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The fourth workshop on free energy calculations held at the Centre Européen de Calcul
Atomique et Moléculaire (CECAM) in Lyon, last June 1921, 2000, presented an opportunity
for a critical look at the past successes and failures of simulations targeted at the estimation of free
energies, and for a glimpse into their promising future. In an abridged historical background, the
methodological milestones paving the road for today’s free energy simulations are summarized.
The continuing difficulties encountered when attempting to obtain accurate free energy estimates
are then discussed, with an emphasis on the potential usefulness of such large-scale calculations
in non-academic environments. Finally, current strategies for improving the reliability of
free energy calculations, while at the same time making them more affordable (and thus
more compatible with the constraints of the industrial environment) are discussed.

Keywords: Free energy calculations; Statistical simulations; Errors, of calculated free energies;
Convergence, of calculated free energies

1. HISTORICAL BACKGROUND

An understanding of nearly any chemical process requires, at its core, an
understanding of the underlying free energy behavior. For instance, in the
field of rational, de novo drug design, such crucially important properties as
protein-ligand association constants and membrane-water partition coeffi-
cients cannot be reliably and accurately predicted without the knowledge of
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the associated free energy changes. The ability to predict a priori the physical
constants associated with these processes is now a part of the modeler’s
toolkit — a result of relentless developments on both the software and the
hardware fronts that can be traced back over the past fifty years.

In many respects, the foundations of the field of free energy calculations
were laid in the seminal work of John Kirkwood [1], Robert Zwanzig [2],
and Charles Bennett [3]. In 1954, Zwanzig described a protocol based on
simple, classical statistical mechanics for calculating the free energy differ-
ence, AA, between any two states ¢ and b of a system, in what will be
referred to as free energy perturbation (FEP) method:

AA, p = —kgT 1n<e—['7f"b<r”’,p”)—e#a<rN‘p”)]/ksT>a (1)

where kp is the Boltzmann constant, T, the temperature, %a(rN, pN ), the
Hamiltonian of the N-particle system in state a, and (---),, the ensemble
average over configurations representative of that state. In most cases, the
free energy difference between states @ and b is so large that it precludes the
direct use of perturbation formula (1). In its practical implementation, FEP
decomposes the path that leads from a to b into a series of non-physical
states connected to each other by means of a so-called ‘“‘coupling
parameter”, A [4]. Formally, the FEP Eq. (1) can be restated in terms of
a continuous integral, leading to the well-known thermodynamic inte-
gration (T1) approach:

Lo (e pVs )
A = /0 <T>)\d)\ @

where A is the coupling parameter that links state a, i.e., A=0, to state
b, ie., A=1. Unfortunately, implementation of the proposed equations
for tackling sizeable systems of interest would have to wait for another
thirty years from Zwanzig’s initial work, to the dawn of the modern
supercomputer era and the generalized availability of large computational
resources.

In 1982, Postma et al. [5] and Ariech Warshel [6] published the papers that
really ignited the modern field of free energy calculations. Using what were
then considered to be fast computers, and implementing the ideas put for-
ward by Zwanzig [2], they were able to predict solvation free energies for
small systems. The remarkable agreement between theory and experiment
in these pioneering articles led to an explosion of activity in the field,
which was further fueled by papers presenting applications to protein-ligand
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systems with similarly good results — see for instance Ref. [7]. Subsequently,
free energy calculations have been applied to a plethora of chemical
questions ranging from the simple estimation of the free energies of hy-
dration [8—14] and adsorption [15] for small, organic molecules to the
more complex determination of relative and absolute protein-ligand binding
free energies [7, 16—21].

In retrospect, with nearly two decades of hindsight, it is clear that in some
cases the amazingly good agreement between theory and experiment in these
early studies must have been fortuitous. More recent investigations have
demonstrated that simulations an order of magnitude or more longer than
those used in the original studies are often required to obtain reliable and
reproducible results [22]. As applications of free energy methods exploded
within the scientific community, so did the realization that applying these
novel approaches in a predictive and reliable fashion was not as
straightforward as hitherto expected. The ensuing nearly two decades were,
thus, spent characterizing and improving free energy methodologies to bring
these calculations to the point where — in the very best cases — they are
now truly about as reliable and predictive as they were thought to be back
in 1982. Among these improvements, characterization of the convergence
properties of Eqgs. (1) and (2) was an important step forward, showing that,
depending on the type of problem, one methodology should be preferred
over the other [23,22]. Improved understanding of the deleterious effects
of insufficient equilibration [24,25] and of the importance of adequately
sampling slow-relaxing degrees of freedom [22] made it clear that quality
free energy calculations are dependent not only on massive computational
resources, but also on basic issues related to the underlying physics and
on performing the computations properly. More fundamentally, from our
improved understanding of free energy calculations, it is now obvious
that such simulations cannot be performed as “black box™ routine jobs
that require little to no attention to the setup or the interpretation of the
results.

Another approach — very closely related to FEP/TI calculations — that
is capable of generating experimentally relevant free energy results is the
“umbrella sampling” (US) method devised by Torrie and Valleau [26]. Like
FEP/TI, application of the us method to complex systems of biological
relevance was delayed for many years, until fast enough computers were
widely available. Within US, sampling along some reaction coordinate, &,
can be restrained to a limited portion of the configurational space by means
of appropriately chosen biasing potentials, 7 x(£). Torrie and Valleau have
demonstrated that the unbiased ensemble average of some quantity .o/ can
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be obtained from the biased ensemble via:

<% e_nt/‘ex[(f)/kET>bias
(e 7 @Rl

(o) = 3)

bias

As a result, the free energy profile for a given £ range, or “‘window” [27], can
be readily derived from the probability, 2y;..(£), of finding the system at the
different values of £ within that range, computed in the biased configura-
tional space:

A(f) = —kgT In ‘@bias(f) - "%cxt(g) + Ap (4)

Here, Ay is a constant. The early, 1982, work of Northrup et al. [28],
although premonitory of future generalized use of US for related problems,
also suggested that alternative methods like FEP might be more effective in
handling such calculations. Subsequent work has not, however, necessarily
demonstrated this to be the case, despite the publication of some nice at-
tempts to construct potentials of mean force [29] (PMFs) using FEP and
TI [30—32]. Instead, advancements in US and related methodologies have
helped hold this latter approach at the forefront. Among these significant
improvements is the weighted histogram analysis method [33, 34] (WHAM)
that takes advantage of all possible statistical information collected in the
various windows along reaction coordinate £, to generate, in a self-con-
sistent fashion, the full free energy profile. In contrast, Eq. (4) suggests a
manual match of the sub-profiles, A(£), in their overlapping regions; this is
not possible for two-dimensional, and higher, reaction coordinates [35, 36].

In the realm of PMF calculations, another noteworthy step forward was
made by understanding the effects of constrained, internal coordinates on
calculated free energy changes. Until the late 1980’s, it was widely accepted
that constraining flexible internal coordinates during an MD simulation —
e.g., using the SHAKE algorithm [37] to remove high frequency bond
vibrations, thereby allowing the use of longer time-steps — effectively re-
moved any contributions to the calculated free energy difference from
these internal coordinates. It has been subsequently shown that there is, in
fact, a contribution to the net free energy from these constrained degrees of
freedom, and the procedure to calculate it has been described [38, 39]. In
some instances, this free energy component can be appreciable. Further-
more, the assumption that sampling the constrained phase space would yield
a free energy difference identical to that evaluated in an unconstrained phase
space has been shown, in a number of cases, to be somewhat erroneous.
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Characterization of the necessary corrections [40,41] can bear critical con-
sequences in those examples where chemical bonds are grown or shrunk
in the course of an alchemical transformation, like a point mutation, or
when torsional angles are modified to determine conformational free energy
differences.

Either Monte Carlo (MC) or molecular dynamics (MD) simulations may
be employed to generate the statistical ensemble of configurations necessary
to evaluate the free energy according to Egs. (1), (2) or (4). Roughly
coinciding with the first published applications of FEP to large systems
appeared the first of a long series of sophisticated algorithms that allow
MD simulations to be carried out in important thermodynamic ensembles
[42—46]. Free energy calculations have naturally benefited from these
major developments. For example, one can select whether to simulate the
isothermal —isobaric or canonical ensemble, depending on whether one
wishes to evaluate the Gibbs or the Helmholtz free energy. Nearly a decade
later, new, alternative methods for better modeling long-range, electrostatic
forces started to flourish [47—49]. This better treatment of the electrostatics
via, for instance, Ewald sums [50] or a linearized form of the Poisson
equation [51, 52], now makes it possible to calculate properly free energies
for systems that incorporate ionic species [53, 54].

Last and of equal importance, empirically-based potential energy func-
tions, object of continuous enhancements ignited some twenty years ago,
have now reached a point where they can predict free energies within an
accuracy of 0.5—1.0 kcal/mol for a variety of chemical systems of differing
sizes and complexities [S5—57]. Just as it has been progressively realized that
convergence in free energy calculations might is more difficult to reach than
anticipated from the unduly optimistic, early results of the eighties, so, too,
have deficiencies in the underlying assumptions used in the parametriza-
tion of all-purpose, molecular mechanical force fields become clearer. For
example, a particularly large improvement in the force field was effected by
inclusion of the aforementioned Ewald sums [58]. Another problematic issue
is the description of an N-body problem by means of a pairwise, additive
potential energy function. To address this issue, development of non-
additive, polarizable force fields was described as early as 1972 [59]. Just
as with free energy calculations, useful implementation of polarizable
force fields had to wait for the era of supercomputers before such meth-
ods could practically be applied to large systems relevant to the modeler
[60, 61]. Polarizable force fields remain a work in progress, and examples
of free energy simulations incorporating polarizability are still few and
far between.
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2. ONGOING DIFFICULTIES IN FREE
ENERGY CALCULATIONS

Despite dramatic increases in computational resources, the development
of new, efficient algorithms, and the improvements in general-purpose,
empirically-based potential energy functions over the last twenty years,
the accurate estimation of free energy changes in large molecular assemblies
still constitutes a challenge for modern theoretical chemistry.

Given this ongoing challenge, one must ask: Do free energy calculations
really represent a predictive and affordable computational tool? This, in
essence, is the question that determines the true worth of free energy cal-
culations outside of a purely academic context. Even when taking advantage
of parallel architectures, classical free energy simulations of interest to the
pharmaceutical world can require several weeks to reach convergence, which
not only precludes any routine application, but also calls into question their
use in the development of new drugs. In any industrial setting, it is impera-
tive that computational, in silico, experiments provide either a convincing
answer faster than bench experiments would, or that they be able to rapidly
supply qualitative answers that are predictive on, at least, a rank order
basis — e.g., protein-ligand binding free energies.

Cost-effectiveness considerations become even more crucial when one
is cognizant of the intrinsic limitations of the models used, and wishes to
go beyond the commonly accepted approximations introduced in classical
molecular mechanics simulations, e.g., pairwise additive potential energy
functions, or spherical truncation of non-bonded interactions. Clearly, in
a sizeable number of cases, such approximations can no longer be made
without affecting the accuracy of the computed free energies. Assuming,
however, that the modeler possesses a hypothetically, exact potential energy
function, and that the conditions of the simulations are size-consistent, there
is still no guarantee that the free energy evaluated from a computation of
finite length will actually converge towards the correct answer, for free
energy calculation is a slow-convergence problem [23, 22].

Ultimately, the modeler is left attempting to balance two opposing con-
straints. On the one hand, improvements in the accuracy of the model being
used, such as the inclusion of polarization effects, increase the computa-
tional requirements of the methodology. Improvements in our under-
standing of convergence issues related to free energy calculations have also
continually raised the bar on what is deemed a minimal, yet acceptable
simulation length to achieve convergence. On the other hand, the calcula-
tions are frequently not of practical use unless they can be carried out in a



18: 48 14 January 2011

Downl oaded At:

FREE ENERGY CALCULATIONS 7

shorter amount of time than is currently required. One can only hope that
advances in computer speed will allow a happy compromise to be achieved.

Even if all the above issues could be resolved, there remain recurring
difficulties that — at least currently — must be considered on a case-by-case
basis. Among these, the most problematic is probably that of selecting an
appropriate reaction coordinate that connects those two states between
which a free energy difference is to be computed. Whereas any reaction path
is, in principle, acceptable, in practice, choosing a poor reaction coordinate
frequently results in a simulation that has no realistic chance of converging.
In some instances, the definition of an optimal reaction path is trivial,
e.g., point mutations in biological systems, or one-dimensional potentials
of mean force. In other, more complex cases, however, the reaction path
is multi-dimensional. Such is the case, for example, of protein folding, or
the approach of a ligand towards a protein, for which the choice of
an unequivocal reaction coordinate is clearly problematic.

In recent years, free energy simulations have, nevertheless, proven to be a
powerful tool for estimating a variety of thermodynamically relevant quan-
tities, such as association constants [62], second osmotic virial coefficients
[63], and partition coefficients [64, 65]. In many cases, the free energy results
compare remarkably well with experiment. The literature is particularly
rich with examples of apparently successful free energy predictions for
protein-ligand systems [7,16—21]. It is worth noting that most of these
simulations still reflect substantial amounts of computational and personal
effort. Whereas in rare, favorable cases, such transformations can be simu-
lated within a reasonable time, the modeler often faces quasi non-ergodic
situations that result in a slow convergence of the ensemble average.
This can be ascribed, among others, to slowly relaxing degrees of freedom
[22].

3. WHERE WE STAND NOW

Methods to circumvent the aforementioned obstacles — to allow general use
of free energy simulations as a routine, predictive tool — constituted the
primary focus of a workshop entitled Challenges in free energy calculations,
that was organized on June 19-21, 2000 at the Centre Européen de Calcul
Atomique et Moléculaire (CECAM) in Lyon, France. This meeting followed
a long heritage of scientific events focused on free energy calculations, made
possible by the CECAM, and initiated some fifteen years ago by Herman
Berendsen in Amersfoort, The Netherlands. Two ensuing workshops, held
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in 1987 and 1995, in Orsay and Lyon, France, demonstrated the unceasing
activity of the recently emerging community of free energy calculations.

During the June 2000 workshop, past and current applications of classical
computational approaches for tackling problems relevant to the modeler
were reviewed. Limitations of such approaches were delineated, and recent,
cutting-edge methodological progresses in the field were discussed. Of
somewhat more particular interest are the new methods targeted at the rapid
computation of approximate free energy changes [22,66]. Methods pre-
sented include those based on a Taylor expansion of the free energy with
respect to a coupling parameter [67], and those based on a continuum
description of the environment, generated by solving the Poisson equation
or by making use of the generalized Born (GB) model [68].

The present special issue of Molecular Simulation gathers a number of
contributions that cover these different fields, written by prominent partici-
pants in the free energy calculation community. Pursuing his analysis of
constrained degrees of freedom in free energy calculations, Stefan Boresch
presents an in-depth investigation on the role of non-bonded terms in
“alchemical” transformations. Such transformations are also analyzed by
Mihaly Mezei, emphasizing on the contribution of molecular flexibility to
the estimated free energy differences. Related to the latter, Jed Pitera and
Wilfred van Gunsteren compare non-bonded scaling methods in those free
energy calculations that involve the creation or annihilation of particles [69].

The limiting case of Egs. (1) and (2), referred to as “‘slow growth” (SG)
approach [22], assumes that for an infinitesimal variation of A, the difference
in free energy between states ¢ and b can be expressed as:

a—»b Z Jf 7p ) l+1) (vap ’ ) (5)

where M is the number of windows utilized to connect states ¢ and . Hu
Hao and Jan Hermans revisit this approach, often alleged to be flawed, since
the continuous changes in A mean that the system never reaches a true
equilibrium, but rather lags behind the successively changing Hamiltonians
[24,70,71]. Another article focusing on the “slow growth” approach is
proposed by Gerhard Hummer. It investigates the identity that allows
the computation of free energy differences for arbitrary growth rates [72].
Separating adiabatically the reaction coordinate and the remaining degrees
of freedom of the system, Lula Rosso and Mark Tuckerman propose a
novel scheme for generating free energy profiles for rare events. Closely
related, the contribution of Eric Darve, Michael Wilson and Andrew
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Pohorille tackles the intricate problem of slowly relaxing degrees of freedom
in free energy calculations. Their approach, entitled “‘scaled-force” MD,
allows energetic barriers to be lowered selectively without an a priori
knowledge of their shape.

Moving in an alternative direction, several groups describe methods
which trade off a bit of physical rigor to achieve improved sampling and
speed. Wim Briels and Reinier Akkermans introduce an innovative and
clever method for simulating long time-scale properties of polymer melts
using coarse-grained models. Begona Herndndez, Jesus Ldopez, Modesto
Orozco and Javier Luque discuss the merit of a novel approach for the fast
estimation of free energy differences, based on multiple-copy MC, in con-
junction with a continuum description of the surroundings.

Finally, elegant applications of free energy calculations are presented
by Piotr Cieplak to study drug-enzyme and drug-DNA complexes, and
by David Kombo, Jayaram, Kevin McConnell and David Beveridge to
estimate the binding free energy of the A-repressor-operator complex.
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