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Abstract

We have tested different approaches to include the effect of binding-site water molecules
for ligand-binding affinities within the MM/GBSA approach (molecular mechanics combined
with generalised Born and surface-area solvation). As a test case, we study the binding of nine
phenol analogues to ferritin. The effect of water molecules mediating the interaction between
the receptor and the ligand can be studied by considering a few water molecules as a part of
the receptor. We extend previous methods by allowing for a variable number of water
molecules in the binding site. The effect of displaced water molecules can also be considered
within the MM/GBSA philosophy by calculating the affinities of binding-site water
molecules, both before and after the binding of the ligand. To obtain proper energies, both the
water molecules and the ligand need then to be converted to non-interacting ghost molecules
and a single-average approach (i.e. the same structures are used for bound and unbound states)
based on the simulations of both the complex and the free receptor can be used to improve the
precision. The only problem is to estimate the free energy of an unbound water molecule.
With an experimental estimate of this parameter, promising results are obtained for our test
case.

Key Words: ligand-binding affinities, MM/GBSA, water displacement, water-mediated
binding, molecular dynamics, entropy.



Introduction

One of the largest challenges for computational chemistry is to develop methods to
calculate the binding free energy (AGuina) of a ligand (L, e.g. a drug candidate) to its receptor
(R, e.g. a protein or nucleic acid), forming a complex (RL).

R+L - RL (1)

Numerous methods have been suggested with this aim [1,2], ranging from simple scoring
functions [3,4], which are fast but give quite uncertain results, to strict free-energy
perturbations [5,6], which in principle should give correct results (with exhaustive sampling
and a perfect force field), although they often are too time-consuming for routine use.

In the middle of this range are the so-called end-point methods, which employ molecular-
dynamics (MD) simulation with a molecular mechanics (MM) potential, but only for the
physical states of the reaction (RL, as well as possibly R and L). Examples of such methods
are PDLD/s-LRA/f (semi-macroscopic protein-dipoles Langevin-dipoles method within a
linear-response approximation) [7,8], LIE [9,10,11] (linear interaction energy), and
MM/PB(GB)SA [12,13] (molecular mechanics with Poisson—Boltzmann or generalised Born
and surface-area solvation).

The latter method has received much interest, owing to its modular nature and because it
does not contain any adjustable parameters. In MM/GBSA, it is assumed that the free energy
of a species can be calculated from [12,13]

G :Ebnd+Eele+ Evdw+G +an_ TS (2)

solv
where Eyng, Eee, and Evaw are the bonded (bonds, angles, and dihedrals), electrostatic, and van
der Waals energy terms of the MM potential. When calculating these energy terms, water
molecules are excluded and interactions with the surrounding solvent are instead estimated
with a continuum-solvation approach, yielding a polar solvation energy, Gso, €.g. estimated by
the Poisson—Boltzmann or the generalised Born (GB) methods, and a non-polar solvation
energy, G, typically estimated from the solvent-accessible surface area (SASA). Finally, the
entropy (S in Eqn. 2) is estimated by a normal-mode analysis of the harmonic frequencies,
calculated at the MM level. Consequently, binding free energies can calculated from

AGyu = G(RL)) = (G(R) = [G(L), -

where the brackets indicate ensemble averages over snapshots sampled from the MD
simulations.

The MM/GBSA approach has been used to calculate AGying for many systems [14,15] and
problems with the statistical precision [16] have been cured [17,18]. However, it has been
showed that the results are not always satisfactory [19,20,21,22]. A possible reason for this is
the use of the continuum-solvation approach, which ignores the explicit involvement of water
molecules in the binding of ligands [23]. Water molecules may significantly affect the affinity
of a ligand in at least two ways [24,25].

(a) The binding site of the receptor may contain water molecules before the ligand binds
and different ligands may displace a varying number of water molecules. It is well-
known that water molecules in protein clefts and cavities have differing properties
compared to bulk water molecules [23] and it is believed that a significant part of the
binding affinity is caused by the release of such binding-site waters upon binding
[26,27,28,29].



(b) It is possible that the binding of ligands is mediated by water molecules, e.g. by
bridging hydrogen bond. In fact, it has been observed that 85% of protein—ligand
complexes involve water molecules in the binding interface [26]. It is unlikely that a
continuum-solvation method would satisfactorily model such interactions.

In several cases, explicit water molecules have been included in MM/GBSA calculations
as part of the receptor, often giving improved results [30,31,32,33,34,35,36,37,38]. For
example, a study of the binding of six inhibitors to blood-clotting factor Xa showed that the
MM/PBSA predictions were strongly improved if one water molecule that mediated the
interaction between some of the ligands and the protein back-bone was explicitly considered
(the correlation coefficient, r, increased from —0.8 to +0.8) [37]. Similar results were obtained
if all water molecules that remained in a single position during the MD simulations were
treated as a part of the protein. For the interaction of two proteins, McCammon and coworkers
observed slightly improved results if two water molecules were explicitly considered, but
much worse results if 200 water molecules were considered [35]. However, in a large test of
855 ligand complexes, inclusion of water molecules within 3.5 A of the ligand deteriorated
the results [39]. This shows, that the second (b) effect of water molecules often is significant
and that it can be estimated by MM/PBSA, but it does is not always improve the results. Still
another way to include the effect of water is to include a restricted number of explicit water
molecules [40,41], combined with the COSMO-RS continuum solvation method [42], which
has been shown to be insensitive to whether second-sphere water molecules are included
explicitly in the calculations or not [43].

There have also been several attempts to estimate the free-energy gain of displacing water
molecules during ligand binding. The binding energy of water molecules can be estimated by
free-energy perturbation or grand canonical Monte Carlo methods [44,45,46,47,48,49].
Cheaper and more approximate methods have also been suggested [50,51,52,53,54,55,56]. It
has been shown that prediction of relative binding affinities with free-energy perturbations are
improved if water molecules in the binding site first are identified with the JAWS approach
[57]. Moreover, the WaterMap water displacement energies have been shown to correlate well
with ligand-binding free energies for several proteins [58,59,60,61]. Guimardes and
Mathiowetz have tried to combine WaterMap with MM/GBSA to introduce explicitly the (a)
water effect in MM/GBSA [62]. They observe small but consistent improvement of the
correlation coefficient for two test cases, compared to the separate WaterMap and MM/GBSA
methods. On the other hand, for the SRC kinase, WaterMap gave quite poor results and it did
not improve results obtained with MM/GBSA [63]. Friesner and coworkers have also
combined WaterMap with a MM/GBSA-like approach and obtained improved results for four
out of five test systems [64].

In the present paper, we explore the possibility of include both the (a) and (b) effects of
water molecules within the MM/GBSA scheme in the hope of obtaining a more consistent
method, without the risk of double-counting energy terms [62]. As a test case, we use the
binding of nine phenol-derivatives to ferritin, which has been the subject of several previous
theoretical studies [20,21,23,65].

Methods

Preparation of the protein and ligands

We have studied ferritin with nine phenol derivatives (L01-L09), which are shown in
Figure 1. The preparation of the protein has been described before [21,23,66]. Ferritin is a
multimer of 24 protein chains. However, to save computer time, only a dimer was simulated,



as has successfully been done before [21,23,65,67]. The simulations were based on crystal
structures of horse spleen ferritin with ligand LO9 (PDB code 3f39) [67]. The other ligands
were built manually from this structure. All ionisable protein residues were assigned their
standard protonation state at pH 7. In each subunit of ferritin, the histidine residues 49, 132,
and 147 were assumed to be doubly protonated, residue 114 was protonated on the N°' atom,

and residue 124 on the N*? atom [23]. The Amber99SB force field [68] was used to describe
the protein, whereas the ligands were described by the general Amber force field [69]. Ligand
charges were calculated with the restrained electrostatic potential method [70] using potentials
calculated at the HF/6-31* level and sampled with the Merz—Kollman scheme [71]. The
protein and ligand were immersed in an octahedral box of TIP3P [72] water molecules that
extended at least 10 A outside the protein.

Simulation protocol

The molecular dynamics (MD) simulations were run by the sander module in Amber 11
[73]. The temperature was kept at 300 K using Langevin dynamics [74] with a collision
frequency of 2.0 ps™. The pressure was kept at 1 atm using a weak-coupling approach [75]
with isotropic position rescaling and a relaxation time of 1 ps. Particle-mesh Ewald
summation [76] with a fourth-order B-spline interpolation and a tolerance of 10~ was used to
treat long-range electrostatics and the long-range van der Waals interaction were treated with a
continuum approach. The non-bonded cutoff was 8 A and the non-bonded pair list was
updated every 50 fs. The MD time step was 2 fs and the SHAKE algorithm [77] was used to
constrain bond lengths involving hydrogen atoms.

The simulations were performed in the following way: First, the system was optimised by
100 steps of steepest descent minimization, keeping all atoms except those of the ligand
restrained to their start positions with a force constant of 418 kJ/mol/A? (this step was skipped
for the protein without any ligand). Next, the system was minimised by 100 steps of steepest
descent, keeping all atoms except those of water molecules and hydrogen atoms restrained
with the same force constant. The minimisation was followed by 20 ps MD equilibration with
a constant pressure and the restraint force constant reduced to 214 kJ/mol/A2. Finally, a
1000 ps simulation was performed at a constant pressure without any restrains, followed by a
200 ps production run, during which coordinates were sampled every 5 ps to be used for the
energy calculations. We employed 40 independent simulations for each protein—ligand
complex, by assigning different starting velocities to atoms at the start of the 1000-ps
equilibration. Thus, the MM/GBSA estimates are based on 1600 energy calculations for each
ligand. Reported uncertainties are standard errors over the 40 independent simulations (i.e. the
standard deviation over these simulations divided by V40 ).

Standard MM/GBSA calculations

AGhing was calculated according to Eqn. 2 using two different approaches: In the single-
average (1av) approach, all three terms on the right-hand side of Eqn. 3 were obtained from
the snapshots from the MD simulation of RL:

AGi=G(RL) = G(R) = G(L)n @
(the subscript of the angle brackets show which simulations were used for the average). The
coordinates of the other two states (R and L) were obtained from the RL simulation by simply

removing the ligand or the receptor. Thereby, the Eynq term cancels and the precision is
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improved. In the three-average approach (3av), the first term was obtained from the MD
simulation of RL, the second from the MD simulation of R free in water, and the third from
the MD simulation of L free in water:

AG%?Xd = G(RL)RL - G<R)R - G(L)L (5).

The terms in Eqn. 2 were calculated using Amber [73] with water molecules stripped off
and without any periodic boundary conditions, but with an infinite cutoff. The MM energies
were estimated using the same force field as in the simulations. The polar solvation energy
was calculated by the GB model of Onufriev et al., model I (a = 0.8, 3 =0, and y = 2.91) [78].
The non-polar solvation energy was estimated from the solvent-accessible surface area
(SASA) according to G, = a SASA + b, with a = 0.0227 kJ/mol/A? and b = 3.85 kJ/mol [79].
The calculations employed the second set of modified Bondi radii [78].

The entropy was estimated by a normal-mode analysis of the harmonic frequencies
calculated at the MM level. For this calculation, we used our modification of MM/GBSA to
improve the precision [17,80]: All residues more than 12 A from any atom in the ligand were
deleted and the remaining atoms were minimised, keeping all residues more than 8 A from
ligand fixed (including all water molecules), to ensure that the geometry is as close as possible
to the original structure. In the frequency calculations, the fixed buffer region was omitted. In
the three-average approach, we did nine entropy calculations for the free protein, because the
protein residues included in the entropy calculation differed for the various ligands.

MM/GBSA with explicit water molecules

In this paper, we aim at estimating the effect of water molecules on the binding of a ligand
to a receptor. We will consider the role of water in the binding site, both before and after the
binding. Therefore, we consider a binding reaction that is more detailed than Eqn. 1, viz.

RW,, + L - RW,L + (m—n) W (6)

where W denotes water, and m and n are the number of water molecules in the binding site
before and after the ligand binds, respectively. The binding energies of the ligand, as well as of
the binding-site water molecules can in principle be estimated by the MM/GBSA approach.
However, when there is more than one binding molecule, there are several ways to perform
the calculations.

If we are interested only in effect (b) above, i.e. the effect of water molecules mediating
the interactions between the ligand and the receptor, we could simply consider those water
molecules as a part of the receptor and perform standard MM/GBSA calculations with a few
explicit water molecules that are kept explicit in the calculations. Thus, the binding energies
are calculated for the reaction

RW, + L - RW,L (7)

This has been done before [30,31,32,33,34,35,36,37,38] and it is simple to implement. You
only have to identify the water molecules of interest and change the scripts so that they are
considered as a part of the receptor.

However, if we want to include also the effect (a) above, i.e. the fact that different ligands
can displace a varying number of water molecules, we need to explicitly estimate the binding
energy also of the binding-site water molecules. This can in principle also be done by



MM/GBSA. In the simplest case, we can consider the reaction
R+W - RW 3

which is analogous with Eqn. 1 with a water molecule as a ligand.

However, a direct application of MM/GBSA (Eqn. 2) on this reaction will not give the
desired results. The reason for this is that when the water molecule is removed from the
receptor, it will be replaced by continuum solvent. Therefore, we will get the difference in the
interaction energy of an explicit or implicit water molecule to the receptor. To get the desired
result, we have to replace the water molecule with a non-interacting ghost molecule, i.e. a
water molecule with zeroed charges and van der Waals parameters, which prohibits continuum
water to occupy the volume of this molecule. It should also have the same radii as a normal
water molecule, so that the SASA term does not change.

In principle, a similar approach could be used to successively calculate the binding
affinity of several water molecules or of both the ligand and one or more water molecules.
Unfortunately, such individual binding energies will depend on the order of the binding of the
molecules (the interaction energy depends on what molecules are defined as a part of the
receptor). However, if we are not interested in the binding energy of each water molecule, we
can instead simply study the net reaction:

R+nW+L - RW,L )

If the calculations are made consistently and with ghost molecules, the sum of the separate
binding energies of the n water molecules and the ligand in any order will give the same net
results.

Consequently, we performed two simulations, one of the free receptor and one of the
ligand-bound complex. With the latter, we studied the reaction in Eqn. 9 and with the former,
we studied corresponding reaction without any ligand:

R+mW - RW, (10)

The difference of these two reactions give our full binding reaction in Eqn. 6. By studying
these two reactions separately, we can still use the one-trajectory approach of MM/GBSA,
which has a much better precision than the three-trajectory approach [81].

In practice, we actually calculated individual binding energies for each water molecule
according to their distance to the ligand (distance between any atom in the ligand and the
water oxygen atom), the water molecule with the shortest distance was assumed by bind first.
Already considered (bound) water molecules were treated as part of the receptor, whereas
those not yet considered were treated as ghost molecules. For the complex, we let the ligand
bind in a final step, after all water molecules. Thereby, we can separate the effects from cases
(a) and (b) above. However, we want to emphasize that the final energies are independent of
the order of the binding of molecules, because the intermediate energy terms cancel and the
only terms remaining are those of R and RW,L or RW,, (cf. Eqn. 11 below).

We defined the active site of ferritin as the volume within 5 A from ligand L.09 and all
water molecules with at least one atom within this distance were considered to be in the active
site. For the simulations with other ligands than L09, we overlayed the structure with the
starting structure of the complex with L.09, employing all C, CA, and N atoms of residues
within 10 A of the ligand in the fit.

With such a definition, there will be a varying number of water molecules in the binding
in different snapshots. We solved this problem by grouping the snapshots after the number of
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water molecules. Averages were calculated only over snapshots with the same number of
water molecules (i or j ) and the final AGyina was obtained by summing the averages, weighted
by the probability of observing this number of water molecules in the snapshot (p; and p; ):

max (n)

AG%;ZZE__Z( P{G(RW,L)=G (Rwil)=G (L),

= (11)
o )pj<G<RWj)_G(RWJI)>R — (m—n)G(W)

Jj=min(m

where lower-case | and w denote ghost ligand and water molecules, respectively. The
individual free energies were obtained from Eqn. 2.

Standard errors were calculated for each ensemble average in Eqn. 11 by dividing the
standard deviations by the square root of the number of snapshots with the same number of
water molecules in the binding site, and the total uncertainty was obtained by error
propagation, weighting each standard error by the probabilities p; and p;. Such uncertainties
are based on all the 1600 snapshots, instead of only the results of the 40 independent
simulations, as for the single- and three-average approaches, and are therefore expected to
underestimate the true uncertainty. Therefore, we calculated standard errors for the single-
average approach also based on all 1600 snapshots and compared them to those based on the
40 independent simulations. The quotient was 1.6-2.6 and therefore, we multiplied all
uncertainties based on all 1600 snapshots by the average of this quotient over the nine ligands,
2.2.

Quality measures

The accuracy of the results relative to the experimental affinities [67] was estimated using
the mean absolute deviation (MAD), the MAD after the systematic error (i.e. the mean signed
error) had been removed (MADHtr), the correlation coefficient (r%; a negative sign of r? is used
to indicate that r is negative), and Kendall's rank correlation coefficient, calculated for the
pairs of ligands for which both the experimental and calculated differences in affinities are
statistically significant at the 95% level (t9s) [82]. The number of such significant pairs is also
given (npss). The uncertainty of the quality measures was estimated using a parametric
bootstrap (using 1000 random samples) [83] using the uncertainty of both the experiments and
computational predictions.

Result and Discussion

In this paper, we study the binding of the nine phenol derivatives in Figure 1 to a dimer of
ferritin. Our focus is on the effect of water molecules on the binding. As detailed in the
Methods section, we have tested several different approaches that will be described in separate
sections below.

Standard MM/GBSA

We first performed standard MM/GBSA calculations in which all water molecules were
replaced by the GBSA continuum solvent. We tested both the single-average approach, Eqn. 4,
in which only the RL complexes were simulated, and the three-average approach, Eqn. 5, in
which separate MD simulations were performed also for the free protein and the free ligand.
All results are collected in Table 1.

It can be seen that the single-average approach gives good results: The calculated



affinities are —1 to —46 kJ/mol, whereas the experimental affinities are —19 to —33 kJ/mol [67].
As usual, MM/GBSA overestimates the range of the affinities (46 vs. 14 kJ/mol) [22], but in
this case the absolute values of the calculated affinities are quite close to the experimental
ones. In fact, the mean absolute deviation (MAD) is only 8.6%0.3 kJ/mol and it decreases only
marginally if the average signed error (-1 kJ/mol) is subtracted (MADtr = 8.5+0.3 kJ/mol).
Moreover, the correlation coefficient (r?) between the calculated and experimental affinities is
nearly perfect, 0.90%+0.02 and Kendall's tau value for significant pairs (Tss) is 0.94+0.01 (based
on 32 of the 36 possible pairs). The standard error of each of the individual estimates is 1
kJ/mol, owing to the use of 40 independent simulations with 40 snapshots in each [18]. Of
course, the good results of the standard MM/GBSA method are somewhat problematic,
leaving little room for improvements with explicit water molecules.

Interestingly, the results become much worse if the three-average approach is instead
used. As can be seen in Table 1, the calculated affinities become 109-197 kJ/mol more
positive, making all predicted affinities positive and all quality measures bad. In particular,
MADtr increases to 18+5 kJ/mol and the correlation becomes negative (r = —0.5). This large
effect comes almost entirely from the protein — the difference between average energies for the
ligand obtained from the complex or free-ligand simulations differ by less than 5 kJ/mol. In
particular, the van der Waals energy changes when the protein is allowed to relax — it is
lowered by 57—154 kJ/mol. The electrostatic energy decreases even more, by ~600 kJ/mol, but
this is mostly compensated by the GB solvation energy so that the net effect of the sum is only
50 kJ/mol on average. The other terms show smaller effects 7-8 kJ/mol on average, but the
SASA energy decreases always, showing that the solvent-exposed surface area decreases for
free protein. The standard errors of the three-average estimates are very large, 19-21 kJ/mol,
explaining why the results are close to random. In fact, only one of the pair-wise differences
between the nine ligands is statistically significant, but it has an incorrect sign (tes = —1) .

Three-average MM/GBSA with 3—5 explicit water molecules as part of the receptor

To include water molecules in the MM/GBSA calculations, we first studied the number of
water molecules in the binding site in the various simulations. As is detailed in the Methods
section, the number of water molecules was determined by overlaying each snapshot with the
starting crystal structure of the smallest ligand, .09, and counting all water molecules within 5
A of any atom in L09. The results are shown in Figure 2. For the protein without any bound
ligand, there were 1-13 water molecules in the binding site, with three as the most common
value, and five as the average value. However, the distribution is skewed towards higher
values, indicating that the structure frequently opens up significantly.

For the complexes, the number is lower, 0-9. On average, all complexes have three water
molecules in the binding site, except those with ligands LO7 and L09, which have four water
molecules. The number of water molecules follows quite systematically the size of the ligand,
with the results for L0O7 indicating that the water molecules bind preferentially on one side of
the ligand.

As a first approximation, we used the average number of water molecules in the
calculations: We performed three-average MM/GBSA calculations based on the RL, R, and L
simulations, but including five water molecules as a part of the free receptor and four (L07
and L.09) or three water molecules as a part of the receptor in the calculations with the
complex. The water molecules were always those closest to the ligand. Consequently, the
binding energies were estimated from:

AGia =(G(RW, L))y, —(G (RW;))r —(G (L)) +(5—n)G(W) (12)



with n = 3 or 4. No ghost ligands were used because the water molecules are replaced by the
ligand.

It can be seen in Eqn. 12 that the estimates involve the G(W) term. This term was
estimated from a standard MM/GBSA calculation. Since the geometry of a TIP3P water
molecule is rigid, any water molecule in any snapshot will give the same energy, —103 kJ/mol,
which comes from the GB solvation energy (—48 kJ/mol), the SASA term (4 kJ/mol), and the
entropy (—TS = —58 kJ/mol). The latter consists of translational (—43 kJ/mol) and rotational
(=15 kJ/mol) contributions, whereas the vibrational part is negligible.

Using this value for G(W), we obtain the binding affinities included in Table 1, column
3avW. It can be seen that the results are slightly improved compared to the three-average
approach. However, the results are still far from satisfactory, with positive affinities, MADtr =
17+5 kJ/mol, and r* = 0.0. The standard errors are slightly larger than those of the three-
average approach, 20-22 kJ/mol (ignoring the uncertainties in G(W) and the number of water
molecules), and the range of the calculated affinities is 4.5 times larger than for the
experimental data, 62 kJ/mol.

Single-average MM/PBSA with explicit water molecules

Apparently, it is hard to obtain statistically converged results with the three-average
approach, with or without explicit water molecules, in particular for this test case (~400 times
more simulations are needed to bring the standard errors down to ~1 kJ/mol). Therefore, we
instead tested an approach in which we calculated individual binding energies for each water
molecule and ligand in the binding site. These were estimated by the single-average approach,
based on simulations of either only RL or of both RL and R, ensuring more reasonable
standard errors. In addition, we decided to consider only water molecules in the binding site,
the number of which varies in the different snapshots with the frequencies shown in Figure 2.

In the first step, we concentrate on effect (b) discussed in the introduction (water
molecules mediating the binding to the receptor). Therefore, we estimated the binding affinity
of each ligand, keeping the 0-9 water molecules in the binding site as part of the receptor.

The free energies were calculated from

max(n)

AG = Z p{{G(RW,L)=G(RW,)=G (L)), (13)

As detailed in the Methods section, snapshots with the same number of water molecules were
grouped together (i in Eqn. 13). Therefore, we got 6-9 different results for each complex
(max(n) in Eqn. 13), depending on the number of water molecules in the complex.

There was often a quite large variation between the estimated binding affinities for the
different number of water molecules, with ranges of 2—49 kJ/mol for the nine ligands. The
snapshots with the smallest and especially the largest number of water molecules gave the
most extreme values (because they are based on averages over only few snapshots). However,
when weighting by the probability of finding a certain number of water molecules in the
binding site (p; in Eqn. 13), stable averages were obtained (which actually do not differ from
plain averages by more than 6 kJ/mol). These weighted averages are included in Table 1,
column lavng. It can be seen that these affinities are remarkably similarly to those obtained
with the single-average approach, with differences of less than 6 kJ/mol. However, the
calculated affinities reproduce the experimental data slightly better than the single-average
approach, with a significantly better MADtr = 6.5+0.3 kJ/mol and a smaller range of 38
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kJ/mol. The correlation and ranking is the same as for the single-average approach (r* =
0.89+0.03 and T9s = 0.95%0.01), as is the uncertainty, 1 kJ/mol. Thus, the effect of water
bridges between the ligand and the protein (effect (b) above) is quite small, but significant.

As a first step to include the (a) effect also (displacement of water), we can repeat the
same calculations, but convert the ligand to a ghost molecule:

max(n)

AGp®= 3 p(G(RW,L)=G(RW 1)=G (L)), (14)

i=min(n)

Again, we performed 6-10 calculations per ligand, depending of the number of water
molecules in the snapshots. The variation in the calculated binding affinity between the
various snapshots was similar to what was found without the ghost ligand, 5-51 kJ/mol. The
calculated affinities, averaged over the snapshots are listed in Table 1, column 1avgh. It can be
seen that the effect of the ghost ligands is significant, although it is mainly a constant shift of
all affinities by —15 to —29 kJ/mol. Therefore, the predictions are of a similar quality (but
slightly worse), with a MADtr of 10.6+0.3 kJ/mol, r* = 0.86+0.03, and Tss = 0.94+0.01. The
uncertainty remains at 1 kJ/mol.

These energies are not intended to be used alone, but they should be combined with
calculated affinities of the water molecules in the binding site, both for the complex and the
free protein. In the free protein, each water molecule had a negative interaction energy
(G(RWp) — G(RW,,.1w)) of —10 to —77 kJ/mol, with an average of —48 kJ/mol (most negative
in the snapshots with many waters and closest to zero in those with few waters). The
interaction energies roughly become less favourable (negative) the more water molecules are
removed (because they are removed according to their distance to the ligand). However, the
total interaction energy of all water molecules is independent of the order they are removed.
The weighted sum to remove all water molecules is —268.9+1.5 kJ/mol, which is close to the
product of the average number of water molecules (5.5) and the average binding energy of
each water, —261 kJ/mol.

Similar results are obtained for the water molecules in the protein—ligand complexes: The
interaction energy of all water molecules is negative with a single exception, 5 to —89 kJ/mol
with an average of —48 kJ/mol (i.e. the same as in the free protein). The weighted sum to
remove all snapshot is 139-209 kJ/mol for the complexes with the nine ligands.

We can now subtract these water interaction energies for the complexes and the free
protein and add to the binding energy of the ligand to the complex with n explicit water
molecules, according to Eqn. 11. To this sum, we should also add (m — n)*G(W) for the
various snapshots.

With the MM/GBSA value for G(W) (=103 kJ/mol), we get a decent correlation and
ranking (r* = 0.82+0.02 and Tss = 0.87£0.01), but the affinities are much too negative and with
a too large range (—108 to —232 kJ/mol), and therefore MADtr is also large (28+1 kJ/mol;
Table 1, column 1avW).

This indicates that the MM/GBSA estimate of G(W) is too negative. This is supported by
the experimental hydration free energy of water, which is —26 kJ/mol [84], i.e. 18 kJ/mol less
negative than the GBSA estimate. Likewise, the standard entropy of liquid water at 298 K is
70 J/mol/K [85], corresponding to —TS = —21 kJ/mol. Thus, an experimental estimate of the
G(W) term is —47 kJ/mol, i.e. very close to the average interaction energy of water molecules
to both the free protein and the complexes.

Using this value of G(W) instead, we get a similar r* (0.81+0.04), a slightly better Tqs
(0.92%0.01), and a much improved MADtr (9.0+0.8 kJ/mol). Although all three results are
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slightly worse than for the single-average approach, none of the differences are statistically
significant at the 95% level. The statistical uncertainties of the binding affinities are 2—3 times
larger than for the single-average approach, 2.2-2.4 kJ/mol, coming mainly from the water
binding energies and the fact that two estimates with a similar uncertainty (~1.5 kJ/mol) are
combined.

Alternatively, we could use G(W) as a fitting parameter, although this would make the
approach more empirical and it will loose its advantage of not containing any adjustable
parameters. Figure 3 shows how the range, MAD, MADHtr, and r* depend on the value of
G(W). The best correlation, r* = 0.82, is obtained for G(W) in the range of —62 to —108
kJ/mol. On the other hand, the best MADtr (3 kJ/mol) is obtained for G(W) = -21 kJ/mol and
the smallest range is found for G(W) = —16 kJ/mol (9 kJ/mol , i.e. slightly smaller than the
experimental range of 14 kJ/mol). The smallest MAD (4 kJ/mol) is obtained for G(W) = -32
kJ/mol. Thus, it is not possible to optimise all quality measures simultaneously. Moreover, it is
likely that the optimum value depends on the system and the methods used. For example, for
the 3avW approach, all optimum results are obtained for appreciably more negative values of
G(W) as can be seen in Figure 3b.

Conclusions

In this article, we have introduced, tested, and discussed different methods to include
explicit water molecules within the MM/GBSA framework. As a test case, we used the
binding of nine phenol analogues to ferritin, because it has been shown that these ligands
displace water molecules upon binding [65,67].

In a first step, we tried to include a number of explicit water molecules in the calculations
as a part of the receptor. In variance to previous attempts with the same aim [30,31,32,33,34,
35,36,37,38], we did not use a fixed number of water molecules, but instead included all water
molecules in the binding site, which varied in the different snapshots. Therefore, we grouped
the snapshots after the number of water molecules and treated them separately, obtaining the
final affinity as a weighted mean over the various numbers of water molecules in the binding
site (Egn. 13). The effect of the binding affinities was modest, up to 6 kJ/mol, but both the
MADtr and the range of the affinities were improved. This seems to be a reasonable approach
to include the effect of water molecules mediating the binding of a ligand to the receptor.

Next, we tried to include also the effect of displaced water molecules. Our hypothesis was
that the MM/GBSA should be able to estimate the binding of a water molecule to the receptor
in the same way as a ligand. The only difference is that the water molecules need to be
converted to a non-interacting ghost molecules to avoid that the continuum solvation
calculation includes their effects when not bound. A first attempt to include this effect with the
three-average MM/GBSA approach and fixed number of water molecules failed, primarily
owing to the very large uncertainty of the three-average approach, especially for this protein
(20-22 kJ/mol).

Therefore, we instead suggested that these calculations should be based on two single-
average calculations, one for the complex and one for the free receptor. In both cases, the
binding affinity of all water molecules in the binding site is estimated, together with the
affinity of the ligand in the complex calculation. Both the ligand and the water molecules are
converted to ghost molecules when unbound. Again, we allowed for a different number of
water molecules in the various snapshots by grouping the snapshots and calculating the results
as a weighted average over the snapshots (Eqn. 11). We show that this approach works well
and gives a reasonable uncertainty.

The only problem with the approach is the free energy of an unbound water molecule,
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G(W), which enters all approaches with displaced water molecules. It seems that MM/GBSA
estimate, —103 kJ/mol is too negative. The reason for this is partly the poor estimate of the
solvation energy of a water molecule by the present GB method [78], giving an error of 18
kJ/mol, which is unusually large for a GB method, which typically give mean absolute errors
of 4-6 kJ/mol for small neutral molecules [86]. Of course, this estimate will change if the
continuum solvation method is changed. However, the main reason for the overestimate is the
entropy, which is estimated by Sackur—Tetrode equation, valid for an ideal gas, but probably
not for water in aqueous solution. This problem has been thoroughly discussed in other
contexts [85,87,88,89], and the MM/GBSA entropy is 37 kJ/mol more negative than the
standard entropy of liquid water. Further studies with much larger test sets are needed to settle
the appropriate value of G(W); for time being, we recommend the experimental estimate, —47
kJ/mol. For this value, we obtain good results for our test case, showing that our method is a
promising approach to include the effect of water molecules in MM/GBSA.
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Table 1. Calculated binding affinities and standard errors (kJ/mol) for the various variants of
MM/GBSA, the standard single-average (1av) and three-average (3av) approaches, the 3av
approach with 3-5 explicit water molecules (3avW), the 1av approach based on only the RL
simulations with 0—9 water molecules treated as part of the receptor and without (1avng) or
with (1avng) converting the ligand to a ghost molecule, and the full explicit-water 1lav
approach, based on both the RL and R simulations (1avW). The master equation for each
method is given in the Eqn. row. In applicable cases, the value of G(W) used (kJ/mol) is also
noted. In addition, the experimental data [67] are also included (Exp). The second part of the
table contains the quality measures of the various results.

Method  lav 3av  3avW  lavng lavgh lavW Exp.
Eqn. 4 5 12 13 14 11
G(W) -103 -103 —47

LO1  -38.0£0.9 106+21 52+21 -39.2+0.9 -61.8+0.9 -217.5£2.3 -73.9+2.3 -30.5£0.1
L02  -46.5t£1.2 134+21 73£22 -45.8£1.0 -75.3+0.9 -231.5£2.2 -77.2+2.2 -30.1£0.5
LO3  -42.7£1.0 154£19 95£20 -42.4+0.9 -68.6+£0.9 -231.8+2.2 -75.3£2.2 -32.7+0.4
L04  -37.8£0.8 135£19 75£20 -37.6£0.9 -62.0+0.9 -211.2+2.2 -70.5+2.2 -30.6+0.2
LO5  -30.5£0.8 95+£20 33+21 -31.5+0.9 -51.5+£0.9 -190.7£2.3 -59.5+2.3 -28.2+0.1
LO6  -21.7#0.7 117421 57422 -23.8+0.9 -40.3£0.9 -172.5£2.3 -54.4+2.3 -25.9%0.1
LO7  -21.1+£0.8 102+21 74£21 -24.4£0.9 -43.4+0.9 -153.7+£2.3 -52.1+2.3 -27.4+£0.1
LO8  -17.3£0.7 10721 49£21 -22.1+0.9 -38.2+0.9 -176.3+2.3 -59.4+2.3 -22.8+0.1
L09 -0.8+1.0 109+20 90+£21 -7.3£0.8 -22.3+0.8 -107.5t2.4 -29.3+2.4 -18.7%0.1
Range 45.7 56 62 38.5 52.9 124.3 47.9 14.0
MAD 8.6£0.3 145t7 9447 6.8£0.3 24.1+0.3 160.7+£0.7 33.8+0.7

MADtr 8.5£0.3 18%£5 1745 6.5£0.3 10.6£0.3 28.3+0.8 9.0+0.8

r 0.90+0.02 0.3+0.2 0.0+0.1 0.89+0.03 0.86+0.03 0.82+0.02 0.81:+0.04
Tos 0.94+0.01 -1.0£0.3-1.020.2 0.93+0.01 0.94+0.01 0.87+0.01 0.92+0.01
npos 32 1 1 30 32 31 26
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Figure 1. The nine phenol derivatives L1-L9 used in this study (Et, Pr, iPr and sBu denote
ethyl, n-propyl, isopropyl and secondary butyl groups, respectively).
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Figure 2. Probability of finding different numbers of water molecules in the binding site of
ferritin for the simulations without (No) or with the various ligands. The number in the legend
shows the average number of water molecules over the 1600 snapshots.
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Figure 3. Dependence of the range, MAD, MADIr (left axis) and 7* (right axis) of the

calculated affinities obtained with the 1avW (top) and 3avW (bottom) approaches as a
function of G(W). Note the different scales of G(W) in the two figures. The MM/GBSA

estimate of G(W) is —103 kJ/mol and the experimental estimate is —47 kJ/mol.
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