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Abstract We consider the free energies of solvating molecules in water. Computational
modeling usually involves either detailed explicit-solvent simulations, or faster computa-
tions, which are based on implicit continuum approximations or additivity assumptions.
These simpler approaches often miss microscopic physical details and non-additivities
present in experimental data. We review explicit-solvent modeling that identifies the physi-
cal bases for the errors in the simpler approaches. One problem is that water molecules that
are shared between two substituent groups often behave differently than waters around each
substituent individually. One manifestation of non-additivities is that solvation free energies
in water can depend not only on surface area or volume, but on other properties, such as
the surface curvature. We also describe a new computational approach, called Semi-Explicit
Assembly, that aims to repair these flaws and capture more of the physics of explicit water
models, but with computational efficiencies approaching those of implicit-solvent models.

Keywords Additivity - Explicit water - Implicit solvation - Water structuring

1 Solvation: A Key Driving Force in Molecular Systems

Driving many of the properties of biomolecules and polymers are solvation and desolva-
tion, the binding or removal of water. When protein molecules fold, or when proteins bind
to drugs or metabolites, water molecules must first be stripped off. The self-assembly of
surfactants and phospholipid molecules into membranes and micelles is partly driven by
the removal of waters that solvate the hydrocarbon tails. And, water molecules are stripped
off of as solute molecules partition into chromatographic stationary phases during analysis
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or separation. The free energies of these and many other processes depend, often predom-
inantly, on the energetic changes that accompany solvation and desolvation. Therefore, to
predict equilibria and kinetics in broad areas of biology, chemistry and materials science,
it is critical to have good quantitative models of the interaction of water molecules with all
kinds of solutes.

One way to compute solvation free energies is to perform atomically detailed computer
simulations in which water molecules are represented explicitly (explicit-solvent models).
However, such computations can be expensive, often prohibitively so, particularly for large
biomolecular systems. For faster calculations of solvation free energies, there is a long his-
tory of making approximations to the physics. In implicit-solvent models, such as Poisson-
Boltzmann (PB) [1, 23, 24, 30, 41, 62] or Generalized Born (GB) [25, 26, 39, 47, 49, 63],
electrostatic interactions are treated by assuming that the surrounding water is a continuum
dielectric. The non-electrostatic components of the interactions of solute molecules with
water are often treated using surface-area-based (SA) methods, in which the free-energy
cost of forming a cavity in the water is assumed to be a sum of the component surface areas
of different substituent atoms or groups in contact with the solvent. SA methods, and their
associated additivity assumption, are widely used in modeling aqueous solvation.

However, the two approximations—namely, that component solvation free energies are
additive, and that the solvent can be treated as a continuum dielectric medium—often lead
to errors. Here, we survey experiments and explicit-solvent computer-simulation studies
to identify the physical bases for these errors. In addition, we describe progress towards
improved models of aqueous solvation.

2 Additivity: Estimating Solvation Free Energies by Summing Component Terms

A key assumption in modeling solvation is additivity: conceptually breaking a macro-
molecule into sub-molecular or atomic pieces, estimating a free energy change for the sol-
vation of each such piece, then summing those contributions into a total free energy [10,
43]. The appeal of additivity-based models is clear. If you could measure the free energies
of transfer of just a handful of molecular constituents, such as methylene groups, hydroxyls,
carbonyls, and if it were justifiable to add those free energies to compute the solvation free
energy of complex solutes, it would lead to a dramatic reduction in the numbers of experi-
ments that would be required to determine solvation free energies for the huge numbers of
all possible solute molecules.

There has long been an experimental basis for using such additivity-based models [27].
Figure 1 shows the free energies of transfer of some homologous series, such as alkyl chains
of different lengths, terminated by different substituents. The figure shows that these sol-
vation free energies depend linearly on the chain length, and that the constituent subgroup,
a methylene, transferred from air to water, is unfavorable by approximately 0.15 kcal/mol.
This solvation free energy per methylene depends upon the two media between which the
solute is transferred [65]. SA approaches are used for estimating non-polar contributions to
AGo, the total solvation free energy.

The same experiments also give the free energy of transferring the end-group. Figure 1
shows that a terminal phenyl group is “worth” —2.5 kcal/mol, an aldehyde —5.1 kcal/mol,
and a hydroxyl —6.8 kcal/mol in the transfer from air to water. If additivity holds, you
can compute the AG,y of a larger molecule as the sum of such component free energy
terms [12, 36, 51]. In this approach, you calculate the amount of exposed surface area of
each different type of group (carbons, hydroxyls, aldehydes, etc.), and multiply that area
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Fig.2 Experimental solvation free energies for a series of xylenol compounds determined from Henry’s Law
constants [8]. Additivity does not hold. Because the chemical substituents are identical for all three, additivity
would require identical solvation free energies

by the free energy per unit area for that type of group, obtained from model-compound
transfer experiments. This approach is a miniaturization of the idea of a surface tension (y)
multiplied by surface area (A), reduced to the size scale of individual molecules.

2.1 Solutes Often Have Non-additive Solvation Free Energies

However, solvation free energies are often not equal to the sum of the substituent solvation
free energies. Solvation can depend not only on the numbers of different molecular sub-
stituents, but also on the spatial positions of the constituent groups about the solute molecule.
For example, Fig. 2 shows three different xylenol molecules, each having exactly the same
substituents, but in different geometric arrangements. Additivity would predict exactly the
same solvation free energies for these three compounds. Instead, experiments indicate that
AGy,y differs by 1.4 kcal/mol in going from 2,6-xylenol to 3,5-xylenol. In this case, the
solvation free energy depends on the spatial locations—not just the numbers—of the methyl
and hydroxyl groups on the xylenol.
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Another example of non-additivities is shown in Fig. 3. It shows that the solvation free
energy of a hydroxybenzene molecule depends on the relative positions of the hydroxyl
groups around the benzene ring. In this case, adding one hydroxyl group to a benzene ring
contributes —5.7 kcal/mol to the free energy of transferring the hydroxybenzene molecule
from air to water. Adding a second hydroxyl group contributes twice this amount of free
energy, but only if the hydroxyl groups are maximally separated around the ring. If two hy-
droxyl groups are spatially close together, their contributions to AGy are less than would
be predicted by additivity. If the hydroxyls are immediately adjacent and can form an in-
tramolecular hydrogen bond with each other, then the total AGy,, for the molecule having
two groups is essentially the same as a molecule with only a single hydroxyl group. In that
case, adding a second hydroxyl group contributes nothing additional to the solvation free
energy.

Non-additivities can arise when the solvation shells of different substituents overlap with
each other. Figure 4 shows that adding one nitrate group to an alkyl chain favors the transfer
of butylnitrate from air to water by —3.8 kcal/mol, no matter where the nitrate group is
located on the chain. However, adding a second nitrate group to the chain will double this
free energy only if the two nitrate groups are sufficiently separated along the chain. If the two
nitrate groups are close together in space, each nitrate group contributes less than would be
predicted by additivity. The non-additivity arises from crowding and sharing of the solvation
shells of the two nitrate groups. Water molecules in such shared solvation shells are often
unable to freely solvate the nitrate groups as they would in either individual shell alone.

The non-additivities described above are not negligible. Sometimes, these errors in solva-
tion free energies are sufficiently large to render additivity-based models quantitatively use-
less. In order to develop more accurate methods for fast computational solvation modeling—
for predicting solubilities, transfer, partitioning, binding affinities, and protein folding—it is
helpful to look at the underlying causes of these errors.

2.2 The Structural Basis for Non-additivities of Solvation Free Energies

Water molecules in shared solvation shells behave differently than water molecules that are
not shared; see Fig. 5. When component subgroups are distant from each other, their water
shells are mostly independent of each other. But when solvation shells overlap, the wa-
ter molecules that are shared can be in environments with unique constraints of hydrogen-
bonding, sterics, and collective electrostatics that are not simple sums of the individual en-
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Fig. 6 A slice of water density around: (a) 3,5-dimethylphenol and (b) 2,6-dimethylphenol, from explicit
water simulations. A crucial structured water is observed in both cases, and the insets show details of the
geometry. In (a), the structured water forms a strong hydrogen bond with the hydroxyl group on the xylenol,
so it solvates more favorably than in (b), where the same hydrogen bond is impeded by the neighboring
methyl groups. Color online

vironments from the components. All-atom simulations in explicit-water can give insights
into how water molecules behave in those cases.

2.2.1 Explaining the Xylenol and Dihydroxybenzene Series

Figure 6a shows the result of explicit-water simulations of the aqueous solvation of two
different xylenols. In both cases, a single key water molecule accepts a hydrogen-bond from
the hydroxyl group on the xylenol molecule. In (a), that key water molecule forms a strong
hydrogen-bond; the OH- - -O angle is 180° and the average water dipole is directed along
this axis. In (b), the same key water molecule is now obstructed by the neighboring methyl
groups on the xylenol, preventing a good hydrogen-bond. This confinement of the hydroxyl
group by the neighboring methyl groups decreases the solubility in water by 1.4 kcal/mol.
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Even larger non-additivities arise in the dihydroxybenzene series. 1,2-dihydroxybenzene
has nearly the same hydration free energy as phenol, even though the former has an extra
—OH group (see Fig. 3). The explanation is that the two neighboring —OH groups in 1,2-
dihydroxybenzene can form an intramolecular hydrogen-bond with each other, preventing
favorable hydrogen bonding with water.

2.2.2 Ion-Ion Pairing Often Involves Shared Bridging Waters

Ion-ion interactions are common in chemistry and biology, for example salt bridges, contacts
between charged amino acids, are often seen in protein structures. Such salt bridges are
often separated by a bridging water molecule. Accounting for bridging waters in continuum
electrostatics calculations has been shown to improve estimates of pairing energies [72].

Figure 7 shows computer simulations of a potassium and fluoride ion approaching one
another in water [14]. When the two ions are distant, their hydration shells are indepen-
dent of each other and uniform relative to the ion-ion axis (Fig. 7a). But, as the ions get
closer, the intervening water molecules become highly structured. The water molecules that
are most highly structured are those that bridge between the two ions, but water molecules
also become structured even around the backsides of the ions (Fig. 7c). Such structuring
and sharing of water molecules lead to the several kcal/mol oscillations seen in the poten-
tial of mean force (PMF). First, as the ions approach each other, the ion-ion electrostatic
attraction strengthens, accounting for the fact that the contact minimum (Fig. 7d) is the most
stable state. The solvent-shared state of the two ions is further stabilized by the bridging
water molecules, which have favorable electrostatic interactions with both ions (Fig. 7b).
The transition state (Fig. 7c) is less stable because the bridging water is now partly squeezed
out into a non-optimal orientation, and the remaining first-shell waters are then caged in
an entropically unfavorable way that reduces the number of water molecules in this shell
(resulting in depleted density on the backsides of the ions).

The charges and sizes of the solute ions have a large effect on the structuring and ener-
getics of intervening waters. The example above shows the situation for potassium fluoride,
in which the cation and anion are about the same size. But, Fig. 8 shows that the situation is
different for lithium iodide, where one ion is small (lithium) and the other is large. Unlike
KEF, the most stable state for Lil is separated by solvent. For Lil, the contact state is unfavor-
able because, in addition to direct hydration of lithium by water being more enthalpically
favorable than a close ion-ion interaction, the hydrating water is structured in an entropically
unfavorable way when the ions are in contact [14]. These size effects are key to explaining
salt solubility products: small-small or large-large ion pairs are relatively insoluble in water,
while small-large are more soluble [6].

2.2.3 Solvation Free Energy Can Depend on Solute Curvature

Solvation free energy depends on the shape of the solute, such as its surface curvature, not
just its surface area. Additivity methods often treat only the effects of surface area. Tanford
noted that the interfacial tension between oil and water is about 75 cal/mol~1°%2, while the free
energy of transfer of an oil molecule, say hexane, from oil to water is only 25 cal/mol-A?
[57, 65]. Subsequent work has shown that this is a consequence of the very tight curvature
of a molecule relative to the very flat nature of a macroscopic interface, and incorporating
the specifics of curvature can help correct for this difference [3, 57, 58].
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Fig. 7 Water density maps for KF as a function of ion separation distance alongside a plot of the potential
of mean force (in kcal/mol) between the ions. The separation distances highlight the (a) solvent-separated
state, (b) the solvent-shared state, (¢) the most unfavorable maximum, and (d) the contact state. The color
indicates which ion the water density is closer to, blue for the cation and red for the anion, while the vectors
indicate average direction and magnitude of water’s dipole moment in that region of space about the ions.
Color online

2.2.4 Curvature Can Affect Pairing Interactions

Solute-solute PMFs also depend on the shapes of the solutes. For example all-atom explicit-
solvent simulations have been performed in which a neutral surface contains a fixed charge
embedded in it. The neutral surface was either concave (called a receptor), convex (called
a bumper), or flat. A mobile ion of opposite charge was moved through a water solvent
toward the fixed charge on the surface to calculate the PMF [5]. This calculation is like the
ion-ion PMFs described above, except that now one of the ions is embedded in a surface
of varying shape. A key finding is that the adjacent surface can strongly affect the ion-ion
PMEF. Figure 9 shows that the bumper surface (Figs. 9a and b) stabilizes the ion-ion solvent-
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Fig. 8 Water density map about Lil in the contact state alongside a plot of the potential of mean force (in
kcal/mol) between the ions. Water is tightly caged in this state, causing it to be entropically unfavorable.
Color online

Fig. 9 Illustration of the effect
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separated state while the receptor surface stabilizes the ion-ion contact state (Figs. 9c and d).
As noted above, much of this effect is due to water structuring. The bumper surface leads to
strain in the water structuring by pushing caged waters closer to the ion-ion contact region
(Fig. 9a), destabilizing the contact state. The receptor surface hinders hydrogen-bonding
with bridging water, so the bridging waters are unable to compensate for the energy loss
from separating the ions. So while water structuring can lead to several kcal/mol swings in
the PMF, the shape of a nearby surface can alter the direction of these swings.

2.2.5 Not All Hydrocarbons Are the Same

The solvation properties are different for aromatic hydrocarbons than for aliphatic hydro-
carbons. Figure 10 shows two homologous series: a series of alkane chains and a series of
polyaromatic hydrocarbons of different lengths. For both, the non-polar components of the
free energies of solvation are straight-line functions of their chain lengths. Both obey ad-
ditivity relationships in terms of their constituent subgroups, methylene groups or benzene
groups, respectively. However, the slopes of the two curves have opposite signs. For the
non-polar components, longer alkanes are less soluble in water, while longer aromatic hy-
drocarbons are more soluble. These trends show that treating all hydrocarbons with a single
y in additive SA methods would not work; the non-polar component of AG,y depends on
the chemical differences among different types of hydrocarbons.

2.2.6 Negative Charges Are More Soluble in Water than Positive Charges Are
It has long been known that a negative ion will be more soluble in water than a corresponding

positive ion of the same charge magnitude and size [37]. This has been explored in detail by
molecular simulations [54]. Implicit solvation models, such as GB or PB, do not intrinsically
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Fig. 10 AGhnp as a function of 4
solvent-accessible surface area
(SASA) for the linear alkane and
linear polyaromatic hydrocarbon
(PAH) series. The SASAs were
computed from molecular
dynamics simulations of
uncharged molecules, and the
AGhnp for the alkanes come from
experiment while the PAH values
are from calculations in TIP3P

0 0 H
water ® Alkanes NG
O Linear PAHs

AG,,, (kcal/mol)

100 200 300 400 500 600 700
SASA ( Az)

AAGSO\V =
-10 kcal/mol

Fig. 11 Tllustration of the solvation asymmetry due to charge inversion for charge neutral small molecules.
Water can position its positively charged hydrogens closer to negatively charged solute sites (right) than its
negatively charged oxygen to positively charged solute atoms (left). This leads to an asymmetry in AGgqy in
excess of 10 kcal/mol in some cases [44]. Color online

capture this property. This asymmetry can be explained by the physical structure of the water
molecule. Water’s partially positive hydrogens are more localized and close to the water
molecule’s surface while the average location of the negative oxygen charge is closer to
the geometric center of the water molecule. In classical terms, the center of water’s dipole
is offset relative to water’s center of mass. Water’s positive charge can come closer to a
neighboring negative ion than water’s negative charge can come to a positive ion of the same
size. Because implicit-solvent models don’t treat water molecules explicitly, this asymmetry
effect is handled in PB and GB models by empirical adjustment of the effective radii of
cations relative to anions.

The importance of this electrostatic asymmetry has been studied by Mobley et al. in
computer simulations in TIP3P explicit solvent. Figure 11 shows the water-dipole asym-
metry around two hexagonal-ring-shaped molecules [44], which we call bracelets. We con-
sider two different bracelets, both of which are net neutral. One bracelet has a methylene
sized ‘head’ bead with a charge of 41, and the other five beads have a charge of —0.2
each. The other molecule is identical, but with all the charge signs inverted. In implicit wa-
ter, there should be no difference in the solvation free energy between the two bracelets
(AAG,y = 0). However, computer simulations in explicit TIP3P water show instead that
AAG,, of approximately 10 kcal/mol; with the — head-bracelet molecule more soluble
than the + head bracelet [44].

These calculations indicate that the charge-asymmetry effect can be substantial, even for
solutes that are net neutral. While the molecules explored by Mobley et al. are fictitious,
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the underlying principles are not. Using fictitious molecules in computational experiments
is useful for controlling variables to get insights into the origins of errors in more complex
systems. This asymmetry is seen in some real molecules, such as the isostere pair of N,N-
dimethylaniline and nitrobenzene, for which the solvation free energies, AGoy, are about
the same despite their drastically different dipole moments. Explicit solvent calculations are
in better agreement with this experimental result than PB calculations [44].

3 Some Aspects of Non-additivity Are Handled by Implicit-Solvent Models

Explicit-solvent simulations are often accurate enough to reproduce the trends in solvation
[9, 45, 46, 59-61]; however, explicit-solvent free energy calculations come with a signifi-
cant computational cost. Implicit-solvent models can be used to determine free energies of
solvation much more quickly [4, 7, 13, 55]. Recent developments in implicit-solvent models
have been made to target some of the above problem cases.

Most implicit-solvent models separate the solvation free energy into non-polar and polar
components. The non-polar term accounts for the cost of opening a cavity in the solvent to
fit the solute, as well as the dispersion interactions with the surroundings, and the polar term
accounts for transferring the solute’s charges and partial charges into water.

3.1 The Non-polar Term in Implicit Solvation

The most common approach for treating the non-polar aspect of solvation in implicit models
is a Y A term, with the y value usually taken from the surface area to solvation free energy
relationship for the linear alkanes. This y A value approximates both the cavity formation
and dispersion interaction parts in one expression. Having one y handle all non-polar com-
ponents assumes alkane chains are the best representation for a general solvent, and this can
be problematic, as evidenced by Fig. 10. Gallicchio et al. have recently applied the idea of
separating the system into sets of atom types and finding individual y and curve intercept
values for each that better reproduce this chemical specificity [22]. Also, separating the cav-
ity and dispersion terms has allowed for more physical treatments of the parts of non-polar
solvation [19-21, 40]. Other models have taken these more physical approaches further in
an attempt to reduce the need for free parameters based on atom types [64, 67], model
hydrophobic effects with the aid of information theory [31, 32], and develop variational
approaches to more directly treat dispersion and curvature effects [11, 56].

3.2 The Polar Term in Implicit Solvation

The two primary implicit approaches for calculating the polar component are PB and GB.
As having a good dielectric boundary is a key aspect in such calculations [30], most of the
developments in GB, for example, have involved improved routes at determining the Born
radii that define this boundary [25, 47, 49, 50]. Adjustment of this boundary nearer to, or
further from, the solute is a useful route for incorporating effects seen in explicit-solvent,
like the asymmetry upon charge inversion. Latimer ef al. recommended such a route in
1939 when they published their study on ion solvation [37], and a recent study by Purisima
and Sulea has used such an approach to treat the charge-asymmetry effect about neutral
molecules in general continuum electrostatic calculations [53]. However, while adjustment
of radii and the solute boundary can correct for a specific property, it can lead to deviations
in other properties. For example, when Chorny et al. modulated the PB boundary to match
the activation energy barrier for ion-pairing near curved surfaces, agreement of the relative
stability of the paired and unpaired states with explicit solvent was lost [5].
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Fig. 12 Illustration of the steps for constructing the non-polar SEA term. (a) Explicit solvent free energy
calculations are performed on spheres to build tables of AGnpp and water distance (rw) values. (b) The solvent
accessible surface is probed to determine the effective interaction potentials due to the environment. (¢) The
potentials are averaged and applied to the surface to incorporate non-polar environment effects. Color online

Other approaches have also been developed. One is the Langevin Dipoles (LD) model
[18, 52, 70], which goes beyond the continuum approximation by using a dipole lattice for
the solvent representation. For capturing the chemical nature of the underlying solute, break-
ing up solutes into a fixed set of atom types and assigning specific solvation weights to each
is a popular route. This approach is used by the simple solvation model from Eisenberg and
McLachlan [12], the hydration shell model [36], and the effective energy function (EEF1)
model [38].

4 The Semi-explicit Assembly (SEA) Approach to Solvation

We have recently developed a computational approach to aqueous solvation called Semi-
Explicit Assembly (SEA). SEA treats the physics of surface solvation in a discrete way
that resembles explicit models, but can estimate solvation free energies much more quickly,
like implicit models. First, like implicit models, SEA separates the total solvation into two
components, non-polar and polar.

4.1 Improving Non-polar Solvation Modeling Using SEA

Here is how non-polar solvation is treated in SEA [15]. We start by performing free energy
calculations in explicit water of uncharged Lennard-Jones (LJ) spheres that have different
sizes and well-depths. From these calculations, we generate lookup tables of AG,, and
tables of the average distance (ry,) of the first-shell of water to each sphere (Fig. 12a). These
tables are only generated once for any given solvent and state point.

To determine the AG,, of a more complex solute, we assemble it from the known results
from these LJ spheres. This involves first constructing a solvent accessible surface (SAS)
from the distance tables, and probing the dispersion potential due to surrounding LJ atoms
along normal vectors through points on this SAS (Fig. 12b). This results in a series of effec-
tive interaction potentials that describe the non-polar character of the interaction between
the solute and the surrounding solvent. We then average these effective interaction poten-
tials and extract new size and attraction parameters by fitting to an LJ potential (Fig. 12c).
Thus, we compute the dispersion potential as if it were a local field, summed from all the
solute atoms nearby. This means that we are replacing a y A quantity, which depends only
on the nearest atom’s chemistry and surface area, with a free energy that also knows about
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pentyne pyrene pentyne pyrene

Fig. 13 Maps of the attractive character of pentyne and pyrene reproduced using (a and b) a y A approach
and (c and d) SEA. SEA captures the solvation attractiveness of the triple-bond structure in pentyne and the
collective attraction of the aromatic carbons that are missed if one only uses a single y term for the entire
molecule. Color online

neighboring chemistry and geometry. Finally, we apply these extracted LJ parameters to the
surface atoms of the solute, and we sum up a total AG,. This process retains the advantage
of additivity, but eliminates the problems of an additivity that is too localized.

We have shown previously that the SEA approach improves upon some implicit methods
of non-polar solvation. In a test of 504 small molecules, it was able to predict AG,, values
that had only a 0.3 kcal/mol root mean squared error (RMSE) from detailed explicit solvent
calculations [15], a 1 kcal/mol improvement over y A. Figure 13 illustrates the physical
reason for the improvement: some hydrocarbons have different types and higher densities
of LJ contributions at certain regions. Hence, alkynes (pentyne in the figure) have better
solvation free energies than alkanes, because the triple-bonded hydrocarbon atoms are more
attractive. For pyrene, SEA captures the increased attractiveness of the aromatic carbons
(like for pentyne), but also the collective dispersion attraction of the face of the molecule
over the edges.

4.2 Improving Polar Solvation Modeling Using SEA

For solvating polar solutes, we treat the solvent distant from the solute surface as a contin-
uum, as in implicit models. However, we treat the closer solvation shells more explicitly
[16]. This again involves pre-simulations of LJ spheres in explicit water, only this time we
also vary the solute charge. From each such simulation, we again collect ry, values, among
other properties, but most importantly, we determine an average representation of a sur-
face water molecule about this solute sphere. This is done by aligning all of the first-shell
water molecules onto a common axis normal to the surface of the solute and binning the
solvent atom locations to form density maps of the surface water charges. From these maps,
we extract dipole moments that capture the first-shell polar response of these local water
molecules.

To determine the polar aspect of the solvation free energy (AG,), we generate a sol-
vent accessible dot surface about the solute of interest (Fig. 14a) and populate sites on this
surface with the extracted dipole representations in accordance with the local electric field.
The random placement procedure continues until all possible solvation sites are occupied
or eliminated (Fig. 14b). AG,, is accumulated as a Coulomb sum of all partial charges in
the semi-explicit region (the spherical cavity in Fig. 14b). Because positional and orienta-
tional distributions of surface water molecules are factored into the dipole representations,
this pairwise sum effectively approximates a free energy rather than simple potential en-
ergy. Outside this cavity, we use a reaction field to approximate distant electrostatic effects
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a

Fig. 14 Illustration of SEA sampling process around pyridine. (a) A solvent-accessible dot surface is gen-
erated about the solute, and (b) semi-explicit dipoles are placed at sites on this dot surface according to the
local electric field (indicated by the color of the surface dots) within a continuum dielectric cavity. Two of
these dipoles are given water illustrations to highlight the direction the water dipoles point, and the magnitude
of these dipoles indicate that the field is much stronger near the nitrogen that elsewhere around the pyridine.
Color online

[48]. Finally, this random sampling process is iterated until AGy,, converges to a specified
accuracy.

We have recently shown that SEA is able to quantitatively reproduce explicit-solvent
AGy values to nearly 1kgT accuracy over a large small molecule test set [16]. In compar-
isons to experimental AGy,y values, SEA was approximately 1kg7 lower RMSE than PB
calculations, nearly the same as explicit-solvent calculations. SEA is more computationally
efficient than either explicit solvent or PB free energy calculations; however, the advantage
of SEA, in principle, is that it captures discrete water effects in the first shell, including
physical details that are missing in purely continuum-solvent models.

5 SEA Captures Some of the Non-additivities in Solvation Free Energies

Here we compare how molecular simulations reproduce non-additivities in solvation free
energies by considering the experimental non-additivity examples from the beginning of the
text. We compare with experiment the following: TIP3P explicit solvent free energy calcu-
lations [34], PB with a traditional y A non-polar term [1], and SEA [15, 16]. Methods are as
published elsewhere, [16, 45] with the exception that the SEA and PB results are the average
of 100 solute conformations extracted from the TIP3P simulations (run using GROMACS
4.0.7) [2, 28]. All solutes used the general Amber Force Field (GAFF) [69]. AM1-BCC
partial charges were set using ANTECHAMBER [33, 68]. To prevent PB from overly stabi-
lizing hydroxyls (the hydrogen does not have Lennard-Jones parameters in GAFF), a generic
LJ sphere (0 =2.4 A and € = 0.02 kcal/mol) was applied to the hydrogen atom. This sphere
is unnecessary in explicit and SEA calculations, and omitted in these cases.

For the xylenols shown in Fig. 2, there is a 1.4 kcal/mol A AG,)y from 2,6-dimethylphe-
nol to 3,5-dimethylphenol (see Table 1). Explicit-solvent simulations and SEA capture most
of this variation and show the correct trends, this despite the GAFF+AM1-BCC force field
combination systematically under-predicting the solvation favorability of hydroxyl groups.
Of more interest is the AAG,y for PB, which is significantly smaller (0.3 kcal/mol) than
that seen with explicit solvent and SEA. This is a case where the presence of discrete water
appears to lead to more quantitative agreement with the non-additive behavior seen in ex-
periment. This is understandable given Fig. 5, which shows that the non-additivity involves
distortion of first-shell water hydrogen bonding.
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Table 1 AGg gy in kcal/mol for

the xylenol series Molecule TIP3P PBSA SEA Expt.2
2,6-xylenol —4.18(3) —5.12(3) —3.84(5) —4.86
2,4-xylenol —4.51(5) —5.53(3) —4.62(8) —6.01

) 3,5-xylenol —5.38(3) —5.45(3) —4.93(5) —6.27

aReference [8]

Table 2 AGgg)y in kcal/mol for

the hydroxybenzene series Molecule TIP3P PBSA SEA Expt.
benzene —0.792) —1.93(1) —0.84(1) —0.89*
phenol —5.63(4) —5.76(4) —5.21(6) —6.58*

12-dihydroxybenzene  —7.80(8) —8.4(1) —8.1(2) —6.9°
1,3-dihydroxybenzene —10.08(5) —9.10(4) —9.18(6) —11¢

“Reference [29], PRef. [42], 1,4-dihydroxybenzene —10.19(6) —9.60(6) —9.8(1)  —12b
CRef. [66]
a b
6 6
£ g
= =
g4 S
3 g
0] 1]
T @ Expt. 0 @ Expt.
T2 5 TiP3P €2 o TIP3P
9} + PBSA O} + PBSA
4 4 SEA 3 # SEA
0 0

o & A ¢ SSadia e diadiag

Fig. 15 Average solvation free energy gain per (a) hydroxyl group of the hydroxybenzene series and (b) ni-
trate group for the butylnitrate series seen in experiment and explicit solvent, PBSA [1], and SEA calculations
[16]. The R-group in (b) represents a nitrate group, as in Fig. 4. Color online

Table 2 shows that explicit-solvent modeling captures the solvation trends well for the hy-
droxybenzenes. It captures the shared-water effects as the substituents come close together
on the benzene framework; see Fig. 15a. The figure shows the AGy, benefit associated
with the addition of each hydroxyl group. Deviations from a horizontal line indicate non-
additivities. Explicit-solvent simulations capture about half of the experimentally observed
non-additivity. This under-prediction is likely due the static partial charge nature of these
calculations, and may improve with the inclusion of more detailed electrostatic interactions,
such as polarization.

SEA and PB both capture most of the non-additivity observed from the explicit-solvent
simulations in this case. Their similar performance indicate that the loss in hydrogen-bonds
to the hydroxyls can be fairly well approximated by a loss in solvent contact area to these
hydrophilic groups upon formation of the intramolecular hydrogen bond.
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Table 3 AGg)y in kcal/mol for the nitrate series

Molecule TIP3P PBSA SEA Expt.
butane 2.54(3) 1.02(1) 1.91(1) 2178
2-butylnitrate —2.63(4) -3.19(2) —2.55(2) —1.6°
1-butylnitrate —2.85(3) —3.05(2) —2.57(3) —1.8b
2,3-butanol dinitrate —6.6(2) —7.10(4) —6.14(6) —3.40°¢
1,2-butanol dinitrate —6.60(4) —7.20(5) —5.98(7) —3.72¢
1,3-butanol dinitrate —6.9(1) —17.25(5) —6.53(7) —4.33¢
1,4-butanol dinitrate —7.28(7) —7.35(4) —7.21(6) —4.93¢

aReference [29], PRef. [35], CRef.[17]

The non-additivity in the butylnitrate series is more subtle than the other two series; it
involves crowding of favorable hydration shells about the solute. Solvation is less favor-
able when the nitrate groups are close and more favorable when the groups are on oppo-
site ends of the solute. Table 3 shows that explicit-solvent calculations faithfully reproduce
this trend. Again, however, the magnitude of the solvation favorability of the functional
group (a nitrate group this time) is systematically different from that seen in experiments.
This over-favorability is likely due to the over-polarization of the nitro group from the AN-
TECHAMBER implementation of AM1-BCC approach. Alternative tools have shown less
favorable solvation for nitro groups [45].

Aside from the experimental offset, Fig. 15b shows that TIP3P simulations are able to
capture most of the experimental non-additivity. This non-additivity is also captured well by
SEA, but missed by PB. Non-additivity due to hydration shell crowding is more complex
than those due to strong intramolecular interactions insofar as it involves both significant
polar and non-polar contributions.

6 Conclusions

We review computational modeling of the solvation of small solutes in water. Historically,
two fast computational methods have been used to estimate free energies of solvation:
(1) methods that sum the non-polar free energies of constituent atoms or subgroups, based
on additivity relationships, and (2) implicit-solvent methods for treating the effects of solute
charges. However, experiments and explicit solvent computer simulations show systematic
deviations from additivities and from some of these continuum-electrostatic approximations.
Explanations for those problems have emerged from computer simulations using explicit-
water models. Some of these problems are: (1) Moieties that are close in space distort shared
water molecules differently than single moieties do alone. (2) Additivities that are too local
capture only effects of surface area (y A term), but not effects of solute shape and chemical
structure, which can often be important. (3) Water’s electric dipole is offset from water’s
center of mass, leading to asymmetries in how water solvates positive and negative charges.
Some of these problems are being addressed in a new approach, called Semi-Explicit Assem-
bly, that aims to capture more of the physics in explicit-solvent models, but with efficiencies
approaching those of current implicit-solvent models. We see that it is able to physically
model discrete first-shell water and reproduce experimentally observed non-additivities in
solvation free energies nearly as well as detailed explicit-solvent calculations.
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