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1 Introduction

Molecular recognition forms the basis for virtually all biological processes. Understanding
the interactions between proteins and their ligands is key to rationalize molecular aspect of
enzymatic processes and the mechanisms by which cellular systems integrate and respond to
regulatory signals. From a medicinal perspective there is great interest in the development of
computer models capable of predicting accurately the strength of protein-ligand association.
[1] Structure-based drug discovery models seek to predict receptor-ligand binding free
energies from the known or presumed structure of the corresponding complex.[2, 3] Within
this class of methods docking and empirical scoring approaches,[4, 5] which are useful in
virtual screening applications,[6, 7] are now routinely employed in drug discovery
programs. This review focuses on a class of computational methodologies based on the
fundamental physical and chemical principles that govern molecular association equilibria.
[8,9, 10, 11, 12] Given a sufficiently accurate model of molecular interactions these
methods have the potential to incorporate greater detail and achieve sufficient accuracy to
address aspects of drug development such as ligand optimization, and to address questions
such as drug specificity and resistance.

Despite their potential, physics-based models of protein-ligand binding are not widely
employed in academic and industrial research, and their effectiveness as predictive tools
remains uncertain.[10, 3, 12] There are clearly many reasons that this is the case. Models of
this kind are more computationally demanding than alternative empirical techniques, and
require expert training for setting them up properly. Early applications of physics-based
models of binding, when molecular models, computer algorithms, and computer hardware
technologies had not reached a sufficient level of maturity, eventually yielded discouraging
results, likely dissuading adoption by the current generation of researchers.[13]

In the past decade however a revival of the field has taken place with the development of
better atomistic models and simulation algorithms, and more powerful computers. A new
awareness of the limits of applicability of the technologies and the interplay between the
various elements of the models have recently led to more trustworthy and realistic outcomes.
As the models become more widely employed and these technical developments progress to
produce more precise and reproducible results, it is also important to remain aware and
deepen our understanding of the statistical mechanics theory of binding on which these
models are based.

Thermodynamically, the strength of the association between a ligand molecule and its target
receptor is measured by the standard free energy of binding. A statistical mechanics theory
of molecular association equilibria exists which is nowadays well understood and widely




1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gallicchio and Levy

Page 2

accepted.[14] Various computational implementations of this theory have been proposed.
Computational models can not capture all of the complexities of molecular interactions and
all of them, implicitly or explicitly, apply approximations or simplifications. Knowledge of
the relationships between the theory and its implementation helps to appreciate the meaning
and limits of approximations. This knowledge can also serve as a guide in the design of
more realistic computational models and can suggest approaches for the analysis of the
results in ways that further our understanding of the binding process. It is only relatively
recently that subtle but potentially critical aspects of the theory have been fully appreciated
and are being incorporated into computational models.

Theoretical accounts of the theory of binding are somewhat scattered in the current literature
and the various descriptions are often tailored to specific numerical implementations and
applications, making it often difficult to resolve commonalities. The purpose of this review
is to partially fill this gap. The first part describes a statistical mechanics theory of non-
covalent association, with particular focus on deriving the fundamental formulas on which
computational methods are based. This section also introduces the thermodynamic quantities
that often appear in the recent literature as well as their nomenclature. The second part
reviews the main computational models and algorithms in current use or development,
pointing out the relations with each other and with the theory developed in the first part.

2 Theory of non-covalent binding

2.1 Statistical mechanics formulation of molecular association equilibria

Consider an ideal solution of receptor molecules /and ligand molecules L in equilibrium
with their complexes RL. The affinity between the two species can be expressed by the

standard binding free energy AG; associated with the bimolecular reaction
R+L = RL @
given by
AGy= - kTInK, @
where K} is the dimensionless binding constant expressed as

~ [RL]/C°
"lTRI/CHALI/C) L, ®

where [...] are concentrations, CO is the standard state concentration (often set as 1M or 1
molecule/1668 A3), and the eg subscript states that all concentrations are evaluated at
equilibrium. It should be noted that this quasi-chemical description of binding is based on
the idea that the bound complex RL can be treated as a distinct chemical species. As further
discussed below, this is a reasonable approach if the interaction between the ligand and the
receptor is strong, yielding a thermodynamically stable complex. We make this implicit
assumption in what follows, noting however that if the receptor-ligand interactions are weak
and non-localized, it would be more appropriate to treat the receptor/ligand mixture as a
non-ideal solution of the components.

A statistical mechanics expression for the binding constant is available under these
assumptions, which, when a generally small pressure-volume term is neglected, can be
expressed as[14]
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ZN,RL ZN (4)
ZNR ZN.L

CO
Ko=2r

where Zyis the configurational partition function of the solvent bath composed of M/
molecules, and Zy 1, Zn R and 2y, are the configurational partition functions of the
complex, receptor, and ligand, respectively, in solution. A critical aspect of this formulation
is that each partition function includes only the internal degrees of freedom of each species.!
For example (to simplify notation here and elsewhere we omit Jacobian factors for
curvilinear coordinates)

ZN'L:deL d”se_ﬁU(xL”s) "

is the configurational partition function of the ligand placed in an arbitrary position and
orientation in solution integrated over the 377, — 6 internal degrees of freedom of the ligand
Xx; Where 1, is the number of atoms of the ligand, 75 denotes the degrees of freedom of the
solvent and U x;, 1) is the potential energy of solvent+ligand system. The six external
degrees of freedom of the ligand C, (three translations and three rotations) correspond to as
many additional internal degrees of freedom of the complex specifying the position and
orientation of the ligand relative to the receptor.[15] The configurational partition function
of the complex is then written as

Zvm Zf bound Xk dX, AL, dr we PG dr) (6)

where the integral runs over all conformations of the complex that are deemed bound, for
example those in which the ligand is within a specified binding site. A convenient choice is
to use the the external coordinates of the ligand relative to the receptor to define this state.
[14, 15] An indicator function AC,) is introduced set to 1 for values of C,; corresponding to
positions and orientations of the ligand which are considered bound to the receptor and zero
otherwise. Note that in this formalism the value of the binding constant depends on this
arbitrary definition of the complex, raising the question of how to choose it appropriately.
This is a more general issue which is further discussed below.

The integral of /C,) measures the extent of the defined bound state
fd{11 ({1) =VisiteLsite (@)

where Ve is the integral over translational coordinates and Qe the integral over the
orientational coordinates. Vi represents the physical volume of the binding site, while Vjie
measures the allowed range of orientations of the ligand in the complex. If AC,) is
independent of the orientational coordinates (such that is the definition of the complex is
based only on the position of the ligand relative to the receptor), then Qgjte = 872,

2.2 Alchemical formulation

In order to make Eq. (4) amenable to computation it is convenient to express it in terms of
combinations of ensemble averages. To do so we need to express ratios of partition
functions in Eq. (4) such that numerators and denominators have the same number and types
of degrees of freedom. This is achieved by multiplying and dividing Eq. (4) by Eq. (7) times
the configurational partition function of the ligand in vacuum

IThe separation of the overall translations is exact, while the separation of rotational degrees of freedom neglects vibrational-
rotational couplings. The latter is generally a valid approximation at physiological temperature.
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Zszdee_ﬁU(xL), (8)

yielding the following equivalent expression for Kj

K= Viite Qsite e-ﬁ(AGZ—AGl)’

T Ve 8x2 ®)

where VO = 1/CO. In Eq. (9) AG,, defined by

fdxkdedngrsI (é«L) e—,BU(xR,rx)e—ﬁU(.\‘L)e—[ﬁu(xL,{L,xR,rS)

e PAG
[dxydx,dg,dr I (2,) e PV Crr)eBU()

=(ePbbier)) o)

Rylv+Lgas

is the free energy for establishing receptor-ligand and solvent-ligand interactions, while the
ligand is in the receptor binding site (where AC,) is non zero). The quantity

u(x,, &y, X, 75) =U (X, X, £y, 75) = U (3, 75) = U (3, 75) (1)

is the binding energy between the ligand and the receptor plus solvent environment; A xp
19, is the potential energy of the receptor-solvent system in absence of the ligand and ((x;)
the internal potential energy of the ligand. Similarly A Gy, defined by

Jdx,dg, dr 0 () e PV PV 0n) g Bulnp )

e PAGH
[dx,dg, dr,1(g,) e PV eV ()

=(ePCutr)) (1)

s]v+Lgus

is the free energy for establishing ligand-solvent interactions (the same as the so/vation free
energy of the ligand).

As specified in Egs. (10) and (12), the free energy changes A G, and A G; are expressed as
averages over the ensembles corresponding to, respectively, the free solvated receptor with
the ligand in the gas phase (Ryy + Lgas), and the pure solvent with the ligand in the gas
phase (sIv + Lggs). In either case the ligand is located in the binding site, as specified by the
indicator function AC,), but not interacting with the receptor and the solvent. We will
therefore refer to these states as decoupled.2

By inserting Eq. (9) in Eq. (2) we finally obtain an expression for the standard binding free
energy

AG;=AG;+AG,+AG; — AGH, (13)
where
Q .
AG,= — kTIn—X (14)
812

is a free energy penalty (Qsite is smaller than 822) for restricting the isotropic distribution of
ligand orientations in solution to the those allowed in the complex, and

2However, note that integration over the external degrees of the freedom ( for the solvation free energy calculation [Eq. (12)] is

unnecessary and

has been explicitly indicated only for consistency with the thermodynamic cycle indicated below; both the solution

and gas phases are homogeneous and isotropic, and therefore integration over the translational and rotational degrees of freedom G/
yields a canceling factor of VsjteQsite in both the numerator and the denominator of Eq. (12).
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V .
AGS= — kTln ‘j“e (15)

(<]

is the free energy for transferring the ligand from a solution at concentration CO to a volume
of size Vjte. For later use we define here the quantity A G, as the concentration-independent
component of the standard free energy of binding,

AG,=AG, — AG}, (16)

which will be referred to as the interaction free energy of binding. As the other terms in Eq.
(13) can be evaluated analytically, it is the computation of the interaction free energy which
is the main goal of computer simulations of binding.

The alchemical thermodynamic path underlying Eq. (13) is illustrated in Fig. 1. The overall
binding process (upper horizontal equilibrium) is decomposed into a thermodynamic cycle
with three distinct processes. The ligand is first transferred from the bulk solution at
concentration CO to a volume in the bulk solution identical to the binding site volume (left
downward process) including any imposed orientational restraints. The free energy
associated with this first step is AG+AG, given by Egs. (15) and (14). In the second step
(bottom horizontal process) the ligand is transferred from this volume in solution to an
equivalent volume in the gas phase; as noted above the free energy change for this step is the
negative of the solvation free energy of the ligand. Finally (right upward process), the
interactions of the ligand with the receptor and the solvent are turned on while the ligand is
confined within the receptor binding site. This decomposition of the binding free energy
forms the basis of the double decoupling class[11, 10] of computational methods that will be
discussed later in this review.

2.3 Potential of mean force formulation

An equivalent statistical mechanics formulation for the binding constant follows from the
direct binding process corresponding to the upper horizontal process in Fig. 1. The binding
constant effectively measures the probability of occurrence of configurations of the system
in which the ligand is found within the binding site, that is conformations in which /C,) is
non-zero, relative to the unbound conformations where AC,) = 0. It should be therefore
possible to compute the binding constant by means of a suitable direct thermodynamic path
connecting these two conformational states without resorting to intermediate gas phase
thermodynamic states. To derive such a formalism note that the product of partition
functions in the numerator of Eq. (4) can be written as Zy g1 Zn = Zon pr, Where Zoy gy is
the configurational partition function of the complex in a solution with twice as many
solvent molecules. Similarly, the denominator can be written as Zy, -+, the partition
function of the unbound state when the receptor and the ligand are at infinite separation in a
solution with 2/ solvent molecules. For sufficiently large N so that finite size effects are
negligible, the ratio between Zyy r and Zzy z+ is independent of A/and can be written as
Zn ri/Zn r+- The expression for the binding constant then becomes

ce fdededngrsl(gL) e_BU(XR ’xL’gL’r“)
b:
871'2 deRdxlldrse—ﬁU(xR,rs)e—ﬁU(xL,gz,rS)

an

where 7 specifies an arbitrary position of the ligand in the solvent bulk sufficiently removed
from the receptor so that it does not interact with it. Eq. (17) can be rewritten as[16, 17]
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CO
K,= v [dg,1(¢,) o BAF(L,) (18)

where AAC,) is the potential of mean force (PMF) along the C,; coordinates, that is the free
energy of the system when the position and orientation of the ligand is fixed at C, relative to
the receptor. From Eq. (17) we see that AAC,) is defined as

e_ﬁAF(.ZI,)z fdede drs[ (gL) e_ﬁU(xR ’xL,é’L’rS)

N (19)
fdededrse_ﬁU(xR’xL’{L’r")

which explicitly sets to zero the potential of mean force at £;". In practice, the binding PMF is
computed along only one of the dimensions of C; (a receptor-ligand distance d, typically)
while the other five coordinates are averaged or kept fixed.[18, 19]

2.4 Implicit representation of the solvent

0BG,

More concise expressions for the binding constant are obtained by removing explicit
integration over the solvent degrees of freedom by introducing the solvent potential of mean

force. Starting, for example, from Eq. (4) we multiply and divide by Z,f and divide each
partition function by Z. The solvent partition function yields a factor of 1. The Zy, /2y
ratio can be expressed as

@_ fdxkdrse_ﬁu(xk)e_”(xk”S)e—ﬁU(’x)

- -BU —BW(x,)
z, Tdrye U0 Jdxge? () P 20)

where U xg) is the intramolecular potential energy of the receptor, u(xg, 75 denotes the
receptor-solvent interaction energy, U(rs) is the solvent-solvent potential energy and W xg)
is the solvent potential of mean force for the xg conformation of the receptor defined by[20]

) [drye ) B

e—BW(xR
f drePUs)

=<e—ﬁ“(«“Ra’0> (1)

slv’

Based on Eq. (21) the solvent potential of mean force is interpreted as the solvation free
energy of the of the receptor when this is fixed in conformation xz. The other ratios of
partition functions can be treated similarly to define the solvent potentials of mean force,
W(x;) and M xR, X1, €;), for the ligand and the complex. Finally by a similar derivation
that yielded Eqg. (9) we can write[14]

sz Vsite Qtext ZRL _ Vsite Qsite e_'BAGl 22)

where Zg, and Zgp,, are the configurational partition functions of the complex in the bound
and uncoupled states, respectively, and the interaction free energy A G,is defined by their
ratio as

fde dx,dé, 1(Z,) e_ﬁ[ U )+ W (g )]e_ﬁ[ U(x, +W(”‘L))] e—ﬁu(xL Ly ¥g)

= <e_'6 u(iep £y 4g) > 3)
[dx,dx,di,1(Z,) e |Vl Wey )Je-ﬁ[ U, )4w(x, )+ W ()| 4
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which is formally equivalent to Eq. (10) with potential energies Ureplaced by effective
potential energies Ugss = U+ W. The effective binding energy v in Eg. (23) has the same
form as in Eq. (11) expressed in terms of differences of effective potential energies

u(xy, ¢y, xp) =Uett ('XR,7 s (L) = Uetr (xz) = Uetr (x,). (24)

It is straightforward to show, from the definition of the solvent potential of mean force [Eq.
(21)], that the effective binding energy is the interaction free energy with explicit solvation
[Eq. (16)] for a fixed conformation (x;, {;, xg) of the complex. Eq. (23) then expresses a
combination rule to obtain the total interaction free energy for binding by averaging over the
ensemble of the conformations of the uncoupled state of the complex.

Note that the meaning of the average (),, in Eq. (23) is different than in Eq. (10). In both
averages the ligand is sequestered in the binding site region, however in Eq. (10) the ligand
is considered as not interacting with either the receptor or the solvent, whereas in Eq (23) the
average is over the conformations of the receptor and the ligand while both of these interact
with the solvent continuum in absence of the binding partner [note the absence of the
binding energy term in the denominator of Eq. (23)]. The standard binding free energy can
then be written as

AG;=AG;+AG,+AG,, (25)

where AG? and AG? have the same meaning as in Eq. (13) and A G, is defined by Eq. (23).
The potential of mean force AAC,) in Eq. (19) can be similarly expressed in terms of the
solvent potential of mean force and the effective potential energy.

From a computational point of view the most noticeable difference between the expression
for the binding free energy in explicit solvent [Eq. (13)] and that in implicit solvent [Eq.
(25)] is that the latter involves only one free energy calculation (A G;) whereas the former is
based on the difference between two free energy calculations (one for the transfer of the
ligand in solution, yielding A Gy, and another for its transfer to the complex, A Gy).

2.4.1 Connection with Potential Distribution Theory—A useful representation for
the standard binding free energy AG; in the implicit solvent representation is obtained by

writing the average {exp (-Bu)),, in Eq. (23) in terms of a probability distribution density of
the effective binding energy:[21]

e PRGi=(exp (—Bu)),,, = [du po (u) e, (26)
where py(4), formally defined as
po () =0 [u(x,, ¢, x) —ul),, @7)

is the probability distribution for the effective binding energy over the ensemble of
conformations in the uncoupled state (see above), that is the state in which the ligand is in
the binding site of the receptor but both interact only with the solvent continuum. Note that,
as discussed above, Eq. (26), although derived in the implicit solvent representation, is valid
in general. In the explicit solvent representation py(4) is interpreted as the distribution of
binding free energies for fixed conformations of the complex drawn from the ensemble of
conformations obtained when the ligand and the receptor are not interacting.

Aav Protein Chem Struct Biol. Author manuscript; available in PMC 2012 September 18.
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The larger the value of the integral in Eq. (26), the more favorable is the binding free
energy. An example of a gp(4) distribution is illustrated in Fig. 2. As further discussed in
Section 3.3, the magnitude of the py(4) distribution at positive, unfavorable, values of the
binding energy u measures the entropic thermodynamic driving force which opposes
binding, whereas the tail at negative, favorable, binding energies measures the energetic gain
for binding due to the formation of ligand-receptor interactions. The interplay between these
two opposing forces ultimately determines the strength of binding.

Eqg. (26) has the same form as the fundamental equation of the potential distribution theorem
(PDT)[22, 23], of which the particle insertion method of solvation thermodynamics[24] is a
particular realization.[25] In particle insertion the standard chemical potential of the solute,
M, IS written in terms of the probability distribution gy(v) of solute-solvent interaction
energies, v, corresponding to the ensemble in which the solute is not interacting with the
solvent:

e_ﬁ’lzfdv po(v)ye P, (28)

This expression, is equivalent to Eq. (26) with the solute-solvent interaction energy v
replaced by the protein-ligand binding energy v. It follows that the formalism described
above for the binding free energy can be regarded as a /igand insertion theory for protein-
ligand binding, where the protein atoms and the solvent continuum play the same role as the
solvent molecules in particle insertion.

A known result of PDT is a relationship between gy(V), the probability distribution of solute-
solvent interaction energies in the absence of solute-solvent interactions, and py(V), the
corresponding probability distribution in the presence of solute-solvent interactions.[26] In
the present notation we have

p1(v) =P py (v), (29)

where w is the chemical potential. The corresponding expression linking po(4), the
probability distribution of ligand-protein binding energies for the uncoupled (R+L) reference
state, and py(4), the probability distribution for the bound state RL is

p1 (W) =1 po (u) (30)

where A Gyis defined by Eq. (26). It follows that p;(¢) is proportional to the integrand in Eq.
(26) for the interaction free energy. Note however that this does not imply that the
interaction free energy can be computed by integration of py(4), as obtained for example
from a conventional simulation of the complex in the presence of ligand-receptor
interactions. The integral of the normalized probability distribution py(4), which is by
definition unitary, does not contain any information about the interaction free energy. As
expressed by Eq. (30), the proportionality constant between p;(¢) and the integrand of Eq.
(26) is related to the interaction free energy, which is exactly the quantity we are seeking to
compute.

The p1(4) distribution is nevertheless a useful quantity for the analysis of the relative
contributions to the binding free energy. Using Eg. (26) we can write Eq. (22) as

Kp= [ duk (u) (1)

where, based on Eqg. (30),

Aav Protein Chem Struct Biol. Author manuscript; available in PMC 2012 September 18.
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V site Qsite _
k() =—Xe Z7stte ,—Bu
W=s 82

po (u) (32)

can be interpreted as a measure of the contribution of the conformations of the complex with
binding energy ¢to the binding constant. We thus call the function (4) the binding affinity
aensity.[21] See Fig. 2. The binding affinity density A(¢) is proportional to p;(4), the binding
energy probability distribution in the bound state. (The critical distinction between the two is
that the integral of the latter is equal to 1 whereas the integral of the binding affinity density
is equal to the binding constant.) It thus follows that the relative contributions to the binding
constant of two macrostates, one with binding energy ¢4 and another with binding energy s,
is simply given by their relative populations in the ligand-bound state when the interactions
between the ligand and the receptor are fully turned on.

2.5 Definition of the bound state

The expressions for the standard binding free energy presented above depend on the
definition of the bound state through the indicator function AC,). This function can be
chosen for example so as to as much as possible include only conformations that lack
receptor-ligand clashes or it can be defined at a coarser level by specifying for example an
enveloping sphere containing the binding site of interest. Since the choice of AC,) is to
some level arbitrary, there is a question as to which definition is appropriate. This issue has
been reviewed in a number of studies.[14, 17, 27] The main conclusion is that if the binding
is strong and specific (as formally defined below) the specific choice for the definition of the
bound state is for the most part irrelevant as long as it covers all important conformations of
the complex. The conditions of strong and localized binding are the same conditions at the
basis of the quasi-chemical description of the non-covalent binding equilibrium embodied in

Eq. (3).

Consider for example Eq. (18). The largest contributions to the integral come from regions
where the binding potential of mean force AR, ) is large and favorable and exp[-BARC,)]
is large compared to 1, the value obtained in regions where the receptor and the ligand are
not significantly interacting. If the minima of AAC,) are deep and localized, that is binding
is strong and specific, the choice of the domain of integration has a small effect on the value
of the integral as long as it covers all the regions where AAC,) is deep.

This analysis has been confirmed in at least one recent molecular simulation study,[21] in
which the binding constant of a T4-Lysozyme complex was computed using Eq. (22) by
varying the extent of the definition of the binding site region (Fig. 3). The results showed
that, provided that it contains the main binding site, the binding site volume has a small
effect on the computed binding constant. The variations at small binding site volumes in Fig.
3 are due to the fact that in this regime the binding site definition misses some important
conformations of the complex. The nearly constant behavior at larger binding site volumes
are found to be due to a cancellation between the increasing Vit term in Eq. (22) and the
linear decrease of the exp[—BA G;] term with increasing binding site volume definition.
Enlarging the binding site definition beyond the space that can be physically occupied by the
ligand does not appreciably change the value of the integral in the numerator of Eq. (23)
because the additional volume contains only points G, that cause ligand-receptor overlaps,
where U(x;, €, xp) is large and exp[-BuU(x;, €1, Xr)] is small. On the other hand the
integral at the denominator, which does not contain the t(x;, {;, xg) energy term, increases
linearly with increasing binding site volume definition thereby canceling the Vi term at the
numerator of Eq. (22). The result is a nearly invariant value of the binding constant. This
example also shows that the values of AG?, AG;, and AG,in Egs. (13), (16) and (25) are not
unique. An increase in the chosen binding site volume, for instance, lowers the values of

AaVv Protein Chem Struct Biol. Author manuscript; available in PMC 2012 September 18.
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AGY and A G; at the expense of A G, that becomes less favorable, so that their sum remains
nearly constant. Therefore it is important in binding free energy calculations of this kind to
include the appropriate standard state terms to obtain answers that are not as affected by
arbitrary model parameters.

The example above involved a buried binding site. For calculations involving surface sites
(as well as buried sites for binding site volumes large enough to extend into the solvent)
however, the binding constant is expected to vary linearly with the volume of the binding
site for large enough binding sites. Which value of the binding site volume is then
appropriate? One simple answer is that in practical terms, as discussed above, if the binding
is strong and localized most reasonable choices for the binding site will yield reasonably
accurate results. For example, doubling V4t would decrease the binding constant by a factor
of two and increase the binding free energy by only ~ 0.4 kcal/mol at room temperature; a
relatively small change compared to typical strong protein-ligand binding affinities of the
order of —10 kcal/mol. This occurs because the slow logarithmic dependence of the binding
free energy on Ve is not as significant compared to the larger effect due to strong ligand-
receptor interactions.

For weak and less localized binding, however, the dependence on Vit would be more
noticeable. In addition, from a theoretical perspective we would like to understand the
paradox that, even though Eq. (4) depends on an arbitrary definition of the complex, the
binding constant is a measurable quantity. This has led to the conclusion that, apparently,
“Nature knows how to define the complex, even if we do not.”[28] Mihailescu & Gilson
have reviewed this issue,[27] and concluded that, first of all, the theoretical expression for
the binding constant depends on the experimental technique used. Only methods based on
spectroscopic reporting (such as fluorescence quenching)[29] can be shown to be modeled
by the quasi-chemical theory considered here. (Equilibrium dialysis techniques, for example,
follow a different but related law,[27] which does not require a definition of the binding site
volume.) Moreover Mihailescu & Gilson conclude that the definition of the binding site
volume most appropriate to reproduce measurements based on spectroscopic reporting is the
exclusion zone of the complex, generally defined as the region that includes the binding
minimum and the source of the spectroscopic signal, and extends up to a point where there
would be enough space to allow a second ligand to interact more strongly with the receptor.
[27]

2.6 Thermodynamic decompositions

The free energy of binding is the result of a delicate balance between opposing
thermodynamic forces. The main driving force towards binding is the formation of receptor-
ligand interactions. However these occur at the expense of solvent interactions producing
desolvation effects that often oppose binding. Intuitively binding is necessarily accompanied
by the loss of translational freedom and therefore entropic forces tend to disrupt complex
formation. In addition, both the ligand and the receptor lose free energy to adapt their
conformations to match those compatible for binding. Given the complexity of the process it
is very difficult to predict variations of the binding equilibrium. To rationalize binding
affinities it is therefore often beneficial to consider contributions to the binding free energy
each easier to rationalize than the total. We summarize below three relevant decompositions.

2.6.1 Enthalpy/entropy decomposition—A decomposition of the binding free energy
into entropic and enthalpic contributions seeks to separate energetic factors from factors
related to the loss of conformational freedom.[30] Obvious candidates in this role are the
entropy and enthalpy of binding, which reflect changes in standard thermodynamic
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potentials. The standard binding entropy is by definition given by the temperature derivative
of the standard binding free energy. From Eq. (13):

OAG? . - — _
AS;Z _ b=k ansne Vsne _ AGZ AGl +AU2 AUl (33)
oT 8n2 Ve T T
where
AU>= U>RLSI\' - U>R.;1v +Lgas (34)

is the change in average potential energy for establishing receptor-ligand and solvent-ligand
interactions, and

AU1:<U>L$[‘_ - <U>Sl\‘+Lgux (35)

the change in average potential energy for establishing solvent-ligand interactions. The
standard binding enthalpy is given by:

AH}=AH,=AG}+TAS =AU, — AU,. (36)

From these expressions we immediately see that only the entropy of binding depends on the
standard concentration CO = 1/ VO through the first term on the r.h.s. of Eg. (33) which
corresponds to the work AG;+AG, for imposing translational and orientational constraints.
We will refer to this term as the translational entropy of binding

Qsite Vsite

AS7=kIn—3 =58

, @7
whereas we will use the term interaction entropy to refer to the concentration-independent
remainder A S;defined from Eqg. (16) by

AS = OAG, AGQ—AG1+AU2—AU1
— ar - T T :

(38)

The standard entropies and enthalpies of binding are measurable quantities. They are often
obtained directly by isothermal calorimetry or by measuring variations of binding constant
with temperature.[31] Although they yield quantities directly comparable to experimental
measurements, Egs. (33) and (36) are rarely used in computational studies with explicit
solvation because of the difficulties of converging the changes in total average potential
energies A U, and A U4, which are given by the difference of two large values [each average
in Egs. (34) and (35) scales as (), where Nis the size of the system, whereas their
difference, which is local to the binding site, is O(1)]. Estimating AS, by evaluating AG;
over a range of temperatures and evaluating the derivative by finite differences[32] is also
problematic because using a small temperature range causes amplification of statistical
errors whereas using a large temperature range may introduce systematic bias.

Eqg. (33) is not valid with implicit solvation because in this case, unlike the potential energy
U(X), the effective potential energy Uepsi(X) is temperature dependent. From Eq. (23) we
have:[33]

AS,=

_OAG, AG, AU A(aW) )

aT T T oT
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where
AUer=(Uett),, — (Uett)y,, (40)

is the change in total effective potential energy upon turning on receptor-ligand interactions

and
AW _[OW)  _ [W
or ) \or| ~\or| - (41)

is the corresponding change in the average temperature derivative of the solvent potential of
mean force. The binding enthalpy is again given by AG,+TAS; or

ow
AH,=AUeg —TA| —|.
b ff (BT) (42)

The sum of the first two terms in the r.h.s. of Eq. (39) is usually referred to as the
configurational entropy of binding,[30]

AG, AU

ASconf:Tl'I‘ T

(43)

whereas the last term, which would be zero for a temperature-independent potential,
corresponds to the change in solvent entropy. Similarly, the last term in the r.h.s. of Eq. (42)
is the solvent contribution to the binding enthalpy.

It can be shown that[30] Eq. (43) is equivalent to taking the difference of the entropies of the
bound and uncoupled states each evaluated using the fundamental equation

S=—k[dxp(x)np(x) (44)
where p(X) = exp[-BUX)]/ Zis the configurational distribution function.3

One interesting result from Eqgs. (39) and (42) is that the JW/JT terms cancel out when
evaluating the interaction free energy as AG,= AHp— TA S, yielding

AG =AU — TAS cont- (45)

Consequently, the configurational entropy and the effective enthalpy of binding form a valid
decomposition in that their sum, together with the appropriate concentration-dependent
terms in Eq. (25), and without approximation, gives the standard binding free energy. On the
other hand A Ug¢ and A Seonf, lacking proper solvent contributions, do not directly reflect the
measurable entropies and enthalpies of binding. Conversely, A Uss and A Sgons are not
directly measurable thermodynamic quantities. Nevertheless the effective enthalpy/
configurational entropy decomposition can yield valuable insights on the driving forces in
favor and against association. Moreover, because they are evaluated with implicit solvation,
these quantities are also more amenable to computation relative to the full binding entropies
and enthalpies. Indeed, as discussed below, some computational methods with implicit

3In principle Eq. (44) should include an additional constant term corresponding to the multiplicative factor necessary to make the
classical partition function dimensionless. This term, which cancels the dimensions of the distribution function within the logarithm in
Eq. (44), is omitted here for brevity because it cancels out when taking differences between the quantities corresponding to the
unbound and bound states.
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solvation, such as MM/PBSA, are based on Eg. (45) and independent estimates of A Uy and
A Seonf-

2.6.2 The reorganization free energy—Working within the implicit solvent
representation, we can think of the binding process as occurring in two separate steps. First
the ligand and the receptor reorganize their conformational ensembles to match those of the
bound complex, and then receptor-ligand interactions are established. Since there is no
change in the configurational distributions of the binding partners, from Eq. (44) we see that
the entropy change for the second step is zero. Moreover the enthalpy change for the second
step is limited to the establishment of the receptor-ligand interaction energy (u),,, where u is
the binding energy defined by Eqg. (24) and the RL subscript denotes averaging over the
bound conformations of the complex. The remainder. A Greorg, defined by the identity

AG, :AGreorg"'(u)RL (46)
is then the free energy for the reorganization step.

By adding and subtracting (Ues (x;) +Ues (x,)),,, from Eq. (46) and using Egs. (24), (40),
and (43), we can rewrite the reorganization free energy as

AGreorg=AUreorg —TAS cont (47)

where 6 S;onf is the configurational entropy defined above, and
AUseorg=(Uefr (x;) +Uefr (XL»RL — (Uetr (%) +Uest (XL»RH_ (48)

is the reorganization energy defined as the change in the average internal potential energies
of the receptor and the ligand in going from to the unbound state to the bound state while
they are not interacting. Eq. (47) confirms that the configurational entropy corresponds to
the entropic cost of reorganizing the conformational ensembles of the binding partners to
form the complex.

The reorganization free energy is necessarily positive because without mutual interactions
the ligand and the receptor would spontaneously relax to their conformational ensembles at a
lower free energy. Therefore based on Eq. (46) we conclude that the average binding energy
(uy,, 1s the only term that can be favorable to binding, while reorganization always opposes
it.

In some applications other definitions of the reorganization free energy appear in which the
intermediate state is one in which the receptor and the ligand conformational ensembles by
construction do not match exactly those of the complex.[34] Consider for example Fig. (4)
in which the binding free energy (here the ligand is assumed to be already placed in the
binding site) is decomposed into the free energy AG ., of restraining the ensembles of
conformations of the receptor and the ligand in solution to chosen macrostates /* and L*
(for instance an application is described below in which the £* macrostate is defined with
respect to a sidechain conformation). The free energy for this process is related to the
population P,_,, defined as the probability of finding a conformation belonging to the
macrostate, in the absence of restraints:

AGreqrg=— kT InP; , . (49)
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Following this step, we consider the binding free energy, AG}, between the /£* and L*
species, that is the binding free energy when the receptor and the ligand are limited to the

chosen macrostates. AG is defined, for example, as in Eq. (23) where in addition to the
binding site indicator function AC,), indicator functions /(xg) and /(x;) are present which
limit the range of the receptor and ligand internal degrees of freedom. In general the
resulting state of the complex, denoted by (RL)* in Fig. 4, does not match the full
complexed state RL because in the former the receptor and the ligand are limited to their
respective macrostates. If the chosen macrostate encompasses most of the conformational
ensemble of the complex, the (RL)* and RL species are virtually equivalent. Otherwise we

need to consider the free energy difference, AGy,,.,... Of releasing the macrostate restraints in
the complexed state, given by
AG;,

release

=kT InP; , (50)
where P, is the population of the macrostate when the ligand and the receptor are
interacting. Putting all together we finally obtain

o

%
R+L

AG,=AG;+kT In (51)

which expresses A G, as the sum of a term, AG corresponding to the binding free energy of
a macrostate of the complex plus a free energy term corresponding to the preparation and
release of this macrostate.

The result in Eq. (51) also very clearly shows that to accurately estimate the binding free
energy it is sufficient to sample only those macrostates whose population is affected by the

binding reaction. From Eq. (51) we see that AG,=AG] as long as P, , =P, that is the
binding free energy computed within a chosen macrostate is an accurate estimate of the
binding free energy if the population of the macrostate is approximately the same in the
unbound and bound states. So for example, it is not strictly necessary to thoroughly sample
regions of a protein receptor far away from the binding site as these are often not
substantially affected by the binding of the ligand. Arguably, it is precisely for this reason
that computer simulations, which necessarily sample a very small fraction of conformational
space, can be applied to the computation of binding free energies. Eq. (51) is also the basis
for the “restrain-and-release” double decoupling method discussed below which is useful in
cases when it is convenient to conduct the binding free energy calculation within a limited
portion of conformational space.

2.6.3 Conformational decomposition—We showed in Section 2.4.1 that the binding
affinity density measures the contribution of the conformations with a particular binding
energy to the overall binding constant. In this section we generalize this result in the
conformational dimension. Often the affinity between a receptor and a ligand is the result of
not one but multiple binding modes differing for example in the orientation of the ligand in
the binding site. We would then like to estimate the contribution of each mode to the total
binding free energy. As discussed later, this question has computational relevance in that if
we have a way to combine the binding free energies of multiple modes into a single overall
binding free energy, then it would be possible to simplify the calculation by treating each
mode separately. As we show in this section, a conformational decomposition of this kind is
possible.

Let us work in the implicit solvent representation using the binding energy distribution
formalism presented in Section 2.4.1. Given a set of macrostates /=1, ..., nof the complex
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we consider the joint probability distribution py(u, /), expressing the probability of observing
the binding energy v while the complex is in macrostate /7 Assuming that the set of
macrostates collectively covers all possible conformations of the complex (which is always
possible by including a “catch-all” macrostate), we can express p(4) as a marginal of (v,

h:
Po(W)= " po ()= Po @) po(uli), 2)
where we have introduced the conditional distribution py(u/i) and the population Ay(#) of

macrostate 7in the uncoupled reference state, and used the relationship po(v, ) = Po(1)po(ufi)
between the joint and conditional distributions. By inserting Eq. (52) into Eq. (32), we have

k () :ZPO @) ki (u), (53)
where
Vsite Qsite -~ —Bu
ki () =55 po (i) € (64)

represents the binding affinity density for macrostate / In analogy with Eq. (31) we define a
macrostate-specific binding constant

Ky () =e PA0= [duki (u) =3 G () (55)
where (.. .),,, ; represents an ensemble average in the unbound state of the complex limited
to macrostate /. The macrostate-specific binding constant Kj(7) represents therefore the
binding constant that would be measured if the conformations of the complex were limited

to macrostate 7. From Eqs (55) and (53), the sum of the macrostate-specific binding
constants weighted by the macrostate populations Ppy(i) is the total binding constant:

szzPo (i) Ky (D). (56)

Eqg. (56) expresses the fact that each conformational macrostate contributes to the total
binding constant proportionally to its macrostate-specific binding constant Kj(7) weighted
by the population, Py(7), of the macrostate in the unbound state.[35] Using Eq. (2), the
composition formula for the binding free energy corresponding to Eq. (56) is

AGy=— lenZPo (i) e PAGLD, -

where AGj, (i) is the standard binding free energy for macrostate /.

Although Egs. (56) and (57) have been derived in the implicit solvation representation, it
can be shown that they are valid in general. In the explicit solvent representation, the
macrostate /7 refers to the solvated state for the receptor and for the gas phase for the ligand,
and it is assumed that the same definition of macrostate /is used for both legs of the double-
decoupling process [Egs. (10) and (12)]. Eq. (57) also forms the basis of /ntegration over
parts approaches[35, 36, 37] to the calculation of binding free energies. The idea is that the
binding free energy can be obtained by the appropriate combination of the binding free
energies of a series of binding modes. These methods are attractive because it is easier to

Aav Protein Chem Struct Biol. Author manuscript; available in PMC 2012 September 18.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gallicchio and Levy

Page 16

localize the calculation to a macrostate than achieving equilibration between distinct binding
modes. The challenge is to to identify the collection of modes that contribute the most to the
total binding free energy. Misidentification of the highest contributing mode can introduce
major errors, while neglecting secondary modes generally has a smaller effect on accuracy.
[36, 21]

The ratio Py(7) Ki(#)/ K measures the relative contribution of macrostate 7to the overall
binding constant. We can see that a large macrostate-specific binding constant Kp(7) is not a
sufficient condition for a large contribution to the overall affinity. It must be also the case
that the macrostate has a significant population Ay(#) in the unbound state. This result can be
interpreted as a generalization of the reorganization free energy concepts developed in
Section 2.6.2. A Greorg = kT In Py(7) measures the reorganization free energy penalty for
restraining the system into macrostate i in the unbound state, whereasAG,, (i) measures the
association free energy in that macrostate. For a macrostate to contribute significantly to the
binding affinity, the reorganization penalty and the association gain must combine so as to
be favorable overall to binding.

It is straightforward to show from Egs. (55) and (30) that[21]

Po () K (i )
%ﬂl @, (58)

where
Py (i) = [dupi (u,i) (59)

is the population of macrostate 7in the bound state. In other words, this analysis shows that
the relative contribution of macrostate /to the binding constant is equal to the physical
population of that macrostate of the complex. If a particular binding mode of the complex
can be observed, by for example X-ray crystallography, it can be concluded therefore that its
population is high and that it likely contributes significantly to the binding affinity.

It is also of interest to estimate the effect of having missed a particular binding mode in a
binding free energy calculation. An expression for the binding constant, Kx(—j), when
macrostate /, say, has been missed can be derived by removing the corresponding term in the
sum in Eg. (56) and, in addition, by renormalizing the macrostate populations so that they
add to one. The result is:

Ky —Po())Kp(j)
Ky (=)= =Py ()) (60)
From this result we can see that, as expected, missing macrostate jhas a large effect in the
computed binding constant if this macrostate provides a large contribution to the overall
binding constant [the Py(y) Ki()) term in Eq. (60)]. It also shows, however, that the binding
constant can also be severely overestimated if the jmacrostate is highly populated in
solution [the 1 — Ay()) term at the denominator is small]. In other words, large errors in
binding free energy calculations are expected either if important macrostates of the bound
complex are missed or if important macrostates of the unbound states are missed. The latter
occurs because the calculation would underestimate the free energy required to reorganize
the binding partners into their bound ensembles.
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3 Computational methods

The development of a statistical mechanics theory of non-covalent association is only the
first step in the development of computational models and methods for the calculation of
binding affinities. To begin with, the expressions for the free energy of binding presented
above depend on the definition of a potential energy function {x). We also require some
prescription to generate ensembles, or set of conformations x of the system, compatible with
the thermodynamic state of the system and the potential energy model. In this review we
focus on all-atom c/assical force fields38, 39, 40, 41] energy models, and on Molecular
Dynamics (MD) or Monte Carlo (MC)-based conformational sampling methods, which are
most commonly applied models for protein-ligand binding free energy estimation. Atomistic
force field models are not reviewed further here except to say that they are parametrized
functions of the Cartesian coordinates of the atoms of the system, describing electrostatic,
dispersion, and steric non-covalent interactions as well as covalent interactions between
atoms. Force fields are used with explicit representations of solvent molecules (water in the
applications described below), as well as in conjunction with implicit models of hydration.
[42, 43, 44, 45, 46]

A very active and rich area of research is focused on the development of computer
algorithms for the evaluation of free energies[13] given an energy model. One class of free
energy methods applicable to binding free energy simulations is based on connecting the
unbound and bound states by a suitable thermodynamic path. At a fundamental level
thermodynamic path methods are capable of computing ratios of partition functions as in Eq.
(4). Another class of free energy methods, often referred to as end point methods compute
binding free energies by explicitly estimating the free energies of the bound and unbound
states.[47]

3.1 Free energy estimators

Egs. (10) and (12), for explicit solvation, and Eq. (23), for implicit solvation, suggest a
simple algorithm to the computational evaluation of binding free energies by means of
exponential averaging of the binding energy in an appropriate reference ensemble. In
practice these expressions suffer from several limitations, and are rarely implemented as
such. Instead, suitable free energy estimators have been developed which are discussed in
this section.

Egs. (10), (12), and (23) are particular realizations of the free energy perturbation (FEP)
identity,[48] which states that the free energy difference A G between two states 1 and 0 is

_ Z_ AU ()
AG=—KTInZ= - kTIn{e ) (61)

where Z; and Z; are the corresponding configurational partition functions and A Ux) =
Ui1(X) — Up(X) is the difference of potential energies between state 1 and 0 (the perturbation),
and the average is over conformations x sampled from the reference state 0. In our case state
1 is the bound state and state O is the uncoupled state of the complex. Because they are very
difficult to converge, however, in binding free energy applications the FEP formulas are
rarely evaluated directly. To understand why consider for example Eq. (26) and Fig. 2. The
distribution of binding energies in the unbound state, py(4), is largest for large positive
values of u. This is expected since in this state the ligand is restrained in the binding site
where, in the absence of receptor-ligand interactions, the ligand is more likely to sample
conformations with unfavorable clashes with receptor atoms rather than conformations with
favorable interactions. The values of v in the extreme negative binding energy range
correspond to the low energy conformations of the complex, which are very rarely visited in
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absence of ligand-receptor interactions. On the other hand the exponential factor, exp(-Au),
amplifies the contribution of these conformations to the integral in Eq. (26), causing the
average to be dominated by rare events. This results in unreliable results, requiring the
accumulation of an inordinate, and practically unachievable, number of independent samples
to reach convergence.[49]

An equivalent way to assess this problem is to consider the distribution, p;() of binding
energies in the bound ensemble (illustrated in Fig. 2 as a dashed curve). We concluded
above [Eqg. (31)] that most of the contribution to binding comes from conformations where
p1(v) is large. The amount of overlaps between p; () and py(4) is a measure of the
probability that one of these conformations is generated by chance in the uncoupled
ensemble. As we can see from Fig. 2, the amount of overlap is small and the binding affinity
is expected to be difficult to assess by sampling only the uncoupled ensemble. This is a
general result, which states that the FEP formula is applicable for the computation of free
energy difference between closely related states whose distributions of the perturbation
energy overlap significantly.[50, 13, 49]

The technique known as stratification[13] is a general way to circumvent the problem of
poor distribution overlap in FEP binding free energy calculations. The first ingredient is a A-
dependent hybrid potential, which at A. = 0 typically corresponds to the unbound state and at
A =1 corresponds to the bound state. A straightforward, although not necessarily optimal,
choice for the hybrid potential in binding free energy calculations is

U (x5 ., 4, 12) =U (x,) +U (x,) +Au (x4, x,, ;) (62)

where U xg)+U(x;) represents the energy in the unbound state and « is the binding energy.
Here we have used the notation for implicit solvation denoting for simplicity the effective
potential as U. The expression for hybrid potential, Eq. (62), can easily adapted to the
solvation and binding steps [Egs. (12) and (10)] with explicit solvation. The hybrid potential
defines a thermodynamic path connecting the unbound and bound states through an arbitrary
number of unphysical intermediate states at 0 < A < 1 in which the receptor and the ligand
are only partially coupled. In addition, states with similar A have similar characteristics and,
in particular, binding energy distributions with significant overlap, allowing the application
of the FEP formula for the computation of their free energy difference:

_ 2y, —BAAu
G(b) -G =— lenZ_/l]_ — KTIn{eP1) i 63)

where AA = A, — Aq. Given a set of nintermediate states at A = A jthe free energy
difference can then be evaluated as the sum of the free energy differences between
intermediate states

AG=G (A=1) - G (1=0) = = kT ) In{e ") | (64)

where AN;= A1 — A More generally, when the expression for the hybrid potential is not
linear in A, AA v in Eq. (64) is replaced by UA j+1) — UA).

Because it is based on the sum of well behaved terms, the FEP stratification formula, Eq.
(64), is much easier to convergence that the direct application of the FEP formula between
the unbound and bound states. The procedure entails performing multiple MD or MC
simulations to collect samples at each A. The more intermediate states are employed, the
fewer samples are needed to converge each term but more terms need to be evaluated. A
number of techniques have been developed to optimize the A schedule in FEP calculations
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and to assess the reliability if individual free energy estimates based, for example, on the
analysis of neighboring distributions.[13, 49]

The thermodynamic integration (T1) formula, which is sometime used in binding free energy
calculations,[51] can be considered the continuous limit of Eq. (64) for AA;— 0

1, [0U 1
AG={ Odz<ﬁ>lz  ydA¢u,, (65)

where the last equality follows from Eq. (62). The Tl formula is formally derived from the
identity

G __ OZW)_[5U
o ax \ a1 |/, (66)

Eqg. (64) expresses each individual free energy difference in terms of an exponential average.
One limitation of the exponential average is that, as discussed above, it works well only if
conformations relevant for the target state are sampled in the reference state, or in other
words if the binding energy distribution in the reference state envelopes that of the target
state. The result is that often one perturbation direction gives different results than the other
(hysteresis), with the one going in the direction of decreasing entropy (for binding the one
starting from the unbound state) usually being more accurate.[50] In some cases however
neither direction may work well unless the A spacing is made very small. In recent years
more efficient free energy estimators have been developed. The Bennet acceptance ratio
(BAR) formula[52, 26]

(f[-BAau-O)),,
(f[BAW=0O)]),,

AG (1) =C — kTln (67)

where f{x) = 1/[1+exp(X)] is the Fermi function and Cis a constant determined iteratively,
has been shown to be an optimal free energy estimator with respect to the minimization of
the statistical variance. It is also symmetric with respect to the perturbation direction. The
BAR formula is based on the introduction of a fictitious intermediate state whose
distribution is enveloped by the distributions of both end states and peaks where they most
overlap. Consequently the BAR formula requires only that the two distributions overlap to
some extent, rather than requiring that one is enveloped in the other as for the exponential
averaging formula. The BAR formula has for the most part replaced the exponential
averaging formula in modern FEP binding free energy calculations.

A free energy perturbation approach can also be used to compute the binding free energy
using the binding potential of mean force approach [Egs. (18) and (19)]. In this case
techniques to compute free energy changes along a thermodynamic path described by a
structural order parameter can be considered. For example, the distance measure o{A) of the
ligand from the binding site. Samples are generated at a reference receptor-ligand distance
and the potential energy changes A Uresulting from displacing the ligand distance from the
receptor by Ad= oA 1) — ad(\)) are computed in the context of Eq. (64) or (67). More
commonly however the binding potential of mean force is expressed in terms of the
probability density p(d) of the receptor-ligand distance

p(d)

AF (d)= - kT1
@ @)

(68)
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where ¢* is some reference large distance corresponding to the solvent bulk. Because it is
difficult to sample a large range of distances in one simulation, multiple simulations are
conducted each employing a different auxiliary confining potential designed to bias
sampling in one limited range of distances.[18] In this technique, generally known as
umbrella sampling, each simulation generates a biased distribution. The data from all of the
simulations is then combined and unbiased using reweighting techniques such as the
weighted histogram analysis method (WHAM).[53, 54, 55] The WHAM equations in this
case are expressed as

n(d;)
Zana faexp [—Bwa (d)]’

P,)= (69)

where, Ad)) = p(d))d;is the unbiased probability to find the system at distance bin 7 of size
Adjcentered at g, n(d;)is the number of samples collected from all simulations in this bin.
The denominator is a sum over the simulations, each at a different value of A.. /2, is the total
number of samples collected at the simulation at A, wy (&) is the value of the biasing
potential at A. corresponding to bin i, and, finally

i :Zexp [-Bwa (d)] P (d;) (70)

1

is a normalization factor related to the free energy, A7 In £, of the system at A relative to
the unbiased system. Eqgs. (69) and (70) are solved iteratively until convergence. The
binding free energy is then computed by integrating the binding PMF over the binding site
region [Eq. (18)].

The usefulness of WHAM as a binding free energy estimator extends to alchemical methods
as well. As further described below, WHAM has been used to implement Eq. (23) by
choosing the binding energy v as thermodynamic path parameter and setting as biased
potential w; (&) = Aw.[21] From Eq. (62), the unbiased system at A = 0 is the unbound state
and A = 1 corresponds to the bound system, and consequently Eq. (70) evaluated at A = 1
yields the interaction component of the binding free energy:

AG,=kTInf)=. (71)

More recently the multistate Bennett acceptance ratio (MBAR) method as been developed,
[56, 57] which, in a way, unifies the BAR and WHAM free energy estimators. Like WHAM
it combines in an statistically optimal way data from multiple values of A to compute the
overall binding free energy [rather than from a sum of pairwise terms as in the FEP equation
(64)]. It also resembles WHAM in terms of formulation. In fact, it is equivalent to WHAM
in the limit that bin sizes are made so small so to contain only one sample, or none. On the
other hand, MBAR reduces to the BAR estimator when only two states are considered. The
MBAR free energy estimator is preferable to WHAM because it does not require the
definition of an histogram grid, and it’s preferable to BAR because it more efficiently
utilizes the samples generated at each A so that all of them contribute to free energy
differences. Because in addition it combines the generality of both methods the MBAR is
expected to become a widely employed estimator in binding free energy calculations.

3.2 Double decoupling

The double-decoupling method[14, 11, 10] is an alchemical approach to the calculation of
standard binding free energies (often referred to as absolute binding free energies in the
literature). It implements Eq. (13), where the computations of the free energies of transfer,
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A G and A G, of the ligand from the gas phase to, respectively, the solution and receptor
environments, form the core of the method. The name double-decoupling comes from
thinking of the two opposite processes of decoupling the ligand from the solution and
receptor environments. Eqgs. (12) and (10) are implemented using either the TI [Eq. (65)] or
staged FEP/BAR [Eqs. (64) and (67)] free energy estimators.

Double decoupling has been used recently to compute the standard binding free energies of
a variety of protein-ligand complexes. The L99A and L99A/M102Q mutants of T4-
lysozyme[58, 59] have been the most studied systems; the small size of the ligands, the
relative simplicity of the binding sites, and the availability of high quality structural and
thermodynamic data,[60, 61] have made these systems particularly well suited for testing the
validity of various computational protocols.[62, 63, 37] A number of double decoupling
studies[64, 35] have also targeted a series of inhibitors of the FKBP12 receptor.[65]
Applications to the trypsin[66, 67] and the ribosomal peptidyl-transferase receptors[68] have
also been recently reported.

From a computational perspective the three main issues in double decoupling simulations
are: (i) the extent of conformational sampling (discussed in detail in Section 3.6), (ii) the
definition of the binding site volume by restraining potentials, and (iii) the use of soft-core
hybrid potentials.

As discussed above the definition of the complexed state and the concentration dependence
of the standard state is formally introduced by a binding site indicator function AC,). As
discussed,[14, 15] AC,) can be defined in terms of a continuous function which interpolates
from values near 1 within the binding site region to values near 0 outside it. A common
choice is to set

1) =ePmal), )

where Uiy iS a Suitable restraining potential that depends only on the external coordinates
of the ligand. This definition is computationally convenient because it is differentiable and,
as we can see by inserting Eq. (72) in Eq. (10) or Eqg. (23), the indicator function can be
implemented by means of restraining potentials easily included in potential energy routines
of MD packages. Note that, because the restraining potential is present in both the unbound
states, it does not contribute to the binding energy [Egs. (11) and (24)]. Also note that the
definition above makes the definition of the complexed state temperature dependent,
potentially affecting in unwanted ways the temperature dependence of binding free energies.
This dependence can be removed by adjusting the strength of Uegty according to the
simulation temperature.

Some early absolute binding free energy calculations,[69] as well as more recent ones,[70]
did not account properly for the standard state definition. Moreover ligand restraints are
sometime described as a convenient computational device to enhance convergence by not
letting the ligand wander into the whole simulation volume when it is uncoupled from the
receptor.[11] But, as discussed above, they are in fact a necessary input of the method; they
implicitly provide a definition of the complexed state without which it is not possible to
define its free energy. Boresch et al.[15] have introduced a general framework to define the
six external degrees of freedom C; of the ligand based on the positions (expressed in
spherical polar coordinates) of three reference atoms of the ligand relative to three reference
atoms of the receptor. This leads to three coordinates that specify the overall translation of
the ligand (one distance and two angles) and another set of three coordinates (three angles)
that determine the orientation of the ligand in the binding site. Restraining potentials can be
applied only on the translational coordinates or also on the orientational coordinates. For
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harmonic, or flat-bottom harmonic restraints the binding site volume VQsite in Eq. (7) can
be evaluated analytically. In other circumstances the integration of the indicator function can
be obtained numerically with high accuracy since it involves at most six coordinates. Some
early studies[71] employed multiple distance restraints between ligand atoms and receptor
atoms, which, as pointed out by Boresch et al.,[15] is incorrect based on this formalism,
since it would introduce couplings between the external ligand coordinates and internal
coordinates of the receptor and the ligand.

It has been observed that the a hybrid potential linear in A as in Eq. (62) leads to instabilities
in the calculations of free energies near A = 0,[72, 51] when the ligand and the receptor are
nearly uncoupled. Under these conditions conformations are generated in which receptor
and ligand atoms interpenetrate each other and yielding very large values of the binding
energies. These cause instabilities in Eq. (63) which are difficult to overcome unless the A
spacing is very fine (small A\). These difficulties have led to the development of so-called
soft core hybrid potentials which avoid large perturbation energies near the end point of the
transformation. A popular class of soft core potential employ a A-dependent modified
distance function in the evaluation of Lennard-Jones and Coulombic interactions. For
example

1 1
LJ( M) =4 17 _
v ) {[oz/H(r/o-u)(’]2 [(Y/l+(r/0'u)6]} (73)

is a soft core version of the Lennard-Jones pair potential. Note that ¢, ;(r/A) above is finite
for any non-zero value of A allowing particles to interpenetrate each other. This functional
form also “grows” particles gradually, reducing the fluctuations of the free energy estimator
at small A.. Decomposing the decoupling steps such that electrostatic interactions are turned
off before Lennard-Jones has also been shown to improve convergence.

3.3 Binding energy distribution analysis method

The binding energy distribution analysis method (BEDAM)[21] is an absolute binding free
energy alchemical method based on an implicit description of the solvent. It computes the
binding free energy by means of Eq. (26) where the distribution of binding energies py(4) is
computed numerically. The numerical difficulties application of Eq. (26) is illustrated in Fig.
2. Because low binding energies are very rarely sampled when the ligand is not guided by
the interactions with the receptor, the accurate calculation of the important low energy tail of
Po(4) can not be accomplished by brute-force collection of binding energy values from a
simulation of the complex in the uncoupled state. Instead, samples are collected from a
series of biased MD simulations of the complex with biasing potential A.«. In going from A
= 0to A =1 the system progressively samples more and more favorable binding energies.
The replicas collectively sample a wide range of unfavorable, intermediate and favorable
binding energies which are unbiased and combined together by means of the weighted
histogram analysis method (WHAM) to yield the unbiased probability density py(u),[55]
which is then used in Eq. (26) to compute the binding free energy. The ladder of A values is
chosen so that uniform coverage of the range of binding energies important for binding is
achieved. In particular, the low binding energy tail of gy(4), although small in magnitude, is
reliably estimated because the relative precision of the binding energy distribution (%)
computed by WHAM depends mainly on the number of samples collected at binding energy
u, rather than the value of p(0) itself.

Although, as discussed in Section 2.4.1, the binding energy distribution formalism on which
BEDAM is based is valid in general, in practice it is only applicable with implicit solvation.
This is because in BEDAM the effective binding energy is part of the potential energy of the
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system, requiring fast evaluation of u and its gradients for MD conformational sampling.
With explicit solvation however each evaluation of the effective binding energy would entail
a costly and impractical binding free energy calculation [see discussion near Eq. (24)].

In a recent study[21] using the OPLS force field with the AGBNP2[46] solvation model,
BEDAM was shown to accurately identify ligand binders from non-binders in a challenging
set of candidate ligands to T4 lysozyme receptors (Fig. 3) failed by docking programs. In
addition, the standard binding free energies of the binders were found to be in good
agreement with experimental measurements. In contrast, energy-only estimators, which do
not include entropic and energy reorganization effects, did not correctly reproduce the
experimental rankings. As with other full free energy models of binding, BEDAM implicitly
incorporates entropic and reorganization effects. In this study the reorganization free
energies were evaluated using Eq. (46) and shown to be large and in many cases the
discriminating factors between binders and non-binders. Analysis of the binding energy
distributions, as described in Section 2.6.3, allowed the decomposition of the binding free
energies into conformational contributions based on the orientation of the ligand within the
binding pocket. It was found that in many cases several binding modes contributed nearly
equally to the total binding free energy.

There are clear parallelisms between BEDAM and conventional binding free energy
methods such as double decoupling. They are both alchemical methods that utilize a hybrid
potential of the form in Eq. (62) to build a thermodynamic path between the unbound and
bound states. The binding energies collected in BEDAM can yield directly the binding free
energy by means of the f-factors [Eq. (70)] returned by WHAM or MBAR. One advantage
of BEDAM over double-decoupling is that BEDAM estimates the binding free energy from
a single perturbation leg rather than from the difference of two separate free energy
calculations with double decoupling. This feature is potentially advantageous for more rapid
convergence of the binding free energies of highly polar and charged ligands, which, in
double decoupling and endpoint approaches discussed below, are the result of a nearly
complete cancellation between the large free energies of the unbound and bound states.[11]

The challenges in BEDAM calculations are similar to those discussed above in the context
of double-decoupling. In addition, BEDAM relies on the quality of the implicit solvent
potential. To obtain accurate binding free energies care should be taken to achieve the
correct balance between direct interaction and hydration forces.[46] As discussed below to
further enhance the conformational sampling of ligand-receptor conformations BEDAM
employs a A-hopping replica exchange algorithm. The problem of the convergence of free
energy differences near A = 0 is evidenced by the long tail of the py(¢) distribution at large
energies which is difficult to estimate accurately. Recent versions of BEDAM employ a
soft-core hybrid potential of the form UA) = Uy + A f(L), with (L) = Umax tanh(Wlmax),
where Umax IS Some maximum ceiling for the binding energy, which has been shown to
improve convergence without appreciably affecting free energy estimates.

of mean force approach

The binding potential of mean force (PMF) approach described in Section 2.3 is an example
of a non-alchemical transformation to the calculation of absolute binding free energies.
Numerical applications of the PMF formula have a long history in the study of dimerization
of simple solutes,[16, 73] and few applications have been reported for protein-ligand
binding free energy estimation.[18, 19, 11] The main advantage of PMF calculations is that
they can be conducted with explicit solvation, but, unlike double-decoupling methods, they
do not suffer from the large cancellation between the solvation and binding components
[AGjand AG; in Egs. (12) and (10)]. PMF calculations are therefore easier to converge for
the binding between between charged ligands and receptors whose solvation free energies
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can be of the order of ~ 100 kcal/mol. The disadvantage of the PMF approach is that it relies
on the presence of a physical unobstructed path for the ligand to reach the binding site from
solution. This limitation basically prevents the application of the method to buried binding
sites.

Computationally it is impractical to obtain the PMF along all of the six external ligand
coordinates. Typically only one coordinate is used corresponding to a displacement distance
d along an approach path from the bulk solution to the binding site. The other coordinates
are either fixed[18] or averaged[19]. In the former case the work necessary to restrain the
angular position and orientation of the ligand relative to the receptor is computed separately.
[18] The PMF is computed along the approach coordinate by biased sampling and
reweighting, as discussed above. In the reported applications[18, 19] harmonic biasing
potentials were employed.

3.5 Relative binding free energies

Often in pharmaceutical applications[74] we are interested in the difference of binding free
energy between two related compounds to the same receptor. Computational methods
designed to compute directly relative binding free energies, rather than the corresponding
standard binding free energies, have been developed and resulted in some of the first
applications of free energy methods to protein-ligand binding.[75] Relative binding free
energy calculations [commonly referred to as free energy perturbation (FEP) calculations]
constitute the majority of protein-ligand binding calculations conducted in academic and
industrial settings, and a variety of techniques have been developed to improve their
efficiency and accuracy. This body of work has been thoroughly reviewed.[13, 76, 77, 78,
79, 51] In this section we sketch out the foundations of the method based on the statistical
mechanics theory presented above and point out connections between relative and absolute
binding free energy calculations.

The difference of standard binding free energies, AAG,=AG,, (B) — AG;, (A), between two
ligands Band A is equivalently expressed as the ratio of the corresponding binding
constants [Eq. (2)]. Using Eq. (4), and assuming that both ligands bind to the same binding
site of the receptor R, we arrive at the following expression

—,BAAG;:K}? (B) =ZN,RB Zﬂ _ e—ﬁ[AAGR(BA)—AAGSIV(BA)]
K,(A) Z,. Z ’

N,RA “N,B

(74)

Where AA Gi(BA) is the difference in free energy of complexes RBand RA and

AA Gy (BA,) is the difference in solvation free energies between ligands B and A. We see
that the relative free energy of binding is independent from the standard state concentration.
Also, the ratios of partition functions in Eq. (74) can be expressed as averages, similar to
those in Eq. (10) and (12),4 based on the difference in potential energy between the ligands
averaged over the ensembles of one of the ligands in the binding site and in solution, without
resorting to intermediate gas phase state for the ligands. Given a suitable A.-dependent
interpolation potential connecting the potential energies of the two ligands, these averages
can be computed with the alchemical free energy estimators discussed in Section 3.1. Two
main mutation techniques, single topology and dual topology,[51] exist to map the potential
energy of one ligand to the other.

4Note that these averages still contain the /Gy ) indicator functions (assumed to be the same for the two ligands). Like absolute
binding free energies, therefore, relative binding free energies are dependent on the definition of the complexed state. This aspect is
often overlooked in the literature.
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Relative binding free energy calculations are expected to be more efficient than computing
the difference of the corresponding absolute binding free energies when the two ligands are
similar to each other. Conversely it is difficult to set up an interpolation potential and
converge the relative binding free energy when the two ligands have very different chemical
structures. However, ligand similarity alone is not a sufficient condition for obtaining
reliable relative binding free energies. As in absolute binding free energy calculations one of
the main challenges is the extent of conformational sampling. It has been observed for
example[37, 21] that even slight ligand modifications can cause large changes in the main
ligand binding mode. In these cases the sampling of both binding modes is required to yield
reliable results, thereby reducing the computational advantage of relative binding free
energy calculations over absolute ones. Relative binding free energies calculations are also
considered less suitable than absolute ones to assess the reliability of algorithms and force
fields against experimental data.[80, 12]

3.6 Replica Exchange Conformational sampling

Conformational equilibria relevant for the binding process occur on time scales which are
unattainable with conventional MD even with the fastest supercomputers available. A
commonly employed strategy to enhance sampling involves the application of biasing
forces, and, as we discussed above, alchemical free energy methods employing hybrid
potentials and potential of mean force approaches employing umbrella potentials can be
considered as belonging to this general class of methods. It has been shown in many
contexts[81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 21, 94, 95, 96] that generalized
ensemble conformational sampling methods based on parallel replica exchange (RE)
algorithms[97] can speed up by orders of magnitude the convergence of biased simulations.
The key aspect of parallel RE algorithms as applied to alchemical calculations is that
simulations at different values of A, which are executed in parallel, periodically exchange A
values thereby allowing conformational transitions to occur at the value A at which they are
more likely to do so and, by so doing, to achieve more efficient exploration of
conformational space. Some binding-induced conformational changes are more likely to
occur at large A’s, when the interaction between the ligand and the receptor is stronger,
while others, such as reorientation of the ligand as a whole, are more likely to occur at small
A’s when motion is less restricted. With RE both kinds of conformational changes occur
more easily in each individual replica causing a larger variety of conformations to appear at
each A, as opposed to, for example, conventional MD at fixed A = 1 which is likely to
explore only one or at most few conformations. Methods such as RETI,[81] FEP/REMD,
[92] and BEDAM[21] are examples of binding free energy methods that employ this A-
hopping strategy.

3.7 Mining minima

Unlike the thermodynamic path methods discussed above, the mining minima (MM) binding
free energy method[98] is one of two examples of end point methods (the other being the
MM/PBSA method below) that will be discussed in this review. The MM free energy
estimator is unique in that it does not rely on MD/MC importance sampling of
conformations. Instead, the method estimates configurational integrals by unweighted
sampling of conformations around a set of selected low energy states of the molecular
system.[99] This feature constitute both the main advantage and main limitation of the
method. On one hand MM does not suffer from slow rates of conformational transitions
typical of importance sampling algorithms. On the other hand, this advantage is
counterbalanced by the challenge of performing a sufficiently complete enumeration of the
important stable minima of the system. Consequently the method has been applied with
implicit solvation and it has been most useful in the study of association equilibria, such as
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host guest systems,[98, 33, 100, 101] with manageable number of degrees of freedom.
Applications to protein-ligand binding equilibria have been also recently reported.[102]

MM seeks to compute the binding free energy in the implicit solvent representation by
explicitly computing each of the configurational integrals Zz; and Zp,, in Eq. (22) and
expressing the standard binding free energy in terms of the end point of the equilibrium as
the difference of the free energies of the binding partners:

AG =G, — (G,+G)) (75)

where Ggy is the free energy of the complex and the binding partners, where

Gy = — kTInZ,, (76)

and similarly for Grpand G, . Given a set of minima j; located by conformational sampling,

[103] the configurational partition function, Z= Z %, of each state is approximated as the
sum of local configurational partition functions zj corresponding to each minimum defined
schematically as

Zj :fjdxe—ﬁ[ U(x)+W(x)] 77)

where x represent the system coordinates and the integral is considered limited to the
macrostate in the vicinity of the minimum. Local integrals are then computed by normal
mode analysis assuming harmonic behavior augmented by numerical treatment of
anharmonic deviations.[104, 98] As mentioned above the validity of the MM approach has
been confirmed in several numerical applications.[98, 33, 100, 101, 102]

The MM method leads naturally to the study of the enthalpic and entropic components of the
binding affinity.[33, 30] As described in Section 2.6.1 the binding free energy in the implicit
solvent representation is decomposable into the change of average effective potential energy
A Ugss and the change in configurational entropy A Seont [EQ. (45)]. These can be expressed
in terms of the average energies and entropies of the end point states computed as sums over
minima. For example,

Uewy =) pj(Uer) J 78)
J

where p;= z7/Zis the population of the macrostate corresponding to minimum jand (Ue) ; is
its average potential energy. Similarly, it can be shown from Eq. (44) that the
configurational entropy can be expressed as[30]

ScoanZPij - kijlnpj (79)
J J

where S;is the configurational entropy of macrostate /, which can be estimated from the
harmonic approximation discussed above. From Eq. (79) we see that contributions to the
configurational entropy of binding come from both narrowing of energy well (changes in S;
upon binding) as well as redistribution of populations among the stable states [the second
term in r.h.s. of Eq. (79)], with both being important, and, often, determinant factors in
ligand binding.[33, 8]
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3.8 MM/PBSA and MM/GBSA approaches

The molecular mechanics-Poisson Boltzmann plus surface area (MM/PBSA) method,[105,
106, 107] and its generalized Born variant (MM/GBSA), are, like the MM method above, an
example of an end point approach to the calculation of binding free energies. Unlike the
MM method, however, it is based on MD to sample conformational space. MD, like any
other importance sampling-based method, is not suitable for computing directly
configurational integrals, as in the MM method. Instead MM-PBSA computes the binding
free energy from using the enthalpy/entropy decomposition approach [Eq. (45)] with
implicit solvation [the Poisson-Boltzmann (PB) model for MM/PBSA[108] and the
generalized Born (GB) model for MM/GBSA[43, 45]]. In principle a decomposition of this
kind also applies to explicit representations of the solvent [see for example Egs (33) and
(36)], however given the challenge of converging entropy and enthalpy changes with
explicit solvation,[32] in practice the method is limited to implicit solvent representations.

In MM/PBSA the enthalpic term A Ugsf is computed as the difference between the average
total potential energies in the bound and unbound states, collected from MD trajectories of
the the free ligand, free receptor, and their complex, which can be obtained from either
explicit or implicit solvent MD simulations. The same approaches discussed above in the
context of the MM method are applicable to the calculation of configurational binding
entropies. So, while in principle MM/PBSA is a rigorous formulation of the free energy of
binding limited in principle only by the accuracy of the potential energy model, in practice
MM/PBSA applications have implemented the theory with varying degree of rigor.

Partly due to the limited extent of conformational sampling afforded by MD, the change in
configurational entropy is often estimated from one of few conformational macrostates[105,
109] possibly neglecting contributions to the entropy change resulting from changes in
populations of stable states [Eq. (79)]. The quasiharmonic approximation[110] has also been
employed to estimate the configurational entropy change, however its accuracy for systems
with multiple occupied energy wells has been questioned.[111, 19] In some MM/PBSA
applications the entropic terms have been neglected.[112]

Difficulties in converging potential energy differences due to noise originating from the bulk
of receptor-receptor interactions have led to single-trajectory approaches[19, 112] in which
the conformational ensembles for the free ligand and receptor are taken from the ensemble
of the bound complex. This effectively replaces A Uy in Eq. (40) with the average binding
energy (u),, neglecting therefore reorganization energy contributions [Eq. (48)]. When, in
addition, entropic effects are neglected, the binding free energy is equated to the average
binding energy.[113] At this level of theory all entropic and reorganization effects are
neglected potentially leading to gross overestimation of binding affinities and lack of ability
to discriminate binders from non-binders.[21]

3.9 Studies of Ligand and Receptor reorganization

The binding free energy [Eq. (46)] is often the result of a large cancellation between the
favorable work, (u),,, of forming receptor-ligand interactions and the unfavorable work

A Greorg, to localize and reorganize the conformational ensembles of the ligand and receptor
to their bound conformational states. While drug design is often concerned with
strengthening receptor-ligand interactions, the reorganization component can play a
fundamental role in regulating binding specificity in cases where variations of binding
energies (u),, are expected to be small. In such cases optimization of binding affinity can
proceed by strategies aimed at preorganizing the ligand for binding, that is by minimizing
AGreorg-
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For example, reorganization has been successfully used as the design principle for the
optimization of the presentation of HIV epitopes for vaccine development.[114] This
particular application was concerned with identifying modes of display of an HIV epitope on
the surface of a rhinovirus vaccine vehicle in such a way that it would bind strongly to a
known neutralizing antibody. Because the displayed epitope needs to necessarily reproduce
the interaction of the antibody with HIV target, the binding interface between the epitope
and the antibody is biologically restrained. In thermodynamic terms the binding energy can
be regarded as fixed and therefore preorganization of the epitope to the bound conformation
is the only viable route for optimizing the binding affinity. Based on these reorganization
concepts, molecular simulations were conducted which identified those presentation
constructs with the highest fraction of epitope conformations compatible with antibody
complexation.[115] Subsequent biochemical work confirmed the computational prediction
and, remarkably, yielded some of the most antigenic vaccine constructs of this kind to date.
[114]

In another recent example[116] optimization of a class of inhibitors was achieved by
chemical rigidification of the ligands into their bound conformations. In this case structural
analysis indicated that enhanced binding was indeed solely due to smaller reorganization
penalties rather than stronger receptor-ligand interactions. Interestingly, in this work it was
regarded as paradoxical the fact that enhanced binding was not due to a reduced entropic
penalty as expected, but rather to a more favorable enthalpic gain. However, this should not
be regarded as surprising considering that [see Eq. (47)] reorganization has both entropic as
well enthalpic signatures. Evidently, before rigidification the ligands had to surmount an
energetic penalty to form their bound conformations from their predominant solution
conformations. The rigidified ligands instead did not suffer this penalty to the same extent,
resulting in a more favorable binding enthalpy.

A number of recent studies have focused on ligand reorganization, which is simpler to
model than receptor reorganization. Both Yang et al.[117] and, on a more extensive set of
systems, Gao et al.,[118] observed better correlation with experimental affinities when
singletrajectory MM/GBSA scores were combined with ligand reorganization free energy
estimates. As discussed above, the single-trajectory MM/GBSA model approximates the
binding free energy with the ligand-receptor average binding energy, (u),,, which, although
easier to converge, omits sometimes critical reorganization free energy components [Eq.
(46)]. By introducing the ligand reorganization free energy, some of these effects are
recaptured without substantially compromising the quality of the convergence, since most of
the fluctuations in the MM/GBSA estimators come from the much more numerous degrees
of freedom of the receptor. The ligand reorganization is defined as the sum of the ligand
reorganization defined as [see Eq. (48)]

AUreorg (L) =<Ueff (XL»RL - <Ueff (xL)>R+L’ (80)

and the change of ligand configuration entropy — 7A Seonf(L). The latter is evaluated using
the harmonic and quasi-harmonic approaches discussed above. Gao et al.,[118] adopted a
particularly rigorous entropic model incorporating both multiple minima [Eq. (79)] and
anharmonic corrections.[119, 98] It has been recently confirmed[120] that MD sampling
aided by temperature replica exchange can also be used to accurately compute ligand
reorganization free energies. Interestingly it is observed[117] that the ligand configurational
entropy does not always oppose binding. In a number of cases there is a gain of entropy
[positive A Syonf(L)] counterbalanced by an unfavorable reorganization energy. The same
conclusion is suggested by the experimental work of DeLorbe et al.[116] discussed above.
This phenomenon might be quite general as it is known[121] that ligands tend to form more
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extended, and possibly more flexible, conformations when bound to the receptor[121] than
in solution, where hydrophobicity causes them to adopt more compact conformations.

Binding modeling studies explicitly incorporating receptor reorganization effects are also
beginning to appear. Major challenges exist due to the size of conformational space and the
rarity of conformational transitions. Some recent studies have focused on the role of protein
sidechain motion. Mobley et al.[34] have introduced a confine and release method to model
the free energy associated with the conformation variability of a selected set of sidechains in
the binding site region. The technique consists of evaluating the binding free energy with the
receptor sidechains placed in various rotamer states. These are then combined, based on Eqg.
(51), with the free energy differences between rotamer states with and without the ligand
present to yield the total binding free energy. In a number of cases it was shown that
including these terms improved the accuracy of binding affinity predictions.[34, 63, 37]
Similarly, a two-dimensional Hamiltonian replica exchange free energy perturbation
approach has been proposed to soften sidechain torsional barriers.[93]

4 Conclusions

The accurate estimation of protein-ligand affinities remains one of the most difficult
problem in computational biophysics. Atomistic free energy models of binding are
progressively improving and will continue to represent important tools to further our
understanding of molecular recognition phenomena and contribute to pharmaceutical
research. Better potential models, more efficient computational algorithms, and faster
computers are driving this progress forward. As this is happening it is important that the
relationships between theory and calculations remain clear and well understood. We have
reviewed the statistical mechanics theory of binding, and we have shown how current
computational methods and applications relate to the fundamental theory. These models
have different features and limitations, and their ranges of applicability vary
correspondingly. Yet their origins can all be traced back to a single fundamental theory. It is
our hope that finding these commonalities will be useful to novices and experts alike to help
them navigate the expanding universe of binding free energy methodologies, and find novel
ways to use them to study complex molecular recognition problems.
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Figure 1.

Thermodynamic cycle illustrating the decomposition of the standard binding free energy
[Eq. (13)]. Rsoly is the solvated receptor, Lgoy, oo (upper left) is the ligand in solution at
concentration CO, Lgy site (lower left) is the ligand solvated sequestered in the binding site,
Lgas site (Iower right) is the ligand in the gas phase in a volume equal to the binding site
volume, and RLgq)y is the solvated complex.
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Figure2.
Example of a calculated binding energy distribution gy(¢) from reference [21]. The curves to

the left correspond to the exp(—8u) and k(1) o exp(—pBu)pp(w) functions (rescaled to fit
within the plotting area). The integral of the latter is proportional to the binding constant

[Eq. (26)].
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Figure 3.

The complex between phenol and the L99A/M102Q T4 lysozyme (PDB id 1LI12, left). The
ligand is highlighted in green. The surface surrounding the ligand represents the binding site
which is buried and completely surrounded by protein atoms. The computed binding
constant for this complex as a function of the size of the binding site volume (left), using Eq.
(22) with (full line) and without (dashed line) the inclusion of the Vj,/ VO term (in this
calculation Qgjte/8772 = 1). The binding constant (full line) is fairly constant around K}, = 6 x
10° for Ve > 500 A3, whereas exp[-BA G]] (dashed line) decreases linearly in this region.
The two curves meet fortuitously at V4 = 1668 A3 where V4iio/ VO = 1. These calculations
were conducted with a distance-dependent model,[21] which underestimates desolvation
effects and overestimates affinity. The dependence on Vi is however representative of
systems of this kind.
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Figure 4.

Thermodynamic cycle illustrating the restrain-and-release decomposition of the interaction
free energy [Eqg. (51)]. Although not indicated, the ligand here is assumed to be always
sequestered in the binding site. £and L represent the free receptor and ligand, #* and L*
represent the receptor and ligand restrained within a conformational macrostate, (RL)*
represents the complex in which receptor and ligand are restrained within their macrostates,
and RL represents the free complex.
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