J. Am. Chem. So@001,123,3163-3164 3163

The Importance of Solute-Solvent van der Waals
Interactions with Interior Atoms of Biopolymers

Jed W. Pitera and Wilfred F. van Gunsteren*

Laboratory of Physical Chemistry, Swiss Federal

Institute of Technology, Zich, Switzerland Figure 1. Model solutes compared in this work. First, the solvation free

energy difference between ideal sphere-like solutes (top) and their
“hollow” analogues (bottom) was calculated (A). A similar calculation
compared dimers of ideal solutes (top) and their “hollow” analogues
(bottom) (B). In both panels the interior atoms that disappear during the
calculation are dark black and the rest gray. Solutes have been cut in
half to display both interior and exterior atoms.
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The balance between soluteolvent and solutesolute interac-
tions defines the stability of proteih&nd biomolecular com-
plexes? The large size of a protein means there are many interior
solute atoms that do not contact the molecular surface. While
these atoms are not in direct contact with solvent, they still make
favorable van der Waals interactions with solvent atoms. To
evaluate the significance of this attraction in macromolecular
hydration we have carried out a number of thermodynamic
integration (TI) free energy calculations in explicit solvent to
compare the solvation free energies of “full” solutes with their

“hollow” analogues (Figure 1). A calculation on the protein  rigye 2 Typical stepwise processes used in continuum models of
ubiquitin shows that the favorable solvation of interior atoms  ggjyation, Starting with the solute in the gas phase and a neat volume of
contributes —189 kJ/mol to the solvation free energy of a \yater (A), the free energy of discharging the solute is then calculated in
particular conformation. We went on to compare the solvation the gas phase (B). Next, the work to create a solute-like hard-sphere cavity
free energies of “full” model protein-like spheres and their in the water is calculated (C). The uncharged (van der Waals) solute is
“hollow” analogues (Figure 1A) or dimers of these species (Figure then transferred from the gas phase into this cavity (D) and its charges
1B). The pairs of solutes have identical solvent-accessible surfaceare restored (E). C (cavitation) and D (van der Waals insertion) are often
areas (SASA), but differ in solvation free energy by 49 to 282 accounted for with the same linear surface area dependence (dashed
kJ/mol. Furthermore, the dimer calculations show that the neglect arrow).
of buried atom solvation can yield systematic relative binding
free energy errors of 13 to 21 kJ/mol for small systems. The 7.2 to 96.6° cal mol' A2, This relation is based on the linear
magnitude of this effect suggests that continuum solvation modelsincrease in hydration free energymélkanes with chain length.
based on a simple surface area (SA) dependence may be missinginfortunately, there are no data available for macromolecular
an important contribution to biopolymer solvation. hydration free energies that would permit the parametrization of
The explicit simulation of water accounts for the majority of y values for large solutes. Despite this, it has become popular to
the work involved in a modern protein simulation. As a result, apply such models to calculate free energy differences associated
much effort has been devoted to the development of continuum with large conformational changes in biopolym&g; for
models of hydration that replace an explicit sampling over the example, the free energy difference between folded and unfolded
solvent degrees of freedom with an analytical relafidypically, states of a proteiif Continuum methods are also being used with
these modefs’ separate the process of solvating a particular increasing frequency in biomolecular simulatidAg! However,
molecular conformation into a number of discrete steps that simulations of small alkanes have suggested that the single SA
gradually transfer the solute from the gas phase into solution term represents the free energy cost of forming a hard-sphere
(Figure 2)8 Many commonly used continuum models make use cavity in water and may not capture the favorable van der Waals
of a single linear SASA or molecular-SA dependent term to attraction between interior atoms of the solute and the sof¥éht.
account for the free energy cost of inserting an uncharged van
der Waals solute in solvent:
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Since large solutes have many buried atoms wihiddkanes have Table 1. System Parameters and Relative Solvation Free Energies
none, it is important to quantitate the influence of buried atoms solvent- AGeoy

on hydration free energies before using small molecule-derived radius no. of atoms SASA excluded (full—hollow)

y values for macromolecules. The issue can be avoided by solute (nm) (total/interior) (nn¥) vol (nm) (kJ/mol)
combining a SA-based cavitation term with an explicit modeling

. . . L 761/266 37.157 10.3421 188.6
of solute_e—sqlv_ent van der Waals interactions, as in the_epr|C|t sphere 0.6 99/33 8.848 2.0678 48.7
solvent/implicit solvent (ES/IS) model and othét3> Multiple sphere 0.9 175/71 11.877 3.4182 77.8
atom-dependeng values$’ may also help, but again raise the sphere 1.2 457/239 22.317 8.5477 152.0
guestion of parametrization. dimer 0.9/0.9 350/142 22115 6.8166 142.0
The GROMOS biomolecular simulation pack&g®as used dimer 1.2/1.2 914/478 41.826 17.0567 282.3
for all simulations reported in this paper along with the GRO- . . ) .
MOS96 molecular mechanics force figtDetails of the system Our dimer calculations verify that interior atoms can have a

setup and simulations performed are included as Supportings'gn'f'cam effect on relative binding free energies which is not
Information. The first calculation was carried out on the X-ray eproduced by a simple SA based model. The relative binding
crystal conformation of ubiquitin (1LuB§. A GROMOS96 free energies of “full” and *hollow” solutes can be calculated by
molecular mechanics model of the protein was built with the subtracting twice the relative solvation free energies of “full” and
correct van der Waals parameters but all partial charges set to hollow” monomers from the relative solvation free energy of
zero. The free energy difference between this single unchargedthe “full” and “hollow” dimers. The result is the relative binding
conformation of ubiquitin and its “hollow” analogue with non-  free energy of “full” versus *hollow” species AAGpins
interacting interior atoms was calculated with TI. Interior atoms (full—hollow). From our TI calculationsAAGgin(full—hollow)

were defined as atoms that do not contact the molecular surfaceS T13.6 kJ/mol for the 0.9/0.9 nm dimer are1.7 kJ/mol for
In addition to ubiquitin, we studied a series of model protein- the 1.2/1.2 nm dimer. Since there is no SA difference between

like solutes. Coordinates for single sphere-like model solutes UlI" @nd “hollow” solutes, a SA based continuum model instead

“methylene crystals”) were constructed by placing atoms on a Yi€lds 0 kd/mol for ejther sp_ecies. Clearly, the_ SA moqlel
E)cc arr);ty withrg spaci)ng (0.25 nm) approp?/iart)e for% protein-like overestimates the relative stability of the “hollow” dimers. While
density (0.72 g/c).2 Solute atoms were modeled as uncharged we have chosen an extreme comparison to illustrate our point, it
methylene groups (CH Again, our TI calculations determined is worthwhile to note that our model dimerization involves burial
the relative free energies of the solid (“full”) solute and its of fewer atoms than typical proteirprotein dimerization event§.

i 4
corresponding “hollow” counterpart by calculating the work of AS In the ES/IS mo_de?i, the so_lqtesolvent van d_er Waals
converting all interior atoms of the solute to completely nonin- €Nergies collected during an explicit solvent simulation could be
teracting dummy particles. Figure 1A depicts the two end-states used to calculate the van der Waals contribution to solvation.

of the calculation. We also calculated the free energy difference Contrary to that model, however, we find that thg ratio of free
between “full” and “hollow” states of simple dimers of the 0.9 €N€rgy to solutesolvent van der Waals energy is not 1 but

and 1.2 nm radius model solutes. In this case the interior atoms"©Ugnly 0.8+ 0.1. Sin_gle p_oint continuum solvation cglculation_s
for the free energy calculation were defined to be the same asCannot be corrected in this manner. Instead, one might consider
those for the model solute monomers (Figure 1B). adding a term to the standard SA based function. A combined
The results of our Tl calculations are presented in Table 1. function of the solute SA or volume and density may be required
Our data for ubiquitin AAGeg(full—hollow) = +189 kJ/mol) to accurately model the contribution of buried atoms. Alterna-
SOl -

show that buried atoms make a favorable contribution to the g\é?g'tig;ﬁgggég ;’r?lgﬁrs d?”'goﬁ dubseeclj f(’:;fr?]'gﬁ\s,gf rde';fteerfnt
solvation free energy, a result that is verified by the model solute ¢ =" (€ B 8558 2 BT thgi]s for the “full" species 9
calculations. This significant effect cannot be captured with a P :

simple surface area dependence, as SASAS for the “ful" and y o P8 B RS B S L (RASRE S the solvent
“hollow” solutes are identical ASASA < 0.01 nni). The P '

insignificant for small molecules, is an important effect in the

solvation of large solutes such as biopolymers. Its contribution

is significant (49 to —282 kJ/mol) and may not be captured in

a simple surface-area dependent term. As a result, one must be
(24) Vorbojev, Y. N.; Almagro, J. C.; Hermans Rioteins: Struct., Funct., careful with standard “continuum electrostatics plus simple surface

Genet.1998 32, 399-413. area dependence” models of solvation when they are applied to

10&(.’27%)_ Carlson, H. A.; Jorgensen, W. 0. Phys. Cheml995 99, 10667 large solutes such as proteins or other biopolymers, particularly
(26) Scott, W. R. P.; Fioenberger, P. H.; Tironi, I. G.; Mark, A. E.; Billeter, ~ When comparing macromolecular conformations where the num-

S. R.; Fennen, J.; Torda, A. E.; Huber, T.;"igar, P.; van Gunsteren, W. F.  ber of buried and solvent-exposed atoms differ significantly.
J. Phys. Chem. A999 103 3596-3607.

solvation free energy difference between “full” and “hollow”
species is linearly correlated with both the SAS® & 0.93)
and solvent excluded volum&{ = 0.99).
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