproduces well experimental solvation
free energies of small molecules, the electronic polarization from an explicit solvent simulation of
a small protein, and a large set of experimental protein-protein relative binding free energies.
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implicit solvent model; Poisson-Boltzmann continuum solvation model; protein-protein
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INTRODUCTION

Aqueous solvent plays a key role in the majority of biological processes, including ligand-
protein binding. Upon formation of ligand-protein complexes the environment of the binding
site changes significantly by replacement of the polar aqueous solvent by polar and non-
polar groups of the ligand. Thus, the ligand-protein binding represents a fine balance
between ligand-protein, protein-solvent and ligand-solvent interactions. To model these
interactions the most accurate approach is to use models with explicit solvent molecules,
which arguably provide the highest level of detail of biomolecular systems and, in principle,
allow calculations of precise binding free energies of ligands to targets.1=3 However, in
practice, these simulations remain computationally demanding, especially for problems
including de novo protein design, studies of protein-protein interactions and virtual
screening of large small molecule databases that require the evaluation of solvation free
energies within a few seconds. For this reason a significant amount of efforts has been
invested in the development of approximate schemes for treating the solvent implicitly.4-6
Typically, implicit solvent models represent the solvation energy as a sum of nonpolar and
polar contributions.”8 The nonpolar contribution is often expressed in terms of the solvent-
accessible solute surface area and/or solvent excluded solute volume, while the polar
contribution is commonly approximated on the basis of the Poisson equation for continuum
dielectric media.®1% Numerical solutions to the Poisson equation, or Poisson-Boltzmann
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(PB) equation when accounting for effect of electrolyte, can provide a very effective
approach for treating the influence of electrostatic solvation effects on molecules of arbitrary
shape.11-22

The solvent charge density produces the solvent reaction field acting on the solute atoms,
with the largest contribution to this field being produced by the solvent charges and
associated polarization directly adjacent to the solute, i.e. near the molecular boundary of the
solute.® Thus, results of continuum electrostatics models are especially sensitive to the
location of the solute/solvent boundary and its functional form.®:23-25 |n continuum models
this boundary is defined on the basis of atomic Born-like radii,2®> which normally do not
depend on the solute conformation, but may depend on the solute covalent structure. This
imposes a restraint on the solvation radii to give accurate results across multiple
conformations of the solute. In addition, similar to force field optimization the solvation
radii are explicitly parametrized only for a limited set of small compounds, representing the
space of all possible molecules. Then these parameters are transferred to larger molecules.
This also imposes a restraint that the solvation parameters should work equally well across
entire space of molecules, including beyond those for which they are developed. Finally, and
probably most importantly, since not all details of the explicit solvent are treated by
continuum implicit solvents, such as energetics and directionality of solute-solvent hydrogen
bonds, not all aspects of the explicit solvent can be reproduced by implicit solvents. As
consequence, the target data and method used to parametrize solvation models and the PB
model in particular determine their accuracy and applicability to a particular set of problems.

It was previously shown that the ionic radius of hydration can be approximated as the first
peak in the solute-solvent radial distribution function.® As a consequence, the optimal value
for ionic radius is not a property of the ion alone but is an empirical quantity depending on
the ion as well as on the chemical nature of the surrounding solvent molecules. For example,
this is reflected in the difference in solvation free energy between anions and cations in bulk
water due to the asymmetric structure of the water molecule.26-29 In principle, the same
asymmetry of interactions should be found for polar groups of the solute. Thus, the atomic
solvation radii of the solute are defined by the solute and solvent in synergy.30 The solvent
radial density function (RDF) around a solute atom shows a complex behavior with several
peaks corresponding to different layers of partially structured waters.2> The Poisson model
with uniform dielectric media for the solvent and the solute should reproduce the
polarization of this non-uniform and granular solvent. For this reason, the solvation radii
may not be related directly the solvent radial density distribution function. In addition the
Poisson method does not treat all details of the explicit solvent, such as solute-solvent
hydrogen bonds, and thus the solvation radii can be regarded as empirical adjustable
parameters.

In past parameterizations of continuum electrostatic models either experimental solvation
energies®1:32 or explicit solvent simulations2°:33-39 were used to fit solvation parameters.
Both methods have advantages and disadvantages. Fitting solvation parameters against
explicit solvent simulations relies on the quality of those simulations, which strongly depend
on the simulation details and force field parameters (such as charges) of the solute as well as
force field parameters of the solvent. On the other hand fitting a solvation model against
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experimental solvation free energies instantly gives a benchmark of the simulation model
against experimental data. Both polar and non-polar terms of the solvation model must be
fitted together, since in the experiments it is not possible to separate the polar and non-polar
contributions. This is not a disadvantage, since most of the applications of solvation models,
such as ligand or protein binding require knowledge of the complete energies and forces
acting on solute atoms. However, during optimization of continuum models based on
additive force fields, which use fixed-point charges on atoms, the polarization work
associated with the transfer of the solute from the gas phase to the bulk solvent is commonly
neglected. This may cause problems in the parametrization of continuum solvation models
against experimental data, which include the contribution from the polarization. Thus, it is
more straightforward in fitting of continuum solvation models to reproduce results of
explicit solvent simulations with additive force fields, since these explicit solvent
simulations would not include polarization effects. With the Drude force field the
polarization work associated with the solute transfer from the gas phase to the solvent can be
naturally included in the calculations. Thus, using the Drude polarizable force field, there is
no limitation to use experimental solvation free energies as in the case of additive force
fields.

In parametrization of the PB model against experimental data, the model must be
supplemented with an appropriate non-polar term to reproduce the total solvation energy.
Historically one of the first and still one of the most widely-used models is based on the
Solvent-Accessible Surface Area (SASA).4041 Several studies have pointed out that SASA
term is inadequate to reproduce experimental measurements and proposed further to split the
non-polar term into a cavity formation contribution and a contribution due to solute-solvent
attractive van der Waals interactions.#2=44 We note that an elegant separation of repulsive
and attractive forces in LJ potential was originally developed by Weeks, Chandler, and
Andersen (WCA) in the context of liquid perturbation theory,*> which can be used for
calculations of the repulsion-cavity and soft dispersion-VDW contributions by free energy
perturbation (FEP) techniques.*® For the dispersion vdW contribution to the total free energy
Levy et al proposed a continuum solvent van der Waals interaction energy model.** This
model is exact for a solute of an arbitrary shape, but needs finding integrals numerically.
Later Gallicchio and Levy proposed an analytical approximation for the continuum
dispersion term, which employ atomic Born solvation radii of the Generalized Born (GB)
model.#2 Recently, Michael et al proposed a continuum van der Waals model, which uses
another form for the analytical approximation of the continuum vdwW model.*3 The main
difference between this model and the analytical approximation of Gallicchio and Levy is
that the integral over the solute volume is taken over the 1/r8 function, while the model of
Gallicchio and Levy makes use of Born solvation radii, which in turn depend on the self GB
energies, which are integrals of the 1/r* function (recently proposed flavors of the GB model
employ the 1/r power function#’=49). Since the two functions behave similarly at short
distances, the performance of the two models should be comparable. Michael et al also
tested the Lazaridis—Karplus (LK) Gaussian model for the cavity and dispersion term. The
continuum model and LK model showed a moderate improvement over the surface area term
for the performance for a large set of protein stability mutations.
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Solvation models in the context of polarizable force fields were developed by several groups.
Ponder et al developed a Poisson-Boltzmann solvation model based on the AMOEBA
polarizable force field,>0-51 which was demonstrated to accurately reproduce the polarization
from explicit solvent simulations. Luo et al adopted a different approach, where atomic
partial charges are fitted against quantum mechanics electrostatic potential and solvent
reaction field due to solute charges.>2:53 In this method fitting of the ab-/nitio electrostatic
potential is limited to relatively small systems, tractable by quantum mechanics methods.
Finally, a self-consistent reaction field (SCRF) methodology in which solution of the
Poisson-Boltzmann equation is coupled with determination of the polarization response of
the solute was developed for the polarizable force field by Maple et al.>*

The goal of the present article is to develop a PB continuum electrostatics solvation model
combined with the Drude polarizable force field. In this model, the electronic polarization
response of the solute is computed in accord with the solvent reaction field produced both by
solute charges and solute induced polarization. Since the solvent reaction field depends on
the electronic polarization of the solute, the reaction field and polarization must be computed
in a self-consistent manner. In the case of the Drude force field, this requires that the
positions of the Drude particles representing electronic polarization be optimized by
minimizing the total free energy of the solute. Importantly, the implicit solvation forces
arising from the continuum dielectric must be reevaluated at each energy minimization
iteration. We also present a set of optimized atomic solvation radii for the model based on
the SASA approximation. The usefulness and limitation of the current model are discussed
in the context of its application to protein-protein relative binding free energy calculations.

METHODS

The Drude Poisson-Boltzmann/Solvent Assessable Surface Area (PB/SASA) solvation

model

The solvation free energy of a solute can be defined as the reversible work to transfer the
solute from the gas phase to the bulk solvent and can be separated into electrostatic and non-
polar contributions via a thermodynamic cycle. In this cycle the solute cavity is first formed
in the solvent, then solute-solvent vdW interactions are introduced, and finally solute-solvent
electrostatic interactions are switched on:

AG,, = AG

+ AG 4w+ AG Eql

cavity elec

The non-polar contribution comprised of the cavity and vdW terms is commonly
approximated by the Solvent Accessible Surface Area (SASA) model:

AG,, = AG iy + AG gy ~ a- SASA+f,  Eq2

cavity

where a is a surface tension and g is the non-polar free energy of solvating an infinitely
small solute. In attempts to improve the non-polar treatment, the non-polar solvation free
energy in Eq 2 was supplemented with a solute volume proportional term.%%:56 In recent
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work Harris and Pettitt>” showed that the solute volume is practically linear in SASA for
small molecules, arguing that the additional volume-dependent term alone cannot improve
the non-polar solvation model. For this reason, in this work we did not attempt to include the
volume-dependent term. Finally, we did not explore possibilities to improve the non-polar
treatment by including a continuum van der Waals dispersion model. Indeed, though recent
works reported moderate success of such models, in this study we use the classical form of
the non-polar term proportional to SASA, widely used in MM/PBSA methods.?8-1 Future
efforts will look into the use of more detailed treatments of the nonpolar term in conjunction
with the polarizable model.

The electrostatic contribution can be obtained by numerical solution to the Poisson or
Poisson-Boltzmann (PB) equation. In the case of additive force fields the PB solvation
energy is a difference between the PB energies computed using the high and low dielectric

=GP o, — G2 82 Though the same force field charges

are used for the low dielectric calculations in the last formula these point charges are
normally optimized to reproduce an average polarization in solvent and, thus are not ideal
for the gas phase calculations. In the case of the Drude polarizable force field the PB
solvation energy can be computed using the electronic structure (ie. charges and induced
dipoles based on the positions of the Drude particles) corresponding to the media for which
calculations are done. The electrostatic solvation free energy has also an additional
contribution due to the work needed to polarize the solute in vacuum from its vacuum
polarization to its polarization in solvent. This contribution does not exist by definition when
fixed charges additive force fields are used.

constants for the solvent: AG,..

Parametrization scheme

Data set

Empirical force field calculations were performed with the program CHARMM.%3 Additive
force field calculations used the CHARMMS36 (C36) and CGenFF force field® while the
polarizable model calculations used the Drude-2013 protein and nucleic acid force field.5:66
We note that the CGenFF parameters are identical to the parameters in the CHARMM36
force field for small compounds used to parametrize the CHARMM36 force field for
proteins and we will refer to the additive force field as C36 in the remainder of this paper.
For this study, due to poor agreement with experiment hydration free energies updated
parameters in the Drude force field for imidazole, 4-methylimidazole, methylamine,
ethylamine, and propyl-1-amine were used, as described in the Supporting Information.

To optimize radii and solvent accessible surface area (SASA) parameters, a set of small
molecules with known experimental solvation free energies was used.®” The data set
contains 70 molecules: 19 non-polar, 43 polar and 8 charged molecules (Table S1,
Supporting Information). The experimental solvation data were taken from the experimental
dataset of hydration free energies from the work of Mobley et al.67

Initial coordinates for the model compounds were taken from the Mobley dataset and
optimized using the MP2/def2-TZVP model chemistry®8:69 with the Orca program.”®
Subsequently, these structures were optimized using the CHARMM program®3 and Drude
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force field using the Powell method’? to a gradient of 1074 kcal/mol/A. The optimization of
the PB parameters was done on the individual gas-phase minimized structures corresponding
to the empirical force field. After optimization of the PB parameters on the empirical
structures, we repeated the solvation energy calculations on the MP2/def2-TZVP structures
to verify the effect of geometries on the optimized values.

Optimization of the Drude Poisson-Boltzmann/Solvent Assessable Surface Area solvation

model

At each optimization step, the Poisson—Boltzmann/Solvent Accessible Surface Area (PB/
SASA) solvation free energies were computed using the radii at that step. To obtain PB free
energies the Poisson equation was solved with high and low dielectric constants of 80 and 1
for the solvent and solute regions, respectively, using the PBEQ module’2 implemented in
the CHARMM program. We include polarization effects explicitly by optimizing the
positions of Drude particles in each low and high dielectric constant calculation with the
nuclear positions constrained. The Poisson equation was solved on a grid using a resolution
of 0.1 A. The ion concentration was set to zero; we continue to call this method PB for the
sake of simplicity, but use the finite-difference Poisson equation with no electrolyte present
in the continuum solvent. The boundary between a solute and implicit solvent was defined as
a region having a smoothing window from the surface of the solute.38 The smoothing
window was set to 0.5 A. Within the solute-solvent boundary, the dielectric constant is
changing continuously from the solute dielectric constant to the solvent dielectric constant.
Using this method we avoid the sharp transition in the dielectric function with an
intermediate dielectric region being introduced at the solute-solvent boundary, which is
necessary to make the calculated boundary forces numerically stable.”2:73 We note that the
smoothed dielectric boundary is not necessary if only the Drude particles are free to move,
since they move only within atomic van der Waals radii, and thus dielectric and ionic
boundaries are preserved. However, we include it in the present model to facilitate its future
use in conjunction with the estimation of solvation forces acting on the solute atoms. The
non-polar contribution was estimated by the solvent accessible solvent area (SASA) term
using the same radii used for PB calculation and a sphere probe with a 1.4 A radius
mimicking water to define the molecular surface. This was performed so the same set of
radii defines both the SASA and the molecular volume in the PB calculation.

The PB radii were optimized to minimize a target function, which included the RMS
deviation between experimental and computed aqueous solvation free energies and a
restraint term, to prevent strong deviations from the starting values. The restraint term was
the RMS deviation between the starting values and new values of the radii. In the fit function
the RMS energy term and restraint term were summed with weights of 1.0 and 0.7
respectively. The starting values for the radii were taken from the Drude force field vdW
radii of the corresponding atom types. To optimize the radii we used the Powell algorithm
from Numerical Recipes.” The program to optimize parameters was written in C++.

Once the PB free energies and SASAs were computed at each PB radius optimization step,
the surface tension parameter of the non-polar term was optimized using the Golden search
optimization method from Numerical Recipes. The search was done in the range of 0 to 15
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cal/mol/A2. The constant term, S, in the regression formula a - SASA + g for the non-polar
term is set to zero and was not optimized. Thus, the surface coefficient alpha was optimized
separately from the PB radii and was optimal at each PB/SASA optimization step. In the
optimization of the non-polar term, we considered only non-polar and polar compounds.
Charged compounds were excluded from the optimization of the surface tension coefficient,
due to the strong electrostatic contribution dominating the solvation free energy versus the
non-polar contribution. During optimization of the surface tension coefficient the target
function was a sum of the RMS deviation between experimental and computed solvation
free energies, which have polar PB and non-polar contributions, and a weak restraint term
applied to the tension coefficient to it keep near the value of 5 cal/mol/AZ; the restraint
weight for the tension coefficient was 10 relative to the RMSD energy contribution.

Protein-protein complexes—To test the optimized PB/SASA model we computed
relative binding free energies of protein-protein interactions for a set of mutations from a
validation data set comprised of 17 proteins (Table S2, Supporting Information). We
considered 371 mutations for which experimental data are available. Experimental
mutational data were taken from the Bead et al 2013 collection.”® Only single alanine
mutations of all amino acids, excluding prolines and glycines, were considered. Proline and
glycine mutations were not considered as they are commonly associated with large changes
in the secondary and tertiary protein structure. Protein structures were taken from the Protein
Data Bank. Coordinates of missing atoms were build using the SCWRL4 program.”8
Protonation states of histidines were assigned by visual inspection and ideal stereochemistry;
protonation states of other residues were assigned using PROPKA.”” All crystal waters and
ligands were removed from protein systems before minimization of hydrogens. During
minimization, all heavy atoms were constrained to experimental positions in the crystal
structures, while hydrogens were free to move. Minimization was stopped when the average
gradient tolerance of 10 kcal/mol/A was achieved. A uniform dielectric constant of 4 was
used for electrostatic interactions during minimization.

To test the effect of structural relaxation on the relative binding free energies the PB/SASA
relative binding free energies were recomputed using the minimized protein complex
structures. The minimization was done using both the C36 and Drude force fields and with
protein heavy atoms restrained to the experimental position in the crystal structures. No
restraints were applied to hydrogens and Drude particles. The force constant was 1.0
kcal/mol/AZ for heavy atoms of side-chains and 2.0 kcal/mol/AZ for the backbone atoms,
since they are expected to fluctuate less in the protein structure. Minimization was stopped
when the average gradient tolerance of 10~ kcal/mol/A was achieved.

Poisson-Boltzmann/Solvent Accessible Surface Area binding free energy
calculations—The Poisson-Boltzmann/Solvent Accessible Surface Area (PB/SASA)
binding free energy is calculated using the thermodynamic cycle shown in scheme 1.

In this scheme, we want to calculate the binding free energy in solvent, AGtS)ind(SOIV) as

represented in the upper leg showing the binding of ligand or protein A to receptor B in

J Comput Chem. Author manuscript; available in PMC 2019 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aleksandrov et al.

Page 9

aqueous solvent. This binding free energy may be expressed using a thermodynamic cycle
that includes the binding of A with B in vacuum with the electronic polarization
corresponding to that in solvent. Following this cycle the binding free energy in solvent can
be computed according to the following formula:

(A) — AGS

solv

(A:B) — AGS

solv

AGS, (solv) = AG (B)+ AES. (vac), EQ3

solv

where AEﬁind(vac) is the binding energy in vacuum with the solute polarization
corresponding to that in solvent as represented by the implicit solvent model. Note that the
polarization is different for the complex (A:B) and monomers A and B. In the case of the
additive model, AEEind(vac) is simply the interaction energy between the two proteins.

AGS

solv

computed using the following formula:

(X) is the solvation free energy of solute X with the solute polarization in solvent and

AGS

solv

= AGye +AG,, =G, ~ G, +a-SASA, Eq4

elec

where G.cand G.-; are PB energies of the solute computed with the solvent polarization
determined with a dielectric constant of egand vacuum (e = 1) for the solute exterior,
respectively. SASA is the solvent accessible surface area of the solute and a is the surface
tension.52 In the thermodynamic cycle we use the polarization of the protein atoms (position
of Drude particles) in solvent for vacuum calculations, and thus, avoid the need to compute
polarization of the solute in vacuum explicitly. In vacuum, the binding energy has
contributions from the electrostatic and van der Waals terms, which includes the energy from
the atomic core-Drude particle bonds (i.e. self-polarization energy term or polarization
work). This energy is different for the complex (A:B) versus the monomeric proteins A and

B, such that AE, (vac) is calculated as in

AED, (vac) = AES, (A:B) — E5,(A) — Eg. (B) + Eo. (A:B) — Ep (A) — Ep. (B) EQ5

elec elec elec

+ E,qu(A:B) = Ey gy (4) = E g (B)

Equation 5 includes the contribution from the van der Waals term, which is frequently
included in calculations of binding free energies.5961.78.79 |n equation 5 and elsewhere the
use of the protein dielectric constant of 1 is assumed. We note that the solvation energies
corresponding to the vertical legs on scheme 1 include the contribution from the solute-
solvent van der Waals interactions due to the use of the SASA term, since in this work the
PB/SASA model was parametrized against the experimental small molecule total solvation

energies and, thus, it is reasonable to include the van der Waals contribution into AEtS)ind(vac).

As shown below including the vdW contribution in equation 5 actually makes the agreement
with the experimental data worse. For this reason we will initially present results without the
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vdW contribution and discuss the vdW term in the “Minimization and protein-protein vdW
contribution” section. In all calculations that we describe in the Results section, we use
Equation 5 without the vdW contribution, unless it is explicitly stated otherwise.

Until this point we assumed that the conformations of the individual monomeric proteins
and the complexes are the same. If the conformations are different equation 5 should be
modified to include intermolecular energy terms due to protein conformational changes
upon the complex formation. We also neglect the protein configurational entropy change
since it is difficult to estimate,®® and may be assumed to cancel out when binding of very
similar partners is considered as in our study. Future studies will address these assumptions.
Finally, the binding free energy difference between mutant and wild-type protein complexes
is

MUT WT
AAGy;,q = AGyq — AGy,q EQ6

As stated above the boundary between a solute and the implicit solvent was defined as a
region having smoothing window from the surface of the solute. The smoothing window was
set to 0.5 A. Within the solute-solvent boundary, the dielectric constant is changed
continuously from the solute dielectric constant to the solvent dielectric constant. We use a
probe water of 1.4 A radius to define the solute surface. This radius is somewhat small,
leading to artificial high-dielectric medium cavities inside proteins, which can artificially
increase solvation energies.89 To solve this problem we fill internal cavities with neutral
dummy atoms, which are assigned to the low dielectric space. The radius of dummy atoms
was set to 20% less than the mesh size used for PB calculations to assign the low dielectric
medium only to the points inside internal cavities. To find internal cavities we use the
“COOR SEARCH?” command in CHARMM that identifies grid points not connected to an
external point outside of the solute based on the solvent accessible volume using the same
grid used for PB calculations. With this method, all internal cavities are filled with the low
dielectric medium. Thus, the protein surface is based on a molecular surface created with a
probe water of 1.4 A radius and includes the dummy atoms in internal cavities. The protein
PB energies were computed using the focusing method81-83 with a coarse grid of 0.8 A
resolution and fine grid with 0.4 A resolution. This fine grid resolutions ensures sufficient
accuracy in the PB calculations.8* As the ion concentration was set to zero we only use the
Poisson equation though we continue to call this method PB.

For PB calculations with the Drude force field, the polarization effects were included
explicitly by optimizing positions of Drude particles in high dielectric constant environments
for the protein complexes and for the separate proteins. 50 steps of steepest descent
minimization of the Drude particles were performed with positions of all protein atoms,
including hydrogens constrained. Forces due to implicit solvent were reevaluated at each
step of minimization by solving the Poisson-Boltzmann equation with new positions of the
Drude particles. The initial step size for minimization was reduced to 0.005 A, since the
Drude particles move only around their respective atomic centers. The minimization was
considered converged when the energy difference between two consecutive minimization
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steps was less than 0.01 kcal/mol. The minimizations converged in all cases within 10-20
steps of minimization. Fig SI-1 shows the energy change during minimization for 1164 PB
calculations for the proteins in the data set described above.

Molecular Dynamics Simulations—To test the effect of structural relaxation on
protein-protein binding free energies we performed molecular dynamics (MD) simulations
of two protein complexes (PDB reference code 1F4785 and 1FCC®) and their mutants, 17
mutations total. The simulations included all protein residues. The initial structures, 1fcc and
1f47, including the crystal waters, were overlaid with a 97 A or 82 A octahedral box of
water, respectively, and waters overlapping the protein based on a 2.8 A water O to protein
non-hydrogen atom cutoff were removed. Periodic boundary conditions were assumed; i.e.
the octahedral boxes were replicated periodically in all directions. The systems contained
around 115,000 and 67,000 atoms in the 1fcc and 1f47 simulations, respectively. All long
range electrostatic interactions were computed efficiently by the particle mesh Ewald
method®” using a real space cutoff of 12 A and the appropriate number of potassium or
chloride counterions were included to render the systems electrically neutral. The Lennard-
Jones term was evaluated out to 12 A with a force switch smoothing function from 10 to 12
A. MD simulations were performed at a constant temperature of 298K and pressure and 1
ATM after 20 ps of thermalization. During MD simulations the center of mass of protein
atoms was harmonically restrained to the origin of the system with a force constant of 10
kcal/mol/A2. The C36 force field was used for the protein®8 and the CHARMM TIP3P
model for water.89 Calculations were done with the NAMD program.®? Ten nanoseconds of
unrestrained MD were performed at constant room temperature and pressure for the wild-
type proteins and mutants using the C36 force field. Five nanoseconds of molecular
dynamics simulations were performed for each system with the Drude force field for
proteins and the SWM4 water model.®1 To calculate PB/SASA free energies, we saved
structures from the MD simulations every 10 ps for the simulations with the Drude force
field and every 20 ps with the simulations with the C36 force field. The final PB/SASA
binding free energies were averaged over the structures from the last 4 and 8 nanoseconds of
the simulations with the C36 and Drude force fields, respectively.

To compare polarization in explicit and implicit solvent environments we have also
performed MD simulations of a small protein, BPTI in solvent with the Drude force field.
We use the crystal structure with the PDB reference code 4PT192 and the MD setup was
similar to the setup described above, except a smaller octahedral box of waters of 65 A was
used. Simulations were continued for 10 ns with the positions of protein atoms except Drude
particles constrained to the experimental structure. Drude particles were free to move.

RESULTS

Optimization of the polarizable Drude PB model targeted the 70 small compounds listed in
Table S1 of the SI. For comparison purposes we present results with the additive C36 force
field using the vdW radii from that force field and with the optimized PB radii from Roux
and coworkers. In addition, results from the Drude force field using the vdW radii from that
force field are presented. Validation was with respect to the reproduction of polarization
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response in a protein versus explicit solvent and the reproduction of relative experimental
binding affinities of a large collection of protein-protein interactions (Table S2 of the SI).

Parametrization

In the optimization of the PB/SASA solvation model we considered atomic solvation radii of
the PB model and the surface tension of the accessible surface area model as adjustable
parameters. These parameters were optimized to reproduce experimental solvation free
energies of a set of small compounds (Table S1, Supporting information). The initial and
optimized solvation radii are given in Table S3, Supporting information. Table 1 gives RMS
deviations between experimental and computed solvation free energies using the C36 and
Drude force fields. The results were computed using the optimized PB radius set as well as
the vdW radii, which were the starting values for the optimization. Fig 1 shows experimental
vs. computed solvation free energies. Benzene and toluene were considered as non-polar in
the analysis. The final optimized value for surface tension of the solvent accessible surface
area (SASA) term is a.=7.64 cal/mol/AZ2, close to the initial value of 5.0 cal/mol/A2,
originally proposed by Sitkoff et al.%% We did not optimize the constant parameter Zin the
regression formula of SASA. Indeed, the solvation energies in table 1 computed with the
optimized set of radii do not show any systematic deviation from the experimental energies
with the mean signed deviation with the optimized set of radii and the Drude force field less
than 0.1 kcal/mol for all compounds. For the C36 force field and the set of radii from Nina et
al?5 optimized for the CHARMM additive force field the mean deviation from experimental
solvation energies is +0.6 kcal/mol and —0.9 kcal/mol for hydrophobic and polar compounds
respectively. This suggests that the PB/SASA solvation model does not need a constant term
B to reproduce absolute solvation free energies. We also note that this constant term, though
having an effect on the optimized radii, cancels out when relative binding of a ligand or a
protein is considered.

With the optimized set of radii we obtain 0.8 kcal/mol for the root mean square (RMS)
deviation from the experimental solvation energies for the Drude force field. With the initial
vdW radii the results are much worse: the RMS deviation is 16.7 kcal/mol. Overall, with the
initial vdW radii from the force fields the solvation energies computed with the C36 and
Drude force fields are systematically overestimated in comparison with the experimental
values indicating that the vdW radii are too small for the PB model and tend to overestimate
interactions of a solute with solvent. The radii optimized in this work (Table S3) are
systematically larger than the vdW radii, although the mean absolute deviation between the
optimized and initial vdW radii is small, just 0.26 A. We also tested the choice of the
geometries of the compounds on the solvation energies. Using the structures optimized at
MP2/def2-TZVP level of theory and the optimized set of radii we obtain the RMS deviation
of 0.8 kcal/mol, practically the same value within the precision we obtain with the
CHARMM optimized structures.

In the case of the Drude polarizable force field, the electrostatic contribution to the solvation
free energy has a contribution from the self-polarization energy associated with the atomic
core-Drude particle bonds. When calculating hydration free energies, the difference in self-
polarization in vacuum versus that in solvent must be taken into account. This work for the
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model compounds used to parametrize the Drude PB/SASA solvation model is given in the
Table S1, and ranges from 0.003 to 5.6 kcal/mol for cyclopentane and acetate, respectively,
and is obviously always positive. The largest relative contribution in this work occurs with in
dimethyldisulfide and ethoxyethane, where this is over a 30% contribution relative to the
Poisson solvation energy. The RMS deviation computed between experimental and
computed solvation free energies without the polarization work is given in Table 1. As
expected for the non-polar molecules the polarization work is very small, and thus has little
effect on the computed solvation free energies: the RMS deviation without the polarization
work is 0.7 kcal/mol, close to 0.6 kcal/mol computed with the polarization work. For the
polar molecules the RMS deviation is 0.8 and 2.4 kcal/mol with and without the polarization
work contribution, respectively. For the charged molecules the RMSD is 0.8 and 2.9
kcal/mol with and without the polarization work contribution, respectively. Thus, in contrast
to the contribution to the solvation of the non-polar molecules, the polarization work has a
large effect on the solvation free energies for the polar and especially for the charged
molecules. Overall, the electronic polarization makes a significant contribution to the
solvation. It is interesting to examine the effect of this approximation of the neglect of the
polarization work in the parametrization of the PB solvation model against experimental
solvation free energies. Since this work is always positive, the optimized atomic solvation
radii without the polarization work tend to be larger in order to reproduce experimental free
energies. Thus, if the polarization work is neglected the solute-solvent interactions with the
PB model are weaker than in the case when the polarization work is correctly taken into
account.

The correlation coefficient between experimental and computed solvation free energies
using the Drude force field and the optimized set of radii is excellent, 0.999, clearly visible
on Fig 1. The correlation for the polar and charged compounds is again very good, 0.96 and
0.99 respectively. In contrast to the polar and charged molecules the correlation for the non-
polar compounds is just 0.11, indicating that the PB/SASA solvation model is not capable to
capture the difference in the non-polar solvation for these molecules.

Performance of the Drude Poisson-Boltzmann/Solvent Assessable Surface Area model

Comparison between polarization in implicit and explicit solvent simulations
—To compare the polarization in the implicit PB model and that occurring during explicit
MD simulations we simulated a small protein, BPTI in the explicit solvent for 10 ns. For this
calculation we assume that the protein geometry was constrained to the experimental
structure in the explicit solvent MD simulation while the Drude particles and explicit solvent
molecules were propagated in the simulation. Positions of Drude particles were averaged
over 1000 snapshots saved every 10 picoseconds during MD simulations. Using the same
geometry, we optimized the positions of the Drude particles in the PB implicit solvent using
the set of radii optimized in this work. The protein dielectric constant was set to 1. To take
into account only polarization effects produced by the solvent for analysis, we computed
displacements of Drude particles relative to positions optimized in vacuum with dielectric
constant of 1. Fig 2 shows absolute displacements computed with implicit and explicit
solvents and cosine of angle between them. We obtain 88% correlation for the absolute
displacements of the Drude particles. The angle between displacements computed using the
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explicit and implicit solvent simulations is mostly zero especially for large absolute
displacements, i.e. the displacements of the Drude particles are collinear in the implicit and
explicit solvent. Overall, the PB implicit solvent model reproduces very well both the
magnitude and directionality of displacements of the Drude particles, indicating the PB
model to satisfactorily mimic protein polarization occurring in explicit solvent.

Calculation of the effect of single mutations on protein-protein binding free
energies—To further test the PB/SASA model with the optimized parameters we
computed the effect of single point mutations on the protein-protein binding free energy for
comparison with available experimental data on 17 different protein complexes. The results
with a protein dielectric constant of 1 are given in Table 2. We will describe first the results
obtained without the vdW contribution in vacuum in Eq 5. The RMS deviation between
computed and experimental relative binding free energies is 3.35 kcal/mol with the
optimized set of radii and the Drude force field, higher than with the NULL model of 1.68
kcal/mol. The later NULL model assumes all energy differences to be zero. With the C36
force field and the set of radii from Nina et al?® the RMS deviation is 5.11 kcal/mol, which
is higher than the result obtained with the Drude force field. The best correlation of 0.29
between the computed and experimental relative binding free energies was obtained with the
Drude force field and optimized radii. With C36 a slightly smaller correlation of 0.24 was
obtained.

We also tested the PB/SASA model with the force field vdW radii, since they have been
frequently used together. With the Drude force field the RMS deviation is 2.51 kcal/mol,
which is lower than with the optimized set of radii. Similar, with the C36 force field we
obtain a RMS deviation from the experimental energies of 2.39 kcal/mol, which is again
lower than with the optimized set of radii from Nina et al.2> This surprising result may be
explained by the fact that with the vdW radii the electrostatic interactions with the solvent
are overestimated and, thus, absolute protein-protein binding free energies are
underestimated, leading to the binding energies of mutations, which are all to alanine,
relative to the binding of wild-type proteins being systematically smaller. These smaller
energies give a smaller RMS deviation with the experimental values. Ultimately, if we
assume that all energy differences are zero, we obtain a RMS deviation of just 1.68 kcal/mol
for the NULL model. While the RMS deviation is smaller with the vdW radii, the
correlation between experimental and computed energies is lower, —0.05 versus 0.24 with
C36 and 0.06 versus 0.29 with the Drude force field.

Figure 3 shows a comparison between computed and experimental binding free energy
differences using the Drude and C36 force fields. The PB/SASA model reproduces
reasonably well the relative binding energies associated with the mutations of charged
residues with a correlation of 0.50. The results are worse for polar and non-polar residues
with correlations of —0.13 and -0.15, respectively. We attribute these poor correlations to the
SASA model used in this study, which is unable to capture hydrophobic effects associated
with mutations of proteins. A different form of the non-polar term should be proposed and
tested, which we leave for future studies.
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Minimization and protein-protein vdW contribution—To test the effect of the
structural relaxation on the relative binding free energies we computed PB/SASA relative
binding free energies on the minimized structures. For this, all crystallographic water
molecules and ligands were removed and structures were minimized with restraints applied
to non-hydrogen atoms to the experimental positions as described in the Method section.
Using the C36 force field and a dielectric constant of 1 we obtain the RMS deviation of 4.47
kcal/mol, which is slightly better than 5.11 kcal/mol obtained using the experimental
structures without minimization (Table 2). The correlation between experimental and
computed relative binding free energies also improves slightly from 0.24 to 0.29. Using the
Drude force field and dielectric constant of 1 we obtain RMS deviations of 3.35 and 3.67
kcal/mol without and with minimization of the complex structures. With minimization and
the Drude force field we obtain a correlation of 0.09, which is worse than 0.29 without
minimization of the complexes. Overall, minimization of the protein complex structures
alone does not substantially impact the obtained results.

We also tried to improve the computed relative binding free energies by including the
contribution from van der Waals interactions as described in equation 5. Indeed, as discussed
in the method section, in theory the vdW contribution should be included into the binding
free energy in vacuum. In practice, it makes the results much worse. Including the vdwW
contribution in the vacuum calculations with the C36 force field and a dielectric constant of
1 yields RMS deviations of 5.12 and 4.41 kcal/mol using the experimental structures and
minimized structures, respectively. Both values are comparable with 5.11 kcal/mol obtained
without the vdW contribution. In contrast to the RMS deviation the correlation improves
with the vdW contribution from 0.24 to 0.40 and 0.50 using the experimental and minimized
structures, respectively. Using the Drude force field and optimized set of radii RMS
deviations of 7.82 and 6.41 kcal/mol are obtained using the experimental and minimized
structures, respectively. Both values are worse than the RMS deviation of 3.35 kcal/mol
obtained without the vdW contribution. Similar to the C36 force field results with the Drude
force field show correlations of 0.29 and 0.59 using the experimental and minimized
structures, respectively. In both cases, using the C36 and Drude force field we obtain a larger
RMS deviation between experimental and computed relative binding free energies, but a
better correlation. With the vdW contribution the relative binding free energies are
systematically more unfavorable: the mean signed error with the Drude force field is 0.53
and —3.38 kcal/mol without and with the vdW contribution respectively. With the C36 force
field the mean signed error is 0.72 and —0.50 kcal/mol without and with the vdwW
contribution. This result can be explained by the following. In this work we consider only
mutations of protein residues into alanines, i.e. sidechains were essentially converted into a
hydrogen on the C@ atom. Accordingly, the vdW contribution is always positive since larger
sidechains have favorable vdW dispersion interactions with the atoms of the partner in the
complex. These side chains also have favorable interactions with the solvent, even if they are
not completely exposed in the protein monomers. The latter vdW interaction energy with
solvent of both partially and completely buried atoms cannot be reproduced by the SASA
model. Thus, in the total binding free energy the vdW interaction in vacuum between
mutated sidechains and partner atoms is not counterbalanced by the SASA non-polar
solvation model. Overall, using the Drude PB/SASA model the main difficulty in the
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reproduction of the experimental relative free energies is not treatment of the electrostatics,
but treatment of the non-polar contribution and inadequacy of the SASA model to reproduce
vdW interaction with the solvent. Addressing these issues is the subject of future studies.

Effect of mutual protein—protein polarization in complexes on binding free
energy—With the Drude force field and carefully parametrized PB model in this work we
can study the effect of mutual polarization of the proteins on the protein-protein binding
energy. We recomputed the relative binding free energies using the polarization of the
proteins in the unbound state and applied that to the protein complexes. Thus, we neglect the
mutual protein-protein polarization effects due to interactions between protein atoms and
due to displaced waters from the space occupied by partner proteins. The RMS deviation
between computed and experimental binding free energies is 4.27 kcal/mol, higher than 3.35
kcal/mol using the polarization based on the protein complexes. The correlation coefficient
is —0.17, lower than 0.29 computed using the protein complex-based polarization. The RMS
deviation between energies computed using the two methods is 1.69 kcal/mol. Overall, the
mutual polarization appears to be an important factor and should be included in calculations
of protein-protein binding.

PB binding free energy with MD simulations—To test the effect of the
conformational relaxation on protein-protein binding free energies we have performed
molecular dynamics simulations of selected protein complexes. This included two protein
complexes and their 17 mutations using both the C36 and Drude force fields. PB/SASA
binding free energies were averaged over the snapshots from these trajectories as described
in the Method section. We use two methods to treat the polarization. In the first method,
positions of Drude particles are optimized in the continuum model in the complexes and
separate proteins for each snapshot after the solvent was removed. In the second method, we
use polarization (positions of Drude particles) directly from MD simulations of the protein
complexes. This uses the same polarization for the unbound state, and thus, polarization is
not treated correctly. Nevertheless, it allows us to estimate the effect of mutual polarization
on binding similar to what was done in the previous section for the single conformation
calculations. The same protein conformation from the protein complexes are used for the
unbound state. We note that to take fully into account protein relaxation we need to perform
molecular dynamics simulations of the individual proteins in the dissociated state. Including
this effect will be addressed in future studies.

With the Drude force field we obtain RMS deviation between experimental and computed
relative binding free energies of 7.54 kcal/mol. Using the experimental crystal structure, we
obtain a better prediction of binding free energies with RMS deviation of 5.26 kcal/mol.
With the C36 force field and structures from the MD simulations we obtain the RMS
deviation of 5.30 kcal/mol, which is lower than 8.35 kcal/mol obtained using just the
experimental structures. This can be explained by conformational fluctuations observed in
MD simulations that do not converge within the simulation time of 5 ns with the Drude force
field and 10 ns with the C36 force field, which underlines the need to perform much longer
molecular dynamics simulations, an issue that we leave for future studies.
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Using the polarization from the MD simulations for the calculations in the complex and in
the unbound state we obtain a much larger RMS deviation of 9.85 kcal/mol. The relative
binding free energies computed with the correct polarization in the dissociated state are
systematically smaller than the relative energies computed with the polarization only from
the protein complexes due to electronic relaxation in the dissociated proteins. This is in line
with the calculation on the experimental structure described above, and underlines the
importance of mutual polarization for binding.

Conclusions

A Poisson-Boltzmann Solvent Accessible Surface Area (PB/SASA) implicit solvation model
was developed in conjunction with the Drude polarizable force field. The model is
parametrized against the experimental solvation free energies of a set of small ligands,
taking advantage of the ability of the polarizable force field to estimate the polarization work
associated with the transfer of the solute from the gas-phase to the solvent. The polarization
work, or self-energy, was found to make a large contribution to the total solvation free
energy of a solute comparable to the Poisson-Boltzmann polar solvation contribution,
indicating that to reproduce accurately experimental solvation free energies the polarization
should be included into calculations. The Drude PB/SASA model with the optimized
parameters reproduces the average polarization in explicit solvent simulations of a small
protein. This was also applied to predict experimental relative binding free energies
associated with single alanine mutations in a collection of 17 proteins. Including polarization
into calculations improves the predicted binding free energies with an RMS deviation of
3.35 kcal/mol computed with the polarization calculated for protein complexes versus 4.27
kcal/mol using the individual monomer protein polarization for the protein complexes. The
correlation also improves from 0.17 to 0.29 with the polarization included in calculations.
Overall, treatment of polarization improves the computed relative binding free energies.

The results indicate that the charged mutations are reproduced much better than mutations of
polar and hydrophobic residues. In addition, the model reproduces the solvation free
energies of small hydrophobic compounds with a weak correlation, just 0.11. Overall, these
results indicate that the applied SASA term in not capable of satisfactorily capturing non-
polar effects. In future we will explore ways to improve the non-polar treatment of the
solvation model.

Finally, while the validation calculations in this study involved protein-protein interactions it
needs to be noted that the PB radii presented here will be of utility for calculations of all
biomolecules included in the Drude Force Field. This is due to the use of common atom
types throughout the force field versus molecule specific parameters that comprised much of
the CHARMM additive force field. Accordingly, the PB parameters will be of utility for
studies of heterogeneous systems such as nucleic acid-protein, lipid-protein, and
carbohydrate-protein interactions, as well as the respective molecules alone and other
possible combinations. The final PB radii along with example inputs for use of the presented
parameters may be accessed from the MacKerell web site at http://
mackerell.umaryland.edu/.
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Experimental solvation free energies vs. computed solvation free energies. Calculations were
done using the C36 force field, shown in the top panels and Drude force field shown in the
bottom panels. Left panels: the computed AGqq)y With the initial vdW radii. Right panel: the
computed AGqqpy With the radii from the work of Nina et al for C36 and radii optimized in
this work for the Drude calculations. The SASA tension coefficient was set to 5 cal/mol/A2
for the calculations with the vdW radii and 7.64 cal/mol/AZ2 for the calculations with the
optimized set of radii and the Drude force field. Points for charged molecules are in red;
points for polar molecules are in blue; and points for non-polar ones are in black. The gray
line shows the perfect match between experimental and computed solvation free energies.
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Figure 2.

Induced polarization in implicit and explicit models. Left: Displacement of the Drude
particles in the BPTI protein in implicit PB and explicit solvents relative to their positions in
the protein in vacuum. Right: Angle between displacements of Drude particles induced by
solvent interactions in the implicit PB and explicit solvents.
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Computed and experimental binding free energy differences for protein mutants.
Computations were done using (left) CHARMM36 and (right) Drude force fields. In both

cases the protein dielectric constant of 1 was used.
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Page 25

Thermodynamic cycle used to compute binding free energies in solvent. Superscripts show
the medium in which the electronic polarization (position of Drude particles) of the protein

atoms is computed. S indicates aqueous solution.
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Mean deviations, mean absolute deviations, RMS deviations, and Pearson’s correlations between computed
and experimental binding free energy differences between mutants and wild-type proteins. Calculations were
done using the protein dielectric constant of 1.

NULL model
C36/vdW. radii
C36/opt. radii
C36/opt. radii/min.2
Drude/vdW. radii
Drude/opt. radii

Drude/opt. radii/min.2

<Eexp ~ Ecomp>: kcal/mol
0.97
1.29
0.72
1.05

0.99
0.53
1.19

<|Eexp ~ Ecompl>. kcal/mol
1.05
1.63
2.88
2.75

1.69
2.19
2.32

RMSD, kcal/mol
1.68
2.39
511
4.47

2.51
3.35
3.67

P

-0.05
0.24
0.29

0.06
0.29
0.09

a . -
Calculations were done on the minimized structures.
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RMS deviations and Pearson’s correlations between computed and experimental relative binding free energies
for 17 mutants. Calculations were done using experimental structures or structures from MD simulations.

Method RMSD, kcal/mol
C36/exp 8.35
C36/MD 5.30
Drude/exp? 5.26
Drude/MD? 754
Drude/MD/polariz. complexb 9.85

P
0.62

-0.01
0.58

0.50

0.46

a . . T
Calculations were done using the correct polarization in the gpo states;

b . - . L
using the polarization from the protein complexes for the proteins in the apo state.
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