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ABSTRACT We describe a new way to calculate the electrostatic properties of macromolecules that goes beyond the
classical Poisson-Boltzmann treatment with only a small extra CPU cost. The solvent region is no longer modeled as a
homogeneous dielectric media but rather as an assembly of self-orienting interacting dipoles of variable density. The method
effectively unifies both the Poisson-centric view and the Langevin Dipole model. The model results in a variable dielectric
constant €(7) in the solvent region and also in a variable solvent density p(F) that depends on the nature of the closest exposed
solute atoms. The model was calibrated using small molecules and ions solvation data with only two adjustable parameters,
namely the size and dipolar moment of the solvent. Hydrophobicity scales derived from the solvent density profiles agree very
well with independently derived hydrophobicity scales, both at the atomic or residue level. Dimerization interfaces in
homodimeric proteins or lipid-binding regions in membrane proteins clearly appear as poorly solvated patches on the solute
accessible surface. Comparison of the thermally averaged solvent density of this model with the one derived from molecular
dynamics simulations shows qualitative agreement on a coarse-grained level. Because this calculation is much more rapid than
that from molecular dynamics, applications of a density-profile-based solvation energy to the identification of the true structure
among a set of decoys become computationally feasible. Various possible improvements of the model are discussed, as well as

extensions of the formalism to treat mixtures of dipolar solvents of different sizes.

INTRODUCTION

A quantitative evaluation of the interactions of biological
macromolecules with the surrounding solvent is required to
understand their stability and functional properties as well as
their interactions with other ligands (substrates, allosteric
effectors. ..) (1). The solvent contribution is crucial for the
evaluation of the electrostatic effects in enzymes, which have
been recognized to be extremely important (2—4). This, in
turn, makes it a key issue in structure-based drug-design
studies. An atomic description and understanding of solva-
tion is in general very difficult to obtain experimentally, so
one often resorts to computer simulations to evaluate solvent
interactions and solvation energies as described in many re-
cent reviews (for example, see (5)).

Broadly speaking, currently available methods to compute
solvation energy fall into two classes depending on whether
they treat the solvent molecules explicitly or implicitly.
While explicit representations such as those used in molec-
ular simulations can provide an accurate treatment of solute-
solvent interactions, they drastically increase the system size.
In addition, these interactions need to be averaged over long
simulation times before results become meaningful, espe-

Submitted February 22, 2008, and accepted for publication September 3,
2008.

Address reprint requests to Patrice Koehl, E-mail: koehl@cs.ucdavis.edu; or
Marc H. Delarue, Tel.: 33-01-45-68-86-05; E-mail: delarue@pasteur.fr.
Cyril Azuara’s present address is Equipe de Bioinformatique Génomique et
Moléculaire, INSERM U-726, Université Paris 7, 75251 Paris cedex 05,
France.

Editor: Ron Elber.

© 2008 by the Biophysical Society

0006-3495/08/12/5587/19  $2.00

cially as solvent and solute have very different dynamical
properties. In response to these problems, simplified models
have been developed that treat the solvent implicitly. In this
second class, the Poisson-Boltzmann equation (PBE) has
been recognized to give accurate results in a number of
situations and can be solved numerically efficiently for sol-
utes of arbitrary shapes using finite difference methods, as
pioneered by Warwicker and Watson (6) and further devel-
oped by Gilson et al. (7,8), Nicholls and Honig (9), and
Rocchia et al. (10). Several programs that solve either the
linearized version of PBE, or directly the nonlinear PBE, with
a variety of scientific computing techniques are now avail-
able (see (11,12) for recent reviews), among which the
multigrid method is the fastest one (13-16).

Despite its success, PBE is only a mean-field approximation
to the multibody problem of solvent-solute electrostatics in-
teractions. It is based on several approximations that proved to
be limitations in some cases. For example, PBE does not in-
clude effects due to ion size or ion-ion correlations in its
treatment. Solutions have been proposed to account for at least
ion size using either a single size (17) or two different sizes
(18), yielding a size-modified Poisson-Boltzmann equation.
This effectively overcomes one of the deficiencies of standard
PBE methods, namely the point-charge approximation. In-
cluding ion-ion correlations, however, is a more difficult
problem that is still the subject of active research. Current ap-
proaches are restricted to problems involving solutes of small
sizes (19,20) or with very simple geometries such as a charged
plate (21), or a linearly charged cylinder modeling DNA (22).
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More importantly, the PBE method contains a very rough
approximation which consists in using a constant and
somewhat arbitrary value for the dielectric constant of the
protein (usually set at 2—4), that abruptly jumps to 80 at the
interface between the protein and the solvent. Moreover,
because of polarization effects in the vicinity of charges, it is
expected that the representation of the solvent as a homo-
geneous dielectric medium is bound to be erroneous close to
the interface. The need to have a smooth dielectric profile at
the border of the solute has long been recognized and this
problem still attracts a lot of attention and controversy (23),
especially as the concept of dielectric constant is not, per se, a
microscopic one (24). A number of attempts have been made
to derive the function €(¥) from first principles. The most
complete derivation comes from Ehrenson (25) for a dipolar
fluid in the electric field of an ion or a dipole. This was ap-
plied to proteins by Hassan et al. (26) to derive a screened
Coulomb potential with a distance-dependent e(r) that can
then be used in molecular dynamics simulations without
explicit solvent (27).

In this article, we are interested in a solvent model with
built-in €(7) dependence that allows the rapid prediction of
solvent density around macromolecular solutes. We show
how to introduce (free) dipolar charges representing the
solvent molecules in a Poisson-Boltzmann formalism. The
system self-consistently adjusts its position-dependent sol-
vent density and the electric potential is obtained numeri-
cally, not analytically. For a solute with a complex shape, the
resulting dielectric profile and solvent density are not
spherically symmetric but depend on the chemical nature and
partial charge of the exposed nearby solute atom(s).

There is a variety of situations on both the experimental and
computational sides where one would like to have access to the
solvent density map, starting from just the PDB atomic co-
ordinates and the partial charges of the molecule (28). On the
experimental level, such a solvent map could be very helpful
to interpret x-ray electron density maps in the final stages of
model building, when water molecule assignment starts. It
would also help interpreting both SAXS and SANS experi-
mental data, where the hydration shell is usually modeled as a
mere cushion of constant width around the solute (29).

On the modeling level, it would be very useful for quickly
computing the electrostatic part of solvation energies with a
more realistic model than PBE, especially as a molecular
understanding of the nature of the hydrophobic effect is still
lacking for macromolecules and remains a subject of active
research (30-33). The structure of water around both polar
and apolar solutes is also still actively studied (34-36).
Knowledge of the solvent density profile has clear implica-
tions for the calculation of solvation energies and the mod-
eling of the hydrophobic effect at different length scales (31).
Indeed, as included in the van der Waals theory of capillarity
(37), it has been proposed that the free energy contains a term
proportional to the integral of the squared gradient of the
solvent density profile (32,33).
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Here we show how a simple solvent description based on
an assembly of freely orienting and interacting dipoles on a
grid can be readily incorporated into and solved within the
Poisson-Boltzmann formalism. This is in effect a generali-
zation of the Langevin Dipoles-Protein Dipoles model de-
veloped by Warshel and Levitt (38), Warshel and Russell
(39), Russell and Warshel (40), and Warshel and Papazyan
(41), with the key additional feature that the dipoles are now
allowed to have a variable density at each allocation grid
point around the solute. The use of a lattice ensures that size
exclusion effects are included in this Poisson-Boltzmann-
Langevin (PBL) model.

A preliminary account of the method and its implemen-
tation through a web site has been presented recently (42),
and detailed numerical applications to the case of a charged
planar surface have just been described by Abrashkin et al.
(43). Here we give a full description of the method, starting
with a phenomenological derivation of the free energy of
the system. Minimization of the free energy then leads to
a Poisson-Boltzmann-Langevin equation (PBLE), which we
solve by rapid numerical methods.

THEORY
The PBL equation

Let us consider a fixed charged biomolecule (the solute) im-
merged in a solvent, and surrounded by an ion atmosphere. We
represent the solvent as an assembly of freely orientable di-
poles j; in a z/z electrolyte with the free ions carrying a charge
* ze, where e is the charge of the electron and z the valency of
the free ions. The solute and the free dipoles and ions are
embedded in a lattice where each site j bears a spinlike oc-
cupancy dj =0, 1 and s; = —1, 0, 1 for the free dipoles and the
free ions (see Fig. 1), with chemical potential waip and fion,
respectively. The lattice allows for imposing directly steric
hindrance between the different species, without recourse to an
additional repulsion potential. We suppose for the moment that
both ions and dipoles have the same diameter a (see Appendix B
for the case where ions and dipoles have a different size). The
dipoles and the ions create a local charge density in the sol-
vent that is to be added to the fixed charge density p;¢(¥) =
Y¢i6(F —T,) of the solute, all of them interacting solely
through Coulomb potential [ drdr’ p(F)v(|F — 7'|)p(F") and
p(F) = pi(F)+pSLe (7)+pSie (7).

As shown in Appendix A the free energy of the system

described in Fig. 1 is a function of the electric potential ®(7)

3;:_g/d?eoﬁcp(?)f+B/d?pf(?)<1>(?)

1
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where we have set Ajo, = efFon and Agy, = ePran.
We can interpret the above free energy functional as fol-
lows. The first and second terms correspond to the internal
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Setting 0F/0® = 0 we obtain, after some algebra, the PBLE,
which contains four more terms compared to PBE. Several
terms can be factorized, leading to

€ (1 + i‘:zfg—m) AD(F) + p, (7) = 2’“"“6;35;1(1:1(5;)2;1’(7) V(1 + AagtFo(1)/D(®()))
WA BVOLODITOO) )1, DOE)
a’D(P(F)
electrostatic energy and the energy of interaction of the fixed with
el The thind tem 1 the Iogartm of th sum of hree (1) = 20 gy =SB 3 )

contributions, representing the vacant sites, the ions, and the
dipoles in the solvent region, respectively. Note that this free
energy functional simplifies to known free energies in the
following two limiting cases:

1. Agip = 0: because Ao, < 1, a Taylor expansion gives
back the known free energy functional of PBE.

2. Aion = 0: as Ag;, > 1, we indeed recover the expected
energy for the dipolar solvent term (44) namely, in its
discrete form, —kT') . In(sinh(u;) /u;), where u; = BpoE;.

Let us define

u = Bpo|V(®(7))| = BpoE )
and

D(® (7)) = 1 + 2Ajp,cosh(Bez®d (7))
|

3

dip

Bpo|VO(7)

b

________________________________

FIGURE 1 The PBL model and its lattice representation. The atmosphere
around the solute includes free ions of charge +ze or —ze and dipoles
representing the water. Each lattice point is associated with a spinlike
variable indicating the presence of a free ion (S;) or a spherical dipole (d;) of
the same size. The grid size (@) used to place these entities and ensure
exclusion effects is not necessarily the same as the grid size (4) used for
discretizing the free energy equation. The interface between the solute
interior and the solvent lattice is defined as either the accessible surface
(using Rprone = 1.4 A) or the molecular surface (using Ryinc = 1.0 A).

where L(u) = 1/tanh (u) — 1/u is the Langevin function
and where sinh(u)/u, F,(u), and F,(u) are related to the
spherical Bessel functions jo, j;, and j,. Note that F (u) — 1/3
and Fp(u)/u—1/15 when u — 0. In general, however, the
approximation u < 1 is not justified (see, for example, Fig.
3 ¢ below), leading to substantial nonlinear effects.

The term D(P(7)) in Eqgs. 3 and 4 enforces steric avoid-
ance of the different free species in solution, as it will dis-
courage (D > 1) the placement of any species at lattice points
that are already occupied either by a free ion or a dipole
solvent molecule.

Finally, we need to specify how the fugacities are related to
the ions and dipole concentrations, Cjon, and Cgip, TESpEC-
tively. Following Borukhov et al. (45) and setting V', as the
Avogadro number, we find

N Cd' (13
Aap = e : 6
dip 1— 2N3Ciona3 — NaCdipa3 ( )
aCion ’
/\ion N e (7)

- 1— ZNaCiona3 — Nacdipa3.

The volume correction due to ions is usually very small. At
Caip = 55 M, the value of A 4, varies numegrically from2.7t08.2,
depending on the diameter @ = 2.8 or 3.0 A of the solvent sphere.

In Appendix B, we briefly show how this formalism can be
extended to ions of different valency, dipoles with a size
different from the ion size or mixtures of dipoles with dif-
ferent dipole moments and/or sizes.

Relationship with standard electrostatics
equations in matter

The general form of the PBL equation (Eq. 4) is not standard,
but it can be rewritten in a more familiar form. First, we
note that the ion density surrounding the solute is given by

_8F/al~l'i0n;
— 1 )\ionelﬂezq)<F>
P+(r);<m ) ®)

which is identical to the ion density with a size exclusion
effect (45). The resulting electrostatic density of charge then

reads pl = ze(p, —p_).
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Similarly, the dipole density is given by —0F/Opiqip,

. 1 (Agpsinh(u)/u
pdip() as( D((D(I_")) )a )

where u and D(®(7)) are given by Eqs. 2 and 3, respectively.
This is similar to equations derived for comparable models
(20,46) but now includes explicitly hard-core repulsion
between the solvent dipoles (and free ions) through the
D(®(7)) term.

The local dipole moment per unit volume 13(?) (polariza-
tion density) is given by —9F/ OE. Performing the deriva-
tion, we find an expression very similar to previous work
(20), with the additional D(® (7)) ensuring self-avoidance of
dipoles and free ions,

‘Fm

Nay =
= BpaF (u) 52 F 10)

P = (pYpay(7) a'D(®(F)

IS

where (p) = poL(u) is the average dipole strength. P (F) is
always parallel to E (F), the total electric field, but not to E (7),
the electric field created by the solute only, as proposed in the
Langevin Dipoles-Protein Dipoles model (40).

Setting as usual (47) P = eox(F)E, a position-specific
electric susceptibility y(7) is derived:

) = BpéFl (”) Adip
X(7) &  a D))

Using these definitions, the last term of PBL Eq. 4 can be
recast in terms of —B2p2E (F).(P(F) - V)E (7), where (P - V)
is formally equivalent to a local dipolar charge density
operator and (BpoE)”> = u” is dimensionless.

The PBL equation now reads

o(1+ x(P)divE = p, + pi (@) (1 + AgyiF (u) /D ()

2
- o.U

+((PXV)E xE)z

Fiw) | Fiw)
X( uFy (1) A“‘“’D(ob))’ (12

where ion-dipole and dipole-dipole steric exclusion cou-
plings are clearly present and mediated by F(u)/D(®). This
can be further simplified into

b

—div(e,E + P) + p, + pi =0, (13)

or simply div(D) = p; +pec where D = €E+P is the
electric displacement vector. We therefore recover the usual

Maxwell equation in matter, as expected (47).

Dielectric properties of the bulk solvent and
relationship with the Debye-Langevin formula

The dielectric profile is given by €5 (F) = 1+x(F) and Eq.
11. If u < 1, we can set Fij(u) = 1/3 and approximate
D(®(F)) by 1 + Agip so that Agip/a’D(P(F)) = NyCayp is
independent of a. This gives the following expression for the
dielectric constant in bulk solvent:
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BP%N «Caip
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For py = 1.85D (gas phase) and Cy;, = 55 M, we find €5, =
1.0 + 11.5; alternatively, for po = 2.35D (liquid phase), we
find €, = 1.0 + 18.5.

In the formalism described above, we have neglected the
polarizability of the solvent dipoles. In Appendix B, we give
the expression of the free energy if the dipoles have an in-
trinsic polarizability a. If we apply again the relationship
P = —8.7-'/85 and set A;,, = 0, we get

(14)

€k — 1 =

fo(Ebulk - 1) = < 'BPO)N Cdlp (15)

This is the celebrated Debye-Langevin formula (48). To see
whether we may neglect the intrinsic polarizability of the
water dipole, it is useful to set oy = Bp% /3. Numerically
ap/as = 1/20, and therefore we can neglect «.

MATERIALS AND METHODS
Solving the PBL equation

We solve the PBL equation on a regular grid, using a finite difference ap-
proach. The specifics of our solver are:

1. Input file. The structure of the biomolecule is read from the correspond-
ing PDB file and is first processed to build all possible missing atoms.
For proteins, this involves generating missing loops (49) and/or missing
side chains (50). All polar hydrogen atoms are added to the resulting
complete structure. Charges and radii are assigned according to
CHARMMI9 (51); they are written with the coordinates of the atoms
in a pseudo PDB file in the occupancy and B-factors columns,
respectively, following the PQR format of APBS. We chose to follow
the PQR format as it provides us compatibility with the service
PDB2PQR (52). In this way, other sets of partial charges are possible
(AMBER, PARSE. . .).

2. Setting the grid. Since the solver we use is based on finite differences,
we build a regular grid around the solute of interest. The user provides
the number of grid points. The grid size is then computed in such a way
that there is at least a distance of 2/g (/g is the Bjerrum length in water at
300 K, i.e., ~7 A) from any point on the surface of the solute to the
closest edge of the grid. The grid is positioned such that its center
matches the center of the solute. Currently, the program can handle
regular symmetric grids with either 65, 129, 193, or 257 points in each
dimension.

3. Defining the solute surface. We have implemented calculation of both
the accessible surface and the molecular surface of the molecule. Note
that even if the solvent is treated explicitly in the PBL theory, its
precision and accuracy still depends strongly on our ability to generate
accurate representations of these surfaces.

The accessible surface is obtained as the envelope of the hydrated spheres

representing the atoms, whose radii are the vdW radii increased by Rprobe =

1.4 A, where Ryrobe 18 the radius of a water molecule (53). The molecular

surface is the lower envelope obtained by rolling a water probe of radius

Rprove On the vdW surface of the molecule. We map this surface on the

mesh using the method proposed by Jiang and Briinger (54). Unless

otherwise stated, the surface of the solute was chosen as the accessible
surface area.

4. Parameters. The PBL considers explicitly the solvent in the form of an
assembly of solvent dipoles; it is therefore crucial to parameterize these
dipoles correctly. We have tried different values for the solvent dipole
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moment and its radius, i.e., uaip = 1.85 or 2.1 or 2.35 or even 4.8D and
a grid half-size of ¢/2 = 1.2, 1.4 or 1.6 A, respectively.

5. Solving the nonlinear differential equation. The PBL equation is much
more complex than the classical PBE equation, as the coefficients of the
Laplacian operator depend on the electrostatics potential. There is also
an additional differential operator E (ﬁﬁ)ﬁ , also with nonlinear coef-
ficients. We have tried both a standard relaxation technique (55) and a
Newton method with multigrid preconditioner to solve the PBL (14).
For all systems described in this article, both methods reached conver-
gence to the same electrostatic potential, with the latter being signifi-
cantly faster. This is therefore the method implemented on the
PDB_hydro server (42).

We have checked that solving the PBL equation with p, = 0 yields the
same results as PBE in APBS (56) with the dielectric constant set as uniform
and equal to 1 (e = 1). For a protein of average size (250 amino acids), a grid
of 129° points leads to a grid size of ~0.7 A. The calculation used to take
~40-45 mn CPU on a desktop workstation (42). We have recently im-
plemented a new version of the algorithm using Eq. 13 together with Gauss
theorem instead of Eq. 4 (23). The whole code has been optimized and is ~20
times faster. The new program, AquaSol, is freely available upon request
(M. Delarue and P. Koehl, unpublished).

Analyzing the outputs of the PBL solver

Solution of the PBL equation provides the values for the electrostatics po-
tential at all grid points. This potential can be used to derive ion and dipole
density maps, to compute radial density profiles and the partial solvation
energy J; (see below), and to place water molecules around the molecule.

1. Density map format. We have chosen to write all maps generated by our
solver (namely maps of the electrostatic potential, of the solvent density,
of the ion densities, and of the electric field) using the electron density
map format of either CNS (57), EZD (CCP4), UHBD (APBS), or
OpenDX (PyMol). Maps in this format can be visualized either with O
(58), Coot (59), or Pymol (http://www.pymol.org). Other map formats
can be obtained by using MapMan from the Rave suite of programs
(http://alpha2.bmc.uu.se/usf/rave.html).

2. Mapping the electrostatic potential at the surface of the molecule. For
each atom at the surface of the molecule, we first find all grid points that
are contained within a sphere of radius R4y + 3 A centered on that
atom. The mean value of the electrostatics potential of these grid points
is then mapped as a color on the surface of the atom, using Pymol.

3. Placing water molecules or ions around the molecule. First we sort the
Paip(7) values obtained from Eq. 9 in descending order. Water mole-
cules are placed by walking down the list until the desired N,, number of
water molecules is reached, as calculated by the known hydration level
h (in g/g), or until the desired py,s has been reached; each time a water
molecule is placed, we eliminate points within 1.5 A of this position
from the list. We use the electrostatic field to orient the dipole.

A similar approach is used for placing ions, this time using p;.,(7) as a guide.

4. Computing solvent density profiles. We compute dipole radial density
profiles for the different atom types C, N, S, O, P. First we generate
probe points on the surface of these atoms as described by Shrake and
Rupley (60). For each probe point, we draw a (radial) line passing
through the center of the corresponding atom and this probe surface
point. A segment of 12 A on this line outside the atom is kept if it does
not cross any other atom of the solute. The values of pp,4i.(r) along each
segment are obtained by interpolation of p;,(¥) using 0.1 A steps; these
profiles are then averaged over all accessible probe points.

5. Calculating solvation energy. The partial solvation energy J (see Eq.
16) of each atom can be computed from solvent radial density profiles
using the integral of its squared derivative. We then divide (normalize)
the F, free energy of each atom by its accessible surface area. The mean
value of this ratio, which can be calculated and averaged for each atom
type, is then compared to the Eisenberg and McLachlan (61) atomic
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solvation parameters (ASP) coefficients, for the same atom types C, S,
O—, N+, and polar O/N. This amounts to calculate a free energy of
solvation with a surface tension coefficient that is not only atom-type
dependent, as in Eisenberg and McLachlan method (61), but also
position-dependent, as dictated by the local solvent profile.

Decoys and test sets

The decoys of Park and Levitt (62) were used for the L7/L12 ribosomal
protein C-terminal domain (1CTF). For lysozyme (1LZR), Nseq-1 circularly
permuted mutants were generated by decorating the same 1LZR backbone
with a sequence shifted by 1, 2, ..., N — 1 and then reconfiguring, each time,
the side chains using mean-field optimization theory (42,50). We also
computed the ENVIRON energy for each of these decoys (63), as a check.
The list of protein structures used for density profiles and surface tensions
statistics is the following: IARB, 2EXO, SNLL, ISRP, 1CP4, 1EDB, 1PHP,
2CTB, 2DRI, 2APR, 2FCR, 2ACS, 1BL8, 1BXW, 1C3W, 1FEP, IMAL,
1OPF, 1PRN, 1XIO, 2FCP, 1AQ6, 1AUO, 1BBH, 1BIS, 1BKP, 1BSL,
IBXG, 1COZ, 1IMB, 1ISA, 1PGT, 1R2F, 1TC1, 2CCY, 3SDH, 8PRK,
4TMK, 2PTC, 1CHO, 1PPF, 2KAI, 1CSE, 3TPI, 1GLA, 1BRS, 1UDI,
IDHK, 1FSS, 1YDR, 1DFJ, 2PCC, 1JHL, INCA, 10SP, and 1KBS.

Molecular dynamics

The GROMACS package was used (64) with the SPC/E water model and
force-field GROMOS 53A6. The protein was 1TIM. The system was heated
and then equilibrated at 1 bar and 310 K before subjecting it to molecular
dynamics. The protein is held fixed with harmonic constraints on all positions
with an elastic constant of 1000 kJ/Mol per AZ. The box size is 74.9 A in
every direction, with periodic boundary conditions. Temperature is held at
310 K. Concentration of NaCl is 0.1 M. The box contains 12,548 H,O
molecules, 26 Na* and 26 Cl— ions. Particle mesh Ewald is used for treating
electrostatic interactions. The simulation is run for 4,000,000 steps (time step
is 2 fs) and the list of neighbors is updated every five steps. A total of 8000
frames were written (each picosecond) and used to calculate time-averaged

—

dipole density pyp (7) as well as the P(F) vector field. Three different tra-
jectories were generated with different initial velocities, and it was checked
that the resulting solvent density was consistent for the different runs,
therefore ensuring that the simulation had converged. The correlation coef-
ficients between the solvent density maps of the different runs were 0.95 for
grids of 1.4 A size and 0.99 for grids of 2.1 A size. This protocol is similar to
the one described in typical references in the field such as Simon et al. (65),
Higo and Nakasako (66), and Higo et al. (67).

RESULTS
Calibrating the method with simple solutes

The PBE method is usually calibrated using the Born formula for
the electrostatic energy of spherical ions of different radii and
charges, which is exact for an ion in a dielectric medium of
constant dielectric constant €. However, there is a priori no
reason to expect that the solvation energy in a solvent of variable
density and variable dielectric constant should be exactly equal
to the Born energy. Still, by analogy with PBE calibration, we
compare the Born and PBL free energy for free ions of different
radii and charges, and scan different values of p, and a (see Fig.
2, top leftand top right). We see that po = 2.35D with a/2 = 1.4 A
give excellent results over a wide range of both ionic radii and
charges. For higher values of a, the set of PBL curves with dif-
ferent py go up in Fig. 2 top left, increasing the gap with the PB
curve, unless the value of p is also further increased. The same

Biophysical Journal 95(12) 5587-5605
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trend is observed in Fig. 2 fop right, where again a value of /2 =
1.5 A would also agree with PB results, provided that p; is in-
creased to 2.8-3.0D. For purely physical reasons, we will choose in
the following po = 2.35D and a/2 = 1.4 A unless otherwise stated.
For small solutes like uncharged or charged amino acids (Fig.
2, bottom left and bottom right), the PBL solvation free energies
are always highly correlated with the PB energies, with corre-
lation coefficients >0.95. To obtain a slope as close as possible
to 1, however, the best value of py may slightly vary depending
on the set of small molecules chosen. For instance, for un-
charged amino acids (Fig. 2 bottom left) po = 2.10D is best,
while for charged small molecules shown in Fig. 2 bottom right,
po = 2.35D is best. For another set of uncharged small mole-
cules (not shown), the best value is po = 1.85D, with a/2 = 1.5
A. Ttis possible that by adjusting the set of charges and rescaling
them one might arrive at a more universal value of p, for dif-
ferent sets of small molecules (44), but we have not tried this.
The program was also tested with simple geometries such as
two oppositely charged plates and the solvent density of dipoles
rightly shows accumulation of dipoles close to the plates (43).

Comparison with classical PBE

Here we describe the comparison of the electric potentials
obtained with either PBL (this work) or PBE (APBS) with
€ = 80 in the solvent region and € = 2 inside the solute for a
typical protein, aldose reductase (2ACS), using py = 2.35D,
0.1 M NaCl and a/2 = 1.4 A. The potentials are highly
correlated inside the protein (Fig. 3 @) but are notably dif-
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ferent outside the protein (Fig. 3 b). Interestingly, the mag-
nitude of the electric field calculated with PBLE in the
solvent region can be (especially in the first hydration shell)
up to 50 higher than the one calculated with PBE (Fig. 3 ¢).
As |E(7)] is the main driving force for building up a position-
dependent solvent density (see Eq. 9), it can be seen that E PB
will generate an almost flat solvent density, whereas EPBL
will generate a position-dependent solvent density. These
calculations also show that in general upg; > 1, meaning that
a linear version of PBLE would not be accurate. All these
conclusions remain valid at higher values of py up to 4.8D, as
well as with different values of the dipole size. The question
of whether or not this density is a physically reasonable one,
depending on the nature of the atom exposed to the surface
(see below), will be examined in detail in the next paragraphs.

It is also possible to derive an ion density from the PBL
formalism (Eq. 8) which can be plotted in the following way:
for each density value taken as a threshold for placing indi-
vidual ions, we report the number of ions that have a density
above this value and not overlapping with any other assigned
ion. The results for a moderately negatively charged molecule
(aldose reductase 2ACS, Fig. 4 a), compared to a highly and
negatively charged one (halophilic alcohol dehydrogenase
2B5V, Fig. 4 b) indicate, as expected, that each of them
condense more counterions than like-ions and that highly
charged solutes condense more counterions than moderately
charged solutes. This is also true with a B-DNA molecule as a
solute (a dodecamer 9BNA, Fig. 4 ¢). Interestingly, all these
curves (except for DNA) typically show two regimes: a



Dipolar Poisson-Boltzmann Electrostatics 5593
a o] ! LI OIS N L B "] beoTrrrT T T T T T
1000 - - s B
2 4 30? =
g 0p 1 . =f -
@ 600 - %205 .
T 400 - - = 15~ B
= 8 1 2 10 —
= 200 - 4 = or ]
£ i 1 5 2E =]
s °r 1 % °F ]
© 2 B ]
8 200 - -4 8 51 ]
o S 1 e F ]
o 400 - 4 g op ]
g eool 1 g°¢ ]
8 - ]l g2 ]
w  -800 — -1 @ 25} . -
-1000 - - -30 - . -
[ e ] 35| —
RO e Py A Y Y O O U I O O P
-1200-1000-800 -600 -400 -200 0 200 400 600 800 1000 1200 -40 35 -30 25 -20 -15 -10 -5 0 5 10 15 20 25 30 35 40

Electrostatic potential (kT/e) : PB

C 45 T T T T

Electrostatic potential (kT/e) : PB

Ratio E_PBL/E_PB

10

Distance to solute

12 14 16 18 20

FIGURE 3 Comparison of electrostatic potentials and fields for the PB and PBL methods using 2ACS. Correlation between the PB and GBPL electrostatic
potentials inside the protein solute (@) and outside, i.e., in the solvent region (b). (¢) Ratio of the magnitudes of the electric field £ found with either PBE or
PBLE, as a function of the distance to the solute. This is especially important as it is the electric field that drives the solvent density (see Eq. 9). Here we have
a/2 = 1.2 A and p, = 1.85D; the same kind of curves was observed with increasing values of po up to 4.8D and/or choosing a/2 = 1.4 A.

dominant regime characterized by a slope at the midpoint
transition that intercepts the x axis close to the net charge of
the solute molecule, and a weaker regime that is common to
both counterions and like-ions, at least for protein solutes.

New quantities given by PBL

We now discuss some of the new quantities given by PBL, as
compared to PB, namely the direction and intensity of the
solvent dipoles and examine their correlation through space.
In Fig. 5 a, we have plotted the quantity (P(7) - (7)) as a
function of the distance 7 (using spherical shells) away from
the surface of the solute, for different values of |7 — 7'|. The

ﬁ(?) values are calculated using Eq. 10. Starting at ~0.78
next to the solute surface, the correlation decreases to <0.5 at
5 A away from the solute and 0.0 at 10 A, for nearest
neighbors. This is in-line with the mean value of the dipole
intensity (|18 |3, which also decreases to 0 after 3—4 hydration
shells (data not shown).

Another quantity of interest is the €(¥) map (or, equiva-
lently, the () map), which s given by Eq. 11 and is shown in
Fig. 5 b. It can be seen to be smoothly varying away from the
solute, reaching its plateau value after 5-7 A. Indeed, for low
values of u = Bpo|E|, we can expand Eq. 11 into €(7) =
€0t Caip ,Bp(z) /3. However, the derived numerical value of €pyx
(12.5 for po = 1.85D or 19.5 for pg = 2.35D) is substantially

Biophysical Journal 95(12) 5587-5605
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lower than the experimental value (i.e., 78); this will be ad-
dressed in the Discussion (see also (48,68,69)). For higher
values of pg (po = 4.8D), the peak (overshoot) around the first
hydration shell is more pronounced and clearly demonstrates
the nonlinear character of the underlying physical model (70).

Solvent density profiles and
hydrophobicity scales

Solvent density profiles are calculated with Eq. 9 and typical
ones are shown in Fig. 6: clearly, radial solvent density
profiles close to polar atoms exposed to the surface (Oxygen
or Nitrogen) present higher deviations from a flat profile,
compared to nonpolar atoms (Carbon, Sulfur). This higher
density of the solvent in the immediate vicinity of polar or
charged atoms reflects both a polarization of the solvent and a
first hydration layer whose strength depends on the nature of
the exposed surface of the solute. In contrast to molecular
dynamics (MD) simulations for example, the profiles show
no second hydration layer.
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At the amino acid level, we can derive a solvation score
from the maximum value of this density profile, {p5:,),
averaged over all the constituent atoms of every amino acid,
for each type of amino acid, thereby generating an hydro-
phobicity scale for the 20 amino acids. This was done and
averaged for a set of over 56 different high-resolution x-ray
structures of proteins and the result is reported in Fig. 7, fop
left and top right. It clearly shows, as expected, that charged
amino acids (Asp, Glu, Lys, and Arg) have the highest values,
while the hydrophobic ones (Leu, Ile, Val, Met, Trp, and Phe)
have the lowest values. Calculating this density profile-de-
rived hydrophobicity score with a slightly different definition
using the integral of |dpradia]/dr|2 (see below) does not change
this ordering of amino acids, and merely rearranges the order
of two pairs of intermediate amino acids (His, Ser) and (Asn,
Gln). It is also possible to calculate a correlation coefficient
between this set of hydrophobicity values with published
ones, such as the one derived using crystallographic waters
(71,72): a large value of 0.81 is obtained in this case. Similar
high values of the correlation coefficients (0.82 and 0.80)
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were also obtained with other hydrophobicity scales derived
from the experimental octanol/water transfer energies of a
number of model compounds (73) or otherwise (74). In ad-
dition, there is very good agreement with the consensus
qualitative ranking of Trinquier and Sanejouand (75).

At the atomic level, we can also define a solvation energy
based on these solvation profiles, using the van der Waals
theory of capillarity (37), which can be understood as a Landau
expansion of the free energy in terms of analytical functions of
the order parameter (solvent density) and its derivatives (32).
This involves the integral of the square of the derivative of the
density:

m T
Fi=7 / dFVp(F)I, (16)
where m is the second moment of the attractive potential
between the particles, which is assumed to be independent of
the density p.

5 20 25 30 35 40

In van der Waals capillarity theory, the surface tension
reads, using the same m coefficient (37):

dp..gia
O_Zm/dr’ prddldl

2

dr an

The mean value of this surface tension for different atoms can
therefore be compared to the Eisenberg and McLachlan (61)
atomic solvation parameters (ASP), for the same set of atoms.
A correlation coefficient of 0.96 was obtained (Fig. 7, bottom
left and bottom right). It is remarkable that the correlation
coefficient should be so high, considering the fact that both
sets of tension coefficients have been obtained by completely
different methods. Indeed, Eisenberg and MacLachlan de-
rived their ASP using experimental octanol/water transfer
energies, which involve the difference between two solvation
energies with two different solvents. We cannot calculate the
octanol solvation energy with our model, because octanol is a

Biophysical Journal 95(12) 5587-5605
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4 FIGURE 6 Radial solvent density profiles for different
atom types at po = 1.85D. This was obtained with a solute
surface defined as the accessible surface area. Here the
B value a/2 = 1.2 A was used; increasing this value to a/2 =
1.4 A will lower the peaks of the solvent density, while
increasing po will increase them.
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highly nonspherical molecule. We can only guess that this
solvation energy is probably small compared to the water
solvation energy. We repeated this calculation with different
values of a and pq (Fig. 7 bottom right) and still get a very
high correlation coefficient, but with a different slope and a
different shift at the origin. We note that the F free energy
can only be positive, given the way it is defined. This means
that the tension coefficients derived from our methods are all
negatives, whereas the Eisenberg and McLachlan’s coeffi-
cients are positive for apolar atoms and negative for polar (or
charged) atoms. We reconcile this data by pointing out that
the reference energy of the two methods need not be the same.

A nonuniform hydration shell

The solvent density map can then be used to place a collec-
tion of water molecules around the solute macromolecule.
The derived water molecule distribution will depart markedly
from a uniform distribution around the solute, because the
PBL solvent density depends strongly on the chemical nature
of the exposed solute atoms nearby (Fig. 6). We expect that
this set of assigned water molecules will be useful for a better
fit of atomic models with experimental data (76).

To determine how many water molecules should be
placed, several protocols are possible. The simplest one is to
use a hydration level, 4, that gives the number of grams (g) of
H,O per g of protein. Microwave dielectric studies of lyso-
zyme indicate an /& value of ~0.27 g/g for which the first
hydration shell is complete (77). Several experimental tech-
niques indicate that this 4 value should be taken at ~0.4 g/g
(78,79), although there is considerable variation around this
value in the literature, for different proteins. A more recent
review summarizing results obtained with microwave di-
electric studies indicates a range of 0.34-0.39 g/g (80).
Working backward to see what dipole density pyres should be
used to place the number of water molecules dictated by & =
0.4 g/g, one sees, on a group of 56 proteins, that there seems
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to be no universal value for pg,es. On closer inspection, there
seems to be essentially two subgroups of proteins, with p,res
around either 1.2 = 0.15 or 1.5 = 0.15 (81).

To resolve this issue we performed first a preliminary
survey on a single protein, counting the number of placed
water molecules for all possible threshold values of the sol-
vent density. The curve is sigmoidal and its derivative was
calculated to find the mid-transition point (Fig. 8 a). Al-
though somewhat noisy, this derivative curve can be fitted to
a Gaussian curve. Its maximum was found to be located close
t0 Pmax = 1.5. Surprisingly, this was found to be always the
case for all proteins examined, with very little variation. The
number of placed water molecules by different methods for a
set of proteins of increasing size is plotted in Fig. 8 b. A
possible conclusion is that the threshold value for the density,
set to 1.5, is a more universal way to estimate the number of
water molecules around a protein, rather than the % value,
which varies a lot in the literature (0.4 = 0.2 g/g).

Yet another way to estimate the number of water molecules
to be placed is simply to calculate the excess dipole density

Ny, = /dV(pdip(F) = Pou)- (18)
The integral is over all grid points and ppu = 0.033/A°.
Using Rprope = 1.5 A to calculate the accessible surface, one
recovers a number of water molecules very similar to what is
obtained with other methods (Fig. 8 b).

This last method is probably the most objective one, al-
lowing us to look at the influence of temperature on the
number of condensed water molecules. We found a linear
increase of 0.5 water molecule per K lowered, in the range
150-350 K. This is the expected trend but the model obvi-
ously lacks the level of detail, namely the directionality of
hydrogen bonds, needed to fully address this problem. The
linear fit of the average number of water molecules per res-
idue in Fig. 8 b gives 0.33 = 0.02 g of H,O per g of protein, in
excellent agreement with a recent review (80).
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Having determined the solvent density threshold value, it
is possible to color the molecular (or accessible) surface of
the solute according to the maximum value of the solvent
density next to each surface point using a color code: red for a
value above the threshold and blue for a value below the
threshold. This makes the visualization of poorly solvated
regions easy as large blue patches on the surface of the
(otherwise red) solute. This works well not only for mem-
brane proteins but also for homodimeric proteins, where the
buried area upon dimerization closely matches patches of
poorly solvated accessible surface (SAS) in >80% of the
cases studied (42,81).

Solvent mixtures

Three different calculations were undertaken with mixtures
of dipolar solvents, which can be studied within the same
theoretical framework (see Appendix B). One with p; < p,,
one with p; = p,, and one with p; > p,, keeping their relative
concentrations constant, namely ¢; =55 M and ¢, = ¢/100.
Qualitatively, the results can be summarized as follows:

strong dipoles will cluster near the solute, in regions of high
electric field. Weak dipoles will be distributed randomly both
in the bulk and near the solute. If p = 0, there is no spatial
preference for the dipoles which are distributed randomly in
the solute-excluded volume. This is very much in agreement
with MD studies of proteins in organic polar solvent(s)/water
mixtures (82,83). A corollary to this observation is that it
does not seem possible to explain the segregation of hydro-
phobic molecules such as lipids out of water with this model;
rather, we believe that an explicit additional interaction
energy based on Flory’s theory between apolar solvent
molecules is necessary to reproduce this effect (84). Also,
the model is not good for nonspherical (elongated) solvents,
although it does allow for a different size of the second
(diluted) solvent (see Appendix B).

Discriminating the right structure in an ensemble
of decoys

We have used the partial solvation energy F given by Eq. 16
to evaluate a number of decoys of a given protein.

Biophysical Journal 95(12) 5587-5605
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The first set of decoys was generated for lysozyme (1LZR)
by decorating the wild-type backbone with all 129 pos-
sible circular permutations of the sequence. The side-chain
configurations was optimized using the self-consistent
mean-field algorithm (50). As a control, the Environ energy
was evaluated (63), which clearly identifies the wild-type
structure as the one with the lowest score. Two types of
solvation energy were considered. The first one is derived
from the radial density profile and its derivative, as in the
van der Waals capillarity theory (see Eq. 16). The other one
is based on the fraction of SAS that is poorly solvated,
namely with a surrounding solvent density less than a
given value set to 1.2. The results are presented in Fig. 9, a
and b, and show that the wild-type structure does indeed
possess the best score in both cases. In a subsequent step
(Fig. 9 ¢), we defined a generalized Z-score as the sum, for
every accessible atom, of the surface tension coefficient
vi, compared to the mean value {vy;) for this atom type, in
units of standard deviation o (7;). This performs slightly
better than the two other scores for lysozyme decoys
(Z-score = 4).
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Considering the fact that calculating these energies did not
require any parameter fitting, the results look indeed prom-
ising.

In the second experiment, a published set of 630 decoys
was used (62) for the C-terminal domain of L7/L12 ribo-
somal protein (PDB code 1CTF). The same kind of results
were obtained, but in this case the true structure only shows a
score 1.60 above the mean (Fig. 10 a). There is a better
discrimination for the score derived from F (Eq. 16), com-
pared to the score derived from the poorly solvated SAS
(Z-score = 1.1; and other data not shown).

Electrostatics free energy also performs reasonably well in
this case (Z-score = 1.6), but this is also true for the null
hypothesis: PB free energy with €;, = 2 and €, = 78 lead to
a Z-score of 1.8 for the same decoy set.

However, there is a clear tendency of higher scores in
JF for decoys with decreasing root mean-square deviations
(RMSDs) with the native structure (Fig. 10 b), with a cor-
relation coefficient of —0.34; this is not the case with the
electrostatic free energy. Altogether, the results for the ICTF
decoys show that our solvation energies can enrich a large
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starting population of decoys into a smaller population con-
taining the true structure but do not always identify the native
structure as the one with the lowest energy (highest Z-score).
Similar results were obtained with other decoys from Park
and Levitt (62) (data not shown).

Comparison with MD simulations

A number of different molecular dynamics simulations were
performed on the protein 1TIM, using a box of 73.5 A on
each side on the SPC/E water model. The solute was re-
strained to an almost fixed conformation by a very large
elastic constant. The simulation box was divided into a grid
and the water density was calculated for each 8-ns-long tra-
jectory. The protocol was similar to the one described in
Lounnas et al. (28), Lounnas and Pettitt (85,86), Higo and
Nakasako (66), and Higo et al. (67). Convergence of the MD
simulations was assessed in the following way: a correlation
coefficient was calculated between the density maps derived
from three different independent simulations, starting with
different random velocities of the atoms in the box. There-
fore, it is legitimate, under the ergodicity hypothesis, to
compare the resulting solvent densities to the PBL solvent
densities, which are thermodynamic averages taken over all
dipoles and ions configurations.

For grids with grid steps of either 1.4 or 2.1 A, the simu-
lations had clearly converged, with correlation coefficients

between the three simulations of 0.95 or 0.99, respectively.
The average density map for each individual starting con-
formation of the solute was compared to the one obtained
using PBL by calculating a direct correlation coefficient. The
latter was found to be 0.63 for the whole map and 0.32 when
restricted to the solvent region, when the grid size was set to
2.1 A. The solvent correlation coefficient is only 0.26 for a
grid size of 1.4 A. It is quite obvious by visual inspection that
the two types of maps (MD and PBL) are quite different: the
MD map contains many well-defined peaks, whereas the
PBL map is very smooth, without too many bumps. This
means that our solvent model is in fact a rather coarse-grained
water model, similar to other models studied by Makarov
et al (87) and Pettitt et al. (88), with which it actually com-
pares well.

Clearly the PBL solvent map is compatible with, but lacks
the level of detail of, MD maps. In particular it is unable to
pick up networks of water molecules sharing at least one
hydrogen bond. This is not really surprising as it contains no
information on the directionality of the hydrogen bonds that
water molecules can make. Indeed the potential energy un-
derlying MD simulations is much more detailed than PBL.

It should be noted that if we were to compute a solvent
density map from the solution of the standard PB equation,
we would not observe any correlation at all with the solvent
maps derived from MD simulations. This is due to the fact
that the electric field obtained by PBE in the solvent region is
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FIGURE 10 ICTF decoys. (a) Gradient-based partial solvent energy
F, as a function of the decoy structure number. The correct structure is
the last one and its energy is indicated by a continuous line. The mean value
of the energy is materialized by a continuous line bracketed by two dotted
lines (=1 SD). (b) Partial solvent energy F as a function of the RMSD with
the correct model. The native structure energy (RMSD = 0, circle) is shown
with a dotted line.

very weak, as described in Fig. 3 ¢, leading to upg < 1 and
p(F) = Pou-

Comparison with crystallographic waters

In this experiment, the PBL solvent density for all the crys-
tallographic water molecules of a very high-resolution
structure (aldose reductase, 1USO, Resolution 0.67 A) was
calculated by interpolating the PBL solvent density map. A
global score, taken as the sum of these interpolated densities
at the water positions, was then compared to the score of a set
of 10,000 random distributions of the same number of water
molecules, randomly generated within the solvent-allowed
space and with a maximum distance from the original posi-
tion of 5 A. This involves 613 water molecules. A Z-score of
2.40 above the average was obtained for the crystallographic
waters, with po = 1.85D, a/2 = 1.5 A, and Ryope = 1.5 A.
The null hypothesis with electric potential derived from the
GB model (APBS) leads to a Z-score close to 0, as the solvent
density derived from ®pg(7) is flat.
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However, the comparison of a thermodynamic average of
the solvent density with crystallographic water molecules
obtained in a frozen solvent at 100 K may be somewhat ar-
tificial; indeed Halle (89) has argued that freezing crystals
may trap conformations that are not the thermodynamic free
energy minimum. In addition, we note that even MD simu-
lations do not agree in detail with the experimental cryogenic
crystallographic studies either (66,67,90).

DISCUSSION
Limitations of the model

A generalized Poisson-Boltzmann equation has been im-
plemented, accounting for solvent effects as explicit spheri-
cal Langevin dipoles placed on a grid around the solute. It
generates in a self-consistent way a continuous and position-
dependent dielectric value in the solvent region, a feature that
has long been recognized to be important for solvation en-
ergies and the calculation of electrostatic forces. However, it
is clear that the dielectric constant in the bulk using the
physical value of the dipole moment of water (po = 2.35D) is
far from the expected experimental value (see Fig. 5 b).

This is actually a known problem in mean field theories of
dipolar solvent such as mean spherical approximation (69),
along with the absence of a second hydration shell in the
solvent density profiles. Only the first hydration shell can be
reproduced with this model, in the absence of a correct
treatment of the correlations among solvent molecules. A
possible cure to this last problem might be envisioned by
systematic expansion of the partition function (91) but its
implementation for the moment seems quite impracticable
for biological macromolecules. An obvious way to get a
better value for €, would be to increase the value of the
dipolar moment of the solvent, as ey varies like €p+
cdip,Bp(z) /3. From this, it can be calculated that a value of po =
4.86D would be needed to reproduce €,y = 78.

However, extensive calibration tests made on the solvation
energy of simple ions and other simple organic and small
biological solutes have convinced us to stick with the phys-
ical value of the dipolar moment of water 1.85-2.35D (81).
Also, increasing py would not qualitatively change the nature
of the solvent density maps. The route to get a more realistic
value of €, is well known and involves taking into account
the geometry and directionality of the two hydrogen bonds
that a water molecule can make, as worked out originally by
Frohlich (68). Indeed a more sophisticated model of the water
molecule would be a superposition of a dipole and a quad-
rupole, the latter being positioned perpendicular to the dipole
with its end points in coincidence with the two hydrogen
atoms. In this formalism, this would involve adding an ani-
sotropic tensor for quadrupoles Q,, g in the free energy (70).
It is also conceivable to even include octupoles as in some
recent water models (92), but this rapidly results in rather
involved algebra.
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Another route is possible. Indeed, recent spherical models
of water appear to be able to capture most of the waterlike
properties of a solvent, including the correct value of €y,
provided that an attractive short-range solvent-solvent po-
tential is taken into account (93).

Related work and formalism

The formalism itself bears strong resemblance to the one
developed by Coalson and Duncan (70), as well as the more
recent work by Ramirez and Borgis (46) and Ramirez et al.
(94). Although we were unaware of these articles when this
work was started, our results turn out to be fairly similar to
theirs (70). However, our treatment of steric exclusion of the
different species in solution is different and its effects on the
analytical expressions can clearly be seen in the D(P(F))
denominator term (Eq. 3), which prevents solvent density
values to go beyond the physical limit of close packing. In
contrast, Coalson and Duncan (70) introduce an extra po-
tential for steric exclusion, rendering the numerical solution
of the problem more complicated. Clearly, the main drive of
our work is to show that the model is valid for large biological
macromolecules of any size and shape in a reasonable CPU
time and make it available to the biological community (42).

The work of Ramirez and Borgis (46) is also very similar
in spirit to ours but relies on a different formalism based on
density functionals (see also (95)). They do treat the corre-
lations among solvent molecules but do not include the free
ions. They need to run a number of preliminary MD simu-
lations to derive the solvent-solvent correlation function,
which is then taken into account within their density func-
tional formalism. Similar in spirit is the earlier work of the
same group on a semiimplicit model of the solvent made of
polarizable pseudo-particles (PPP model) (96). Here the
pseudo-particles can move and are no longer fixed on a lat-
tice. It was shown recently that it is possible to make it work
with a polarizable force field of the solute and to run stable
20-ns-long MD simulations (44). The authors point out that
the reaction field is underestimated by at least a factor of two-
thirds and solve the problem by carefully calibrating hydra-
tion energy of small solutes through rescaling the set of
partial charges. We also plan to apply our method to the
emerging polarizable force fields for protein solutes in the
next future.

Beglov and Roux examined a model closely related to
ours, including effects due to solvent-solvent interactions
through the HNC equation (19). We note that their equations
of pg;p(7) and P(7) are the same as ours if correlations are
ignored and if we set D(P (7)) = 1 (20).

Imai et al. (97,98) have recently developed a 3D-RISM
algorithm that performs very well for predicting the hydration
properties of macromolecules. Indeed, they found a way to
tackle the problematic application of HNC approximation in
the presence of an impenetrable solute. However, although
benefiting from powerful FFT techniques, the method still
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needs hundreds of cycles for convergence to be achieved.
Although there are attempts to couple this method to MD
simulations (99), we are not aware of any large-scale appli-
cation of this method to biological macromolecules.

pH effects

It is possible to take into account the pH effect in very much
the same way as the one described in recent publications
(100,101). In this case the charge density of the solute py is
modified and is now a function of both pH and ®(¥). It is then
possible to introduce this new p¢into Eq. 1 to get a new Eq. 4
that is now pH-dependent. A set of calculations at different
values of pH has to be run to derive the local pK, of the
titratable amino acids, the pH at which the partial charge is
0.5. It is anticipated that such calculations would lead to
better estimates of intrinsic pK,s of buried ionizable groups
(102,103), which can be compared to experimental values
measured by NMR and are often part of catalytic sites; this
has implications for the prediction of active sites from the
structure alone in structural genomics projects (104).

The question arises as to how pH effects are coupled to
side-chain flexibility (102) and in principle discrete move-
ments of charged side chains (rotamers) responding to pH
changes could be explored by Monte Carlo methods (103).
Because the expected changes in the electric potential are
small, a good guess can be made about this function and less
iterations will be necessary to find the solution at each Monte
Carlo step.

PERSPECTIVES AND CONCLUSION

There are actually two classical problems with PB theory and
its derivatives: 1), the solute is fixed; and 2), correlation ef-
fects are difficult to include, as it is essentially a mean-field
theory. Attempts to include these effects can be made if the
interacting species are rather dilute (21,105) but the problem
becomes more difficult if this approximation is not valid. In
our methodology, there is a way to include molecular flexi-
bility of the solute that is indirect and involves normal modes
for representing collective and large-amplitude movements
(106,107). We have actually tested this procedure using
normal modes derived from the elastic network model (108)
and gathered preliminary results showing that the results
displayed in Fig. 3 are qualitatively conserved.

To summarize the results presented here, we find that the
PBL Model provides a physically sound solvent density that
is coherent with what is expected from purely physico-
chemical grounds. Indeed, it allows us to derive an hydro-
phobicity scale for amino acids that is highly correlated with
known ones derived from completely different techniques,
both on the amino-acid level and on the atomic level. The
number of condensed water molecules is also within the
range of what is expected and close to what other methods
predict (76,109). It gives a first hydration layer that is con-
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sistent with what is known from experimental SAXS and
SANS studies (29,110) and solvation energies derived from it
give excellent discrimination of the native structure against
decoys obtained by circular permutation of the sequence. The
results on a 1CTF decoy set, however, are not as high as
expected and obtained, for instance, in knowledge-based
methods. In view of these results, we conclude that there is a
need to take into account the solvent-solvent correlations in
our model.

In this respect, we have recently started to use a Yukawa
attractive effective potential between solvent molecules to
reproduce the second hydration shell, similar in spirit to
Coalson et al. (111) but still projected onto a lattice. The full
results will be reported elsewhere.

APPENDIX A: PHENOMENOLOGICAL
DERIVATION OF THE FREE ENERGY

The partition function Z of the system described in Fig. 1 can be evaluated
analytically using field-theoretic methods, from which the free energy can be
derived as F = —kgTlog(Z) (43). All equilibrium thermodynamic quantities
can subsequently be derived using either Z or F. Here we derive the free
energy using a phenomenological approach, following the formalism of
Borukhov et al. (45).

The free energy is the difference of two terms, the electrostatic energy on
one hand and the product of entropy with temperature, on the other hand:

F=U,—-T85. 19)

The electrostatic energy is given by
Ua= [ ar{-SFQ@ +p (10 + zeC. ()0(7)
—zeC_(F)®(r) + Cdip(f)/dﬁ(Q)A(?‘,Q)(ﬁ(ﬂ)-Vfb(V))

~ 1, € (F) = 1 C(F) = i Can(P) | 20)

where () = (6, ¢) denotes the direction of the dipole j with respect to the
electric field E (), and A(F, ) is the normalized Boltzmann distribution of a
dipole with electrostatic energy —p - E (94),

eBponI’(r’)ICOS(B)
A(F, Q) = — =——— (2D
sinhc(Bp, [ V(7))

||, sinhc(u) = sinh(u)/u, B = 1/kgT, and kg is the Boltzmann

where py =
constant.

The first term in U, is the self-energy of the electric field, the next four
terms are all of the form p°**“® (for a dipole j, at first order, p°1°C =p.V)and
the last three terms couple the free ions and dipoles to a reservoir through
their chemical potentials, namely w, s, and pgip. C+, C_, and Cy;p are the
concentrations of the free ions and dipoles, respectively.

The entropy includes both a translational and a rotational contribution,

kB

Stans = = di{C, (F)a’In(C. (F)a’) + C_(F)a’In(C_(F)a’) + Cuyp(F)a'In(Cap(¥)a’) +

—Cap(F)a@’)In(1 — C. ()’ — C_(F)a’ — Cyp(F)a’) }
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where a is the lattice size,

kB

Srot = — drCay(F)d’ / dQA(F, Q)In(A(F,Q)). (23)

The four terms in S, represent the entropy of positively charged free ions,
negatively charged free ions, dipoles, and vacant sites, respectively (45)
while S, represents the orientational entropy of the dipoles and can be
further transformed using Eq. 21.

Setting Ajon = eXp(Bition) and Agip = exp(Buaip) and proceeding as in
Borukhov et al. (45) by imposing

OF  OF  OF
OC, (F)  OC_(F)  OCup(F)

=0, 24)
we get (42)
BF = —g / dre VD7) + B / drp,(F)D(7)
— % / diln| 1+ 2A;,cosh(Bez® (7))

sinh(Bp,| V(7))
Bpol V()|

If Agip = 0, we recover the free energy leading to the classical PBE with site
exclusion effects (17,18,45).

It is possible to take into account explicitly the van der Waals interaction
W (7) between the solute and the free ions and dipoles by simply adding a
term [ dF(C+ (F) + C_(F) + Cqip(F))W(F) to the free energy. This amounts
to having position-dependent chemical potentials, namely u;,, — W (7) and
Haip — W(F), respectively. W(7) is due to the fixed solute and needs to be
calculated only once.

(25)

dip

APPENDIX B: POSSIBLE EXTENSIONS OF THE
PBL MODEL

The model of Fig. 1 can be extended in a number of ways:

1. The model can of course accommodate a mixture of free ions of dif-
ferent valency, such as MgCl,, for instance. Only the term cosh(Bez®)
in the free energy is affected (see, for example, (45)),

pr =~ / die[ VD) + B / dp, () (7)

L / di'In 1+/\d,psmh(ﬁ” °|ti(7))
Bpo| VO (7)]

+ ) Aexp(—Bez (7))

i=12

The fugacities A\ and )\iz““ must be also recalculated accordingly. This has
been implemented in our website (42).

(1-C, (Fa’ —C_(Fd’

(22)
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2. Mixtures of solvents of the same size but different dipole moments p,
and p, can also be treated. The free energy then reads

Bf:_g/d?eoﬁcp(?) 2+B/d?pf(7)<1>(7)

1
- ;/d? In| 1+ 2A;,,cosh(Bezd (7))

Ly, SI(BRITR))
i=12 " Bpi|VO(F)

3. To treat the case of a mixture of dipolar solvents with different sizes, we
resort to an approximation of Sy;.,s, Which is valid if the second solvent p,
is diluted compared to the first one (p;, water, 55M). Setting k such that ka®
is the volume of p, (k < 1) and &° the volume of p1, we find (42)

Bf:_g/dr-eoﬁcp(?)f+B/d7~pf(7)<l>(?)

1
—j\/dFIH 1+/\dip2 = =
a Bp:| V(7]

sinh(Bp, [V (7)

+ Adipt o )
Bp:[VO(F)|

4. We also give the free energy for a system containing free ions of smaller
size than dipoles. Setting k such that ka® is the volume of ions (k < 1)
and @’ the volume of Po, we find (18,42)

Bf:_g/dfeoﬁqn(?) 2+B/d?pf(?)<1>(?)

1 ;
- / d7n{ (1 + 2\,,cosh(Bezd(7)))*

_ sinh(Bpy V(7))
" ol V()

5. Finally, we give the free energy for the case where the dipoles have an
intrinsic polarizability «. In this case, the degrees of freedom of not
only the direction (as before) but also the magnitude of the dipole
vectors should be integrated out, which can be assumed to be con-
strained to fluctuate around their mean position in a harmonic potential
(70). Here we set a5 = Bp3 /3, with a;/ay ~ 20 numerically (48),

BF = —g/dfeoﬁcb(?)f +B/d7"pf(7)q)(7)
- %/d?‘ln{l + 2Aioncosh(Bez® (7))
a

inh .
+ Adip (% + ;—Ocosh(u)) ¢ }

a

In most cases we have 1 < Ag;p sinh(u)/u, where u = BpoE, and Ao, < 1. A
Taylor expansion of the last term In(1+...) can be done at low field.
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