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Abstract

The contribution of solvent–solvent hydrogen bonding and van der Waals interactions to the attraction between methane
Ž .molecules in water was investigated by comparing the potential of mean force PMF between two methane molecules in

TIP4P water to those in a series of related liquids in which the solvent–solvent interactions were progressively turned off
while keeping the solvent–solute interactions unchanged. The magnitude of the attraction between methanes was not
significantly changed when the hydrogen bonding interaction between solvent molecules was eliminated and the solvent was
maintained in the liquid state by increasing either the pressure or the magnitude of the solvent–solvent van der Waals
interaction. However, when solvent–solvent excluded volume interactions were eliminated, the methane molecules inter-
acted no more strongly than in the gas phase. The results are consistent with the idea that the primary contribution of
hydrogen bonding to the hydrophobic interaction is to keep water molecules in a liquid state; at constant density, packing
interactions rather than hydrogen bonding appear to be critical as suggested by scaled particle theories of solvation. The
overall shape of the PMF was, however, changed in the absence of hydrogen bonding, pointing to an influence of hydrogen
bonding on the detailed form of the interactions between nonpolar solutes in water. The effects of correlations between the
configurations sampled during the Monte Carlo procedure used in the free energy calculations on the estimation of errors
was also characterized. q 1998 Elsevier Science B.V. All rights reserved.

Keywords: Hydrophobic effect; Methane dimer; Potential of mean force

1. Introduction

Although it is universally acknowledged that the
hydrophobic effect plays a critical role in the stabi-
lization of biological macromolecules, there is sur-
prisingly little consensus on its physical origins;
recent discussions have traced the hydrophobic effect
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w xto very different features of water 1–3 . A better
understanding of hydrophobic interactions is essen-
tial for understanding processes such as protein fold-
ing which are largely driven by the clustering of

w xnonpolar atoms in protein cores 4,5 .
As the power of computers has increased, simula-

tions of biological macromolecules have become an
increasingly powerful research tool. Such simula-
tions require a computationally tractable model of
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water, and a number of such models have been
proposed. Here we use one of the most commonly

w xused of such models, TIP4P 6 in conjunction with
w xstandard free energy perturbation methods 7 , to

investigate a very simple system: the interaction
between two methane particles in water. Previous

Žw x .studies 8,9 and references therein have shown that
there is a pronounced attraction between methane
molecules in water. Our goal here is to characterize
the features of water responsible for this attraction.

2. Results

2.1. Free energy calculations

The perturbation method was used to compute the
free energy change as a function of the separation
between two methane molecules in a box of water
Ž .see methods :

DG d™dXŽ .
sykT ln-exp yD E d™dX rkT ) 1� 4Ž . Ž .i b

Ž X .where DG d™d is the change in free energy and
Ž X.D E d™d the change in energy associated with ai

X w xperturbation in the solute separation from d to d 7 .
²: denotes a Boltzman weighted average over allb

states of the unperturbed system. The Boltzman aver-
age is approximated by averaging over a set of
configurations generated in a long Monte Carlo sim-
ulation in which successive configurations are gener-
ated by rotating and translating a single water
molecule. Although configurations separated by a
small number of moves are highly correlated, it is
generally assumed that the sets of configurations
generated over the course of a long simulation ap-
proach the broad, representative cross section of
phase space required for the accurate application of

Ž .Eq. 1 .
A standard procedure for calculating errors in free

energy perturbation calculations is to calculate aver-
ages of quantities of interest over blocks of typically
one to 300 000 Monte Carlo moves. The data from
each of these ‘block averages’ are then used to
compute the average and standard deviation for the
measured quantity over the simulation. The implicit
assumption with such a method is that the different

blocks are independent samples. To test this assump-
tion, we calculated the correlation in the measured
change in solute–solvent interaction energy for a
small displacement of the solutes over the course of
a long Monte Carlo run. The correlations persist over
hundreds of thousands of Monte Carlo moves which
corresponds to tens of thousands of moves per water

Ž .molecule Fig. 1a .
To explore the effect of these long correlations on

the estimation of errors in the free energy calcula-
tions, mean free energy changes and standard devia-
tions for a representative perturbation were calcu-
lated from five independent Monte Carlo runs of 5

Fig. 1. Errors in free energy calculations from persistent correla-
Ž .tions in Monte Carlo simulations. a Linear correlation between

Ž X .D E d™ d for configurations separated by n monte carlo moves.i

The curve shown was calculated from five independent runs of
five million configurations each; the perturbation was a change in

˚the methane–methane separation from 5.95 to 6.00 A. Error bars
Ž .plotted are one sigma. b Analysis of errors in the computation of

the change in free energy for a change in the methane–methane
˚separation from 5.95 to 6.00 A. Averages and standard errors were

computed from five independent Monte Carlo runs of 5 million
Ž .configurations each. The leftmost point I is the average of the

values obtained from each of the 5 runs with the associated one
Ž .sigma error bar. The 5 center points II are the averages for each

of the 5 runs with error bars calculated using 50 block averages
each consisting of 100000 configurations. The rightmost point
Ž .III was calculated from the 5 independent averages correspond-
ing to the first 1 million configurations of each run.
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.million configurations each using I all 25 million
.configurations, II data from the 5 million configura-

tions of a single Monte Carlo run with a block
.average size of 100 000 configurations, and III data

from the first 1 million configurations of each of the
five independent Monte Carlo runs. Although the
value calculated using method III is based on at least
as much statistically independent data, the calculated
standard error is much larger than that obtained
using method II. Furthermore, several of the values
obtained using block averaging are nearly two sigma

Ž .from the best estimate I obtained from averaging
all of the available data. Thus block averaging can
result in a considerable underestimate of the real
uncertainty in the quantities being calculated.

To avoid inaccuracies associated with block aver-
aging all subsequent data and standard errors were
calculated from a minimum of ten independently
equilibrated runs for each point. Since correlations
persist over lengths on the order of that required for
equilibration, performing independent runs does not
significantly increase simulation time, but does allow
rigorous statistical uncertainties to be computed.

2.2. Methane–methane PMF in TIP4p and related
liquids

Ž .Fig. 2 dashed line shows the free energy of
Ž .association or potential of mean force PMF for two

methane molecules in TIP4P water at 258C. There is
a pronounced minimum at contact, and a second
minimum for a solvent separated pair. As described
previously, the results are largely independent of the
choice of water model and the size of the water box

˚w x9,10 . The average error per A computed from the
˚Ž .ten independent runs, 0.044 kcalr mol A , was small

compared to the magnitude of the free energy
changes.

In order to investigate the origin of the attraction
between methane molecules in water, a series of
simplifications were made to the solvent. First, the
extent to which hydrogen bonding contributes to the
PMF was investigated by turning off all coulombic
interactions, leaving a Leonard Jones fluid with the
TIP4P LJ parameters. In order to keep the solvent in
a liquid state a constant volume ensemble was used,
with the density fixed to the density of TIP4P water

Žat 258C see methods; a similar strategy was used by

Fig. 2. Methane–methane PMF in TIP4P water and simplified
model liquids. Dashed line, TIP4P water; triangles, TIP4P without
coulombic interactions with the density maintained at that of
water using high pressure; circles, model liquid used by Pratt and

w xPohorille 3 with increased LJ attraction; squares, noninteracting
TIP4P like fluid; dotted line, methane–methane LJ interaction.

˚Data for all curves were collected at .05 A intervals; for clarity
only a small subset of the datapoints are indicated with symbols.

w xMadan and Lee 11 to explore the contribution of
.hydrogen bonding to the cavity distribution function .

Ž .The PMF so obtained Fig. 2, triangles resembles
Žthe PMF obtained in hydrogen bonded water Fig. 2,

.dashed line . The attraction is somewhat reduced,
with the free energy difference between solvent sep-
arated and contact mimina change from 0.59"0.06
kcalrmol to 0.30"0.06 kcalrmol.

A potential complication in the interpretation of
this result is the large difference in the pressure in
the two simulations. The liquid state can be pre-
served in the absence of hydrogen bonding at atmo-
spheric pressure if the strength of the Leonard Jones
Ž .LJ interactions between solvent molecules are sub-

w xstantially increased. Pratt and Pohorille 3 used a
model liquid with LJ parameters chosen to reproduce
the radial distribution function and density of water
at 1 atm to assess the influence of hydrogen bonding
on the cavity distribution function. To assess the
contribution of hydrogen bonding without large in-
creases in the pressure, we computed the methane–

Ž .methane PMF in this LJ liquid Fig. 2, circles . The
free energy loss upon bringing the two methanes into
contact in this non hydrogen bonding liquid is greater
than in TIP4P water. The decrease in the size of the
barrier may be related to the increased orientational
freedom of the non hydrogen bonded liquid: there
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may be more low energy configurations of solvent
molecules around the highly curved cavity formed
by the two methanes at intermediate separations. The
comparison between TIP4P and this LJ liquid is also
interesting because the integral equation theory of

w xPratt and Chandler 12 related the methane–methane
PMF to the solvent–solvent radial distribution func-
tion. Because the two liquids have very similar radial
distribution functions, the similarities and differences
between the corresponding methane–methane PMFs
indicate the extent to which pair correlations, which
the integral equation theory is based on, account for
the observed interactions. In particular, the barrier at
intermediate solute separations appears to reflect
higher order correlations between molecules.

The fact that in both calculations with TIP4P like
liquids lacking hydrogen bonds the free energy de-
crease in contact formation is greater than that due
solely to the LJ interaction between the two methanes
Ž .Fig. 2, dotted line suggests that solvent hydrogen
bonding is not critical to the added attraction be-
tween methanes in TIP4P water. To determine
whether the solvent contribution to the interaction
between the methanes depends on LJ interactions
between solvent molecules, the model was further
simplified by turning off all solvent–solvent interac-
tions leaving two methane particles interacting with
an ideal gas-like fluid at the density of water. In this
model, calculation of the PMF requires only the
computation of two 3 dimensional configuration in-

Ž .tegrals see methods . The attraction between
Ž .methanes in such a liquid Fig. 2, squares is no

greater than the LJ attraction between two methanes
Ž .in the gas phase Fig. 2, dotted line . Thus, solvent–

solvent excluded volume interactions contribute to
the attraction between methanes in water, as ex-
pected given the large differences between the cavity
distribution function of a hard sphere liquid and an
ideal gas.

To obtain further insights into the differences
between the liquids, and to enable comparison with
experimental data, the solvent contribution to the
methane–methane PMF was determined for solute

˚separations ranging from 1.5 to 8.5 A. Ben-Naim
w x13 pointed out that the solvent contribution to the
free energy change for bringing two methanes to-

˚ Žgether to a separation distance of 1.5 A the C–C
.separation in ethane should correspond to the differ-

ence in the free energy of solvation of two methanes
compared to a single ethane. The solvent contribu-
tion for this two methane to ethane transformation
was y3.8, y3.2 and y6.1 kcalrmol for TIP4P
water, the LJ liquid of Pratt and Pohorile, and the
TIP4P like liquid without coulombic interactions held
together by high pressure. The large increase in the
free energy change for the solvent under high pres-
sure is due to the reduction in the volume excluded
to the solvent in the transformation; the P DV term
is only significant for the high pressure simulation.
The free energy changes obtained for the first two
liquids, while similar, are considerably larger than
the estimate of y2.15 kcalrmol obtained from the

w xsolvation energies of methane and ethane 13 . The
origins of the discrepancy between the estimates
from simulation and experiment are not clear; one
possibility is the neglect of polarizability implicit in
the TIP4P model.

3. Discussion

Our results suggest that excluded volume interac-
tions between solvent molecules are critical to the
attraction between nonpolar solutes in water, while
solvent–solvent hydrogen bonding plays only a sec-
ondary role. Hydrogen bonding is critical to keeping
water a liquid, but when the solvent density is main-
tained in the absence of hydrogen bonding by in-
creasing either the van der Waals interactions be-
tween solvent molecules or the pressure, the attrac-
tion between nonpolar solutes is largely preserved.
The results are consistent with the observation of
collapse of hexadecane in non-hydrogen bonded

w xmodel liquids 14 and with the argument that the
unusual feature of water which gives rise to the
hydrophobic effect is not the extensive hydrogen

w xbonding but the small size of the water molecule 2 .
While perhaps surprising to the biochemist, the as-
sumption that hydrogen bonding plays a secondary
role is implicit in scaled particle theory based treat-

w xments of solvation 15,16 . However, it is clear from
Fig. 2 that solvent hydrogen bonding does influence
the methane–methane PMF; this is consistent with
previous observations that there are subtle differ-
ences between the cavity distribution functions of
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TIP4P water and the two non hydrogen bonding
w xmodel liquids 3,11 . The bilobed cavities relevant to

the methane–methane PMF for solute separations
˚less than ;5 A differ considerably from the spheri-

w xcal cavities studied previously 3,11 , but the same
general trends are likely to hold.

Despite the lack of sensitivity of the overall free
energy change in solvation or solute association pro-
cesses to the details of the solvent–solvent interac-
tions, many of the anomalous features of the hy-
drophobic interaction, including the large change in
heat capacity, may be directly related to hydrogen
bonding between solvent molecules. Solvent recon-
figuration in the vicinity of nonpolar solutes con-
tributes to both the enthalpy and entropy changes in
nonpolar solvation and solute association processes,
but the two contributions largely cancel in the over-

w xall free energy change 17–20 . Because of this
enthalpy–entropy compensation, estimation of the
contribution of hydrophobic interactions to the free
energy changes in complex reactions such as protein
folding should be more straightforward than estima-
tion of the contributions to the enthalpy and entropy
changes; our results suggest that very simple solvent
models may suffice for the former.

An interesting recent advance in the modeling of
hydrophobic interactions employed maximum en-
tropy methods to estimate the cost of cavity forma-
tion from only the density and radial distribution

w xfunction of the solvent 22 . This simple approach
quantitatively reproduced the TIP4P cavity distribu-
tion function along with solvation free energies and
PMFs for hard sphere solutes computed using ex-
plicit solvent models. The model also predicted the
entropy convergence characteristic of hydrophobic

w xsolvation 23 , suggesting that the details of hydro-
gen bonding may not even be required for under-
standing the entropy changes in hydrophobic hydra-
tion. Since the density and radial distribution func-
tion of each of the model solvents used in this study
are readily obtainable, our results provide an oppor-
tunity to further test the remarkable success of this
simple approach. Accurate prediction of the differ-
ences between the methane–methane PMF in the

Ž .different solvents from the relatively small differ-
ences in the solvent radial distribution functions
would be an impressive confirmation of the power of
the method.

4. Methods

4.1. MC simulations

Monte Carlo calculations were performed using a
˚20=20=30 A box containing 396 water molecules

with periodic boundary conditions. The TIP4P model
w x6 was used for water, and a united atom approxima-
tion for the solute molecules. The methane–methane
and methane–solvent interactions were modeled by a
LJ potential

12 6U r s4´ srr y srr 2aŽ . Ž . Ž . Ž .Ž .LJ

˚with parameters s s3.71 A, ´ s0.294my m mym
w xkcalrmol 8 . The parameters used for solute–solvent

interactions were determined using the Lorentz–
w xBerthelot mixing rules 21 . All solvent interactions

were quadratically damped to zero between 8.0 and
˚8.5 As.

Simulations were performed at 258C and 1 atm in
an NPT ensemble for all calculations except for
those for the TIP4P liquid without electrostatic inter-

Ž .actions Fig. 2, triangles . The latter simulation was
˚3performed at 25 C8 and 12 000 A in an NVT

ensemble. The difference in ensembles is to avoid
large volume expansions when the hydrogen bonding
Ž .electrostatic interactions between the water
molecules are turned off. This is equivalent to apply-

Ž .ing a very large pressure about 35 000 atm to the
same system in an NPT ensemble. The potential of
mean force is independent of the choice of ensemble

Ž . Ž .since for this process D F s DG .V ,T p ,T

The perturbation method was used to compute the
free energy change as a function of the distance
between the solutes. The reaction coordinate was the
solute–solute separation distance and a perturbation

˚step size of 0.05 A was used. Double wide sampling
and preferential solute sampling were used to in-

w xcrease sampling efficiency 21 . The solute pair was
oriented along the long axis of the box with a fixed
separation distance and placed at a random position
in one of 25 pre-equilibrated water boxes. High
energy waters were removed and the system was
equilibrated for 1 million MC moves. Sampling was
then carried out over an additional 1.5 million MC
moves. Errors were estimated by summing the stan-
dard deviations of the mean free energy changes
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over the ten independent runs for each point in
quadrature and then dividing by the total length of
the PMF.

The PMF for the non-interacting solvent model
Ž .Fig. 2, squares was calculated by evaluating the 3
dimensional integral for the configurational part of
the partition function for a single water molecule in
the presence of the solutes, and normalizing the
result to the density of water:

D F d sykT ln Z d rZ `Ž . Ž . Ž .
skTf lim VrV 1y I d r 2 I y1� 4Ž . Ž .s Õ™` w 1

2bŽ .
Ž .where D F d is the solvent contribution to the PMF,

f is the solvent volume packing fractions0.54 fors

TIP4P water, and V is the volume of a singlew
Ž .solvent molecule. I d is the configurational integral

for a single water molecule in a box containing two
methane molecules separated by distance d, and I ,1

the configurational integral for a single water
molecule in a box containing a single methane
molecule.
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