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A new method for considering solvation when calculating electrostatics for protein docking is 
proposed. The solvent-exposed charges are attenuated by induced solvent polarization 
charges. Modified charges are pre-calculated and the correction doesn’t affect the speed of 
the actual simulation. The new Screened Charge Electrostatic Model (SChEM) results in an 
improved discrimination of near-native solutions from false positives in docking simulations 
as compared to conventional ‘non-solvated’ charge assignment. A series of protein-protein 
complexes were analyzed by running automated rigid-body Monte-Carlo docking simulations 
using the 3-D coordinates of the unbound components. In all but one case, the use of 
solvation screened charges for electrostatic calculations helped to improve the rank of the 
near-native solution after rigid-body simulations. The SChEM also drastically improved the 
results of the subsequent refinement of the interface side-chains. In all cases the final lowest 
energy solution was found within 3.0 Å r.m.s.d. of the crystal structure.   

1 Introduction 

In silico prediction of protein-protein interactions will undoubtedly play an 
essential role in the structural genomics era. Currently ongoing structural genomics 
projects will drastically increase the number of available 3-D protein structures1, and 
a variety of computational tools will be needed to efficiently use this structural 
information, with the ultimate goal of understanding the complex network of 
protein-protein interactions in a living organism. In this context, a number of 
docking methods have been developed to predict the structure of a protein-protein 
complex given the 3-D coordinates of its individual components.2 Although early 
rigid-body docking methods based on purely geometrical criteria were adequate 
when the approaching subunits artificially presented the same conformation as in the 
complex,3 4 the prediction results were clearly poorer when using the 3-D 
coordinates of the uncomplexed subunits.5 It was soon evident that geometry-based 
approaches were not accurate enough to model the induced fit of the interacting 
surfaces upon binding. Treatment of interface flexibility as well as more realistic 
energy approximations had to be developed.  
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The inclusion of energy determinants, together with molecular flexibility, can 
result in more realistic simulations. A global minimization procedure with a 
complete energy description has been reported and successfully applied in the 
prediction of a lysozyme-antibody complex6 and in a blind prediction contest.7 The 
method, based on ICM methodology,8 used a pseudo-brownian Monte-Carlo 
minimization9 and a subsequent biased probability Monte Carlo10 optimization of the 
interface side-chains. The use of a soft interaction energy function pre-calculated on 
a grid11 can drastically increase the speed of the docking simulations, as has been 
observed for protein-ligand docking.12 

Electrostatic interactions play an important role in protein-protein docking.  The 
accurate definition of electrostatics, including solvation considerations, is critical for 
the correct ranking of the near-native solutions. Here we present a method for 
calculating the solvation-corrected grid electrostatic energy and show that it 
substantially improves the results of rigid-body docking simulations and side-chain 
refinement. 

2 Methods 

2.1 Energy description 

The interaction energy potentials were pre-calculated on a grid11 within a 3-D 
box covering approximately half of the total receptor surface (including the known 
or hypothetical receptor binding site). The energy estimate used during docking 
simulations consisted of the following terms:13 

 
E = EHvw + ECvw + Eel + Ehb + Ehp                                   (1) 

 
where EHvw is the van der Waals potential for a hydrogen atom probe, ECvw the 

van der Waals potential for a heavy atom probe (a generic carbon of 1.7 Å radius 
was used), Eel an electrostatic potential generated from the receptor with a distance 
dependant dielectric constant, Ehb the hydrogen-bonding potential calculated as 
spherical Gaussians centered at the ideal putative donor and/or acceptor sites, and 
Ehp a hydrophobicity potential roughly proportional to the buried hydrophobic 
surface area. Van der Waals potentials were initially truncated to a maximum energy 
value of 1.0 kcal mol-1 to avoid inter-molecule repulsive clashes arising from the 
rigidity of their side-chains. 

2.2 Solvation correction for electrostatics 

Previously we used a distance-dependent dielectric model ε=4*r 14 to 
approximate the effects of solvent screening of electrostatic interaction. While this 
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approach is fast and simple, it does not reflect the dependence of the solvation effect 
on the degree of the solvent exposure.  

Charge scaling, i.e. the reduction of solvent-exposed charges, has previously 
been used to account for solvation effects in certain systems, such as DNA. 
Polarization of the solvent near the charged solute atom results in the formation of 
an induced solvent charge of the opposite sign, attenuating the electrostatic 
interactions of the solute. This effect can be considered as an effective reduction of 
the solute charges. The optimal degree of charge reduction has to be determined 
from such factors as solvent accessibility or fit to experimental values. Here we 
propose a method for charge scaling based on continuum dielectric solvation model. 

Continuum dielectric solvation model represents the solvent as a medium of 
high dielectric constant (εout =78.5 for water), while the interior of the solute has 
relatively low dielectric constant (we use εin =4 in this work). Poisson equation has 
to be solved to evaluate accurately the electric field in such a system: 

 
∇(ε(r)∇φ(r))=ρ(r)                                             (2) 

 
where ε is the dielectric constant (permittivity), φ is the electric potential and ρ 

is the charge density. The boundary element (BE)15 method is a popular approach to 
solving the Poisson equation in continuum dielectric electrostatics calculations. The 
BE method is based on the representation of electrostatic solvation effects by 
appropriate induced surface charge density σσσσs on the solute/solvent boundary. The 
full electrostatic field at a point r is represented as  
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where the first term represents the standard Coulomb field of the atomic charges 
qi and the second term accounts for the field of the induced surface charge. This 
representation provides a basis for quantitative evaluation of optimal scaled charges: 
the induced surface charge density can be projected onto the nearby atoms. The 
electric field of the resulting corrected atomic charges should approximate closely 
the exact solution, i.e. the combined field of the original atomic charges and of the 
induced surface charge distribution. 

To obtain numeric solution in the BE method, the boundary is typically split 
into patches, or boundary elements, and surface charge densities σi are evaluated by 
solving a system of linear equations15. Serendipitously, the REBEL (rapid boundary 
element electrostatics)16 implementation of the method uses per-atomic BE’s, i.e. 
patches of the molecular surface assigned to the atoms of the solute and generates 
the surface charge values σiSi for these patches (Si is the area of the i-th BE). That 
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allowed us to use a very simple approach to scale the surface charges by adding to 
each partial atomic charge qi the corresponding induced solute charge: 

 
qi’=qi + σiSi                                                                                   (4) 

 
While the approach obviously simplifies the complex nature of the electrostatic 

solvation, it largely reproduces the expected effect of solvent on electrostatic 
interactions in docking: partially buried (but involved in the interaction) charges 
contribute strongly to the binding, while exposed charges interact relatively weakly. 

2.3  Docking simulations 

The two-step docking procedure used in this work consisted of a rigid-body 
docking step followed by side-chain refinement (scheme in Figure 1). The resulting 
conformations from the first rigid body step were further optimized by an ICM17 
global optimization algorithm, with flexible interface ligand side-chains and a grid 
map representation of the receptor. In this refinement step, the internal energy for 
the ligand interface side-chains was also considered, including the van der Waals, 
hydrogen bonding and torsion energy calculated with ECEPP/3 parameters18, and the 
Coulomb electrostatic energy (distance-dependent dielectric constant; ε=4*r). 
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Figure 1.  Scheme of the docking protocol used in this work. The ligand molecule was positioned in a 
random orientation inside the grid potential box and was systematically rotated to generate 120 different 
starting conformations. The six positional variables of the ligand were sampled by a pseudo-Brownian 
Monte Carlo optimization, in which each random step was followed by local minimization. New 
conformations were selected according to the Metropolis criterion19 with a temperature of 5000K. Each 
simulation was terminated after 20,000 energy evaluations. Low energy conformations with pairwise 
r.m.s.d. for the ligand interface Cα atoms greater than 4 Å were retained in a conformational stack, and 
their interface side-chains were further optimized using a Biased Probability Monte Carlo procedure. 
The simulation temperature for this refinement step was set to 300K, and the total number of energy 
evaluations was 1,000 times the number of flexible interface torsion angles. The surface-based solvation 
energy20 was included in the final energy to select the best refined solutions. 
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3 Results  

3.1 Rigid-body docking simulations 

Docking simulations have been applied to the selected protein-protein complexes 
listed in Table 1. For all of them, the 3-D structures of their unbound subunits are 
available. 

Table 1.   PDB codes of the protein-protein complexes and unbound subunits used in this work. 

COMPLEX 
PDB 

RECEPTOR 
Name 

 
PDB 

LIGAND 
Name 

 
PDB 

1ca0 Chymotrypsin 5cha APPI 1aap 
1cbw Chymotrypsin 5cha BPTI 1bpi 
2sni Subtilisin 2st1 CI-2 2ci2 
1taw Trypsin (bovine) 5ptp APPI 1aap 
3tgi Trypsin (rat) 1ane BPTI 1bpi 
1brc Trypsin mutant (rat) 1bra APPI 1aap 
 
 

 
For all test cases, automated rigid-body docking simulations starting from the 

unbound subunits were performed, using initially the uncorrected electrostatic 
energy. Amongst the low energy solutions stored for each complex, we always found 
at least one conformation within 4 Å r.m.s.d. (calculated for the ligand interface Cα 
atoms when only the receptor Cα atoms were superimposed onto the 
crystallographic structure) from the experimental structure. Rank (according to total 
energy) and r.m.s.d. values for the near native solutions found in all test cases are 
shown in Table 2 (column corrected charges). 

 

Table 2.   Rigid-Body docking results with uncorrected-and corrected charge electrostatic. 

Complex 
 

uncorrected 
Rank 

charges 
r.m.s.d. (Å) 

corrected 
Rank 

charges 
r.m.s.d. (Å) 

1ca0 16 of 233 1.4 6 of 228 1.4 
1cbw 10 of 220 1.5 5 of 231 0.9 
2sni 43 of 243 2.4 66 of 220 2.5 
1taw 3 of 232 3.2 1 of 228 3.5 
3tgi 210 of 238 0.3 23 of 243 0.6 
1brc 20 of 218 3.5 1 of 237 3.7 
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In none of the complexes, the near native conformation was found as the lowest 
energy solution. The best scored near native solution (ranked 3rd) was found for 
trypsin/APPI complex (PDB 1taw), with an r.m.s.d. of 3.2 Å from the real structure. 
Interestengly, for the trypsin/BPTI complex (PDB 3tgi), we found a solution very 
close to the real structure (0.3 Å r.m.s.d.), but unfortunately very poorly scored 
(ranked 210th). 

To evaluate if our SChEM approach could help to remove false positives (e.g. 
conformations with large interaction surfaces and over-estimated interactions of 
solvated charges), we performed rigid-body docking simulations for all complexes 
using the new corrected electrostatics. The results (Table 2; column corrected 
charges) clearly improved by using solvation-corrected electrostatics. The near 
native solution now ranked first for two of the six test cases (1taw and 1brc), and 
was found within the 6 lowest energy solutions in more than half of the cases. 

 

3.2  Interface refinement of docking solutions 

The resulting solutions obtained after rigid-body docking with uncorrected 
electrostatics, were further refine by optimizing the interface side-chains (using 
uncorrected electrostatics during the refinement). The results (Table 3; column 
uncorrected charges) show that the refinement of interacting side-chains improved 
the rank of the near native solution in all cases except one (1brc). Moreover, in two 
of the complexes, the near native solution is now ranked in first place (2sni and 
1taw).  
 

Table 3.   Re-evaluation of docking solutions after interface refinement 

Complex 
 

uncorrected 
Rank 

charges 
r.m.s.d. (Å) 

corrected
Rank 

charges 
r.m.s.d. (Å) 

1ca0 2 of 233 1.1 1 of 228 1.2 
1cbw 3 of 220 1.1 1 of 231 0.7 
2sni 1 of 243 2.6 1 of 220 2.7 
1taw 1 of 232 2.8 1 of 228 2.9 
3tgi 62 of 238 0.5 1 of 243 0.6 
1brc 33 of 218 3.1 1 of 237 1.8 
 
 
 
When the docking solutions obtained using the corrected electrostatics are 

refined (also using the solvation-corrected electrostatics), the ranking is further 
improved (Table 3; column corrected charges). In all cases, the near native solution 
is now the lowest energy conformation.  
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4 Discussion 

Electrostatic forces play an important role in protein-protein interactions. The 
solvation effects present a major difficulty in modeling electrostatic interactions. We 
propose and apply a simple screened charge model to account for the attenuation of 
electrostatic interactions by the solvent in docking simulations. For the six 
complexes in the test set, the proposed correction results in a dramatic improvement 
of the ranking of the near-native solution. Already at the rigid-body docking step, 
the near-native solution is ranked first for two complexes, versus none in the case of 
uncorrected electrostatics. The influence of the correction on the refinement step is 
relatively minor. As can be seen in Figure 2 (refinement with uncorrected 
electrostatics) and Figure 3 (refinement with corrected electrostatics), interface 
refinement of rigid-body solutions removes clashes from interacting side-chains in 
the wrong conformation. Refinement is able to mimic the induced fit of the 
association, and the final conformation of interacting ligand side-chains is very close 
to the native conformation. However, the effect of the solvation correction is 
essential for the accurate scoring of the near-native solution. The correction 
apparently helps to remove false positives, e.g. conformations with extended 
interacting surfaces and over-estimated interactions of solvated charges. The lowest 
energy conformation (21.8 Å r.m.s.d.) (Figure 2) found with uncorrected 
electrostatics presents numerous electrostatic interactions of highly exposed residues 
for which the attraction is over-estimated. On the contrary, the near-native solution 
is correctly ranked as the lowest energy conformation when the corrected 
electrostatic term is used. 

As this work shows, failing to consider solvation effects when calculating 
electrostatics in protein-protein docking simulations often results in numerous 
misdocked configurations. We show here a way of including such solvation effects 
in electrostatic energy which greatly improves docking accuracy without significant 
computational overhead. 

A broader docking test using this novel approach for electrostatics is reported in 
an upcoming publication21.   
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Figure 2.  Docking results for trypsin/BPTI (PDB 3tgi) using uncorrected electrostatics. Near native 
solution obtained after rigid-body docking (dark gray) and after refinement (black) compared to the 
crystallographic structure (light gray). The lowest energy solution obtained after refinement is shown in 
thin lines. The trypsin surface is shown as light gray dots. 
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Figure 3.  Docking results for trypsin/BPTI (PDB 3tgi) using corrected electrostatics. The near native 
solution obtained after rigid-body docking (dark gray) and after refinement (black) compared to the 
crystallographic structure (light gray). The near native solution obtained after refinement is the lowest 
energy solution. The trypsin surface is shown as light gray dots. 
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