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Abstract
Water molecules play a crucial role in protein–ligand binding, and many tools exist that aim to predict the position and relative energies of these important, but challenging participants of biomolecular recognition. The available tools are, in general,
capable of predicting the location of water molecules. However, predicting the effects of their displacement is still very
challenging. In this work, a linear-scaling quantum mechanics-based approach was used to assess water network energetics
and the changes in network stability upon ligand structural modifications. This approach offers a valuable way to improve
understanding of SAR data and help guide compound design.
Keywords Fragment molecular orbital · Ligand binding · Water network · Quantum mechanics · Ligand optimisation

Introduction
When considering interactions of ligands with their protein targets, the contribution of solvent is often ignored or
underestimated. During the binding event both ligand and
protein undergo a desolvation step to allow their interaction. The reorganisation of the water molecules surrounding
the ligand after the binding event contributes to the change
in total binding free energy. In medicinal chemistry programs the focus is often on the energetically unstable water
molecules, and targeting “unhappy” waters within the binding site is now a common drug design strategy to achieve
potency gain or selectivity [1, 2] . However, often the gains
or losses in affinity upon displacement or replacement of
water molecules cannot be explained by considering protein–ligand interactions alone and the contribution of an
extended water molecule network to ligand binding should
be considered. Understanding the nature of the water molecule network around the ligand (and not exclusively water
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molecules in direct contact with the ligand) can help identify
ligand structural modifications that could further stabilise
such a network and thus be of practical use for compound
design. Multiple in silico approaches [3–5] exist that aim
to predict the location and energetics of water molecules
in the target binding site. In general, they are successful in
predicting the accurate position of most crystallographically
observed water molecules. However, the calculated energy
of the water molecules varies significantly between different
methods, resulting in inconsistent classification of the water
molecules that should be targeted.
An accurate assessment of the solvent contribution is
however extremely challenging. Protein–ligand binding
affinities are driven by the balance between multiple factors, many of which can only partially be accounted for by
force field-based methods. On the contrary, the first principle
nature of quantum mechanics (QM) calculations [6–12] ,
enables systematic improvements to the accuracy by which
biomolecular recognition is described. QM calculations can
overcome many of the limitations imposed by molecular
mechanics-based approaches (e.g. polarisations and charge
fluctuation). Despite the greater accuracy, QM methods have
not been routinely used in drug discovery due to the high
computational costs required to deal with large biological
systems. Recently, the development of fragment molecular
orbital (FMO) methods have increased the computational
speed of QM approaches. They achieve this by fragmenting the system into smaller parts, and deriving QM based
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pairwise interaction energies (PIE) between the fragment
and the ligand [3, 13]. By combining the PIE of all the fragment-ligand pairs it is possible to derive the total interaction
energy of a ligand with its biological target.
In this work, a FMO approach has been applied to calculate the energy of single water molecules in the binding site
and investigate the stability and contribution to the interaction energy of the water molecule network surrounding the
ligand; this is exemplified in a set of nine Bromodomain and
nine Bruton’s Tyrosine Kinase (BTK) structures. The same
structures have previously been used for evaluation of five
different commercial water prediction programs (3D-RISM,
[14, 15] SZMAP, [16] WaterFLAP, [17] WaterRank, [18,
19] and WaterMap [20]). [3, 13] Our results show that by
combining QM-FMO derived protein–ligand interaction
energies together with the interaction energies for the water
molecules it is possible to gain a more accurate description
of the ligand binding event and estimate the contribution of
the water network. This information can be very valuable to
improve understanding of Structure Activity Relationship
(SAR) data and help guide compound design.

Methods
All crystal structures were processed with Schrödinger’s
protein preparation wizard [21] to provide starting points
for further calculations: hydrogen atoms were added after
deleting any original ones, followed by adjustment of bond
orders for amino acid residues and the ligand. Hydrogen
positions were sampled using Schrodinger’s H-bond assignment/sample water orientation component, and the resulting
networks were evaluated using the FMO method. In case of
hydrogen placement ambiguity (as in the case of compound
10 in BTK for example), both solutions were evaluated.
Bond orders for amino acid residues and the ligands were
adjusted and the protonation and tautomeric states of Asp,
Glu, Arg, Lys, His and ligands were optimised using the
protein wizard default settings (pH of 7.0 ± 1), followed by
hydrogen bond network and water orientation sampling. PIE
values tend to overestimate the charge-charge interactions,
especially when the calculations are performed in vacuo
[22]. Some of the analysed BTK ligands would be protonated at physiological pH. The protonated groups are solvent
exposed, and due to desolvation effects the charge-charge
interaction with the protein would be limited. Therefore, to
avoid over-estimation of the charge-charge interactions we
decided to follow the procedure suggested by Heifetz et al.
[12] and neutralise the charged groups.
To derive the optimal starting point for the FMO calculation, the structures were subjected to a restrained minimisation procedure with the OPLS3e force field, as implemented
in the minimisation protocol of the protein preparation
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wizard of the Schrödinger’s suite of software, where each
heavy atom was allowed to deviate by up to 0.5 Å from
its original position in crystal structure or model. Residues
within 5 Å from the ligand atoms were included in the FMO
calculations. The C-terminal carboxylic acid was capped
with N-methylamine, and the N-terminal position acetylated while maintaining the geometry of the neighbouring
residues. Some residues were removed/added depending on
the local substructure to ensure minimal disruption in the
backbone chain (see Supplementary Information). Fragmentation was done using Facio, [23, 24] according to a wellestablished fragmentation strategy, where each FMO fragment is defined by the side chain, the Cα and backbone NH
of a given aminoacid plus the carbonyl group of the adjacent
aminoacid [10, 25] . The calculations were performed at
MP2/6-31G* theory level, using GAMESS implementation
[26, 27] . The analysis of the results was performed using
in-house tools developed in Python 3 [28].

Results and discussion
In this work, we studied a series of bromodomains (BRD9,
BRD4 and TAF1) (Table 1). A network of five highly conserved water molecules forming a water network at the protein–ligand interface was previously identified across all
these bromodomain structures [13].
For BRD9, the bromodomains are co-crystallised with a
series of analogues, starting with a weakly potent fragment,
compound 1 (compound numbering consistent with Nittinger et al. [3]), and three more complex analogues (compounds 2, 4 and 5). An overlay of the four BRD9 structures
(5I40, 5I7Z, 5I7Y, 6BQA) shows that the growth of the
ligand, during optimisation, leaves the water network intact
(Fig. 1A); therefore the energies of the individual water molecules, as well as the whole water network should remain
similar.
The observed differences in potency are therefore caused
mainly by the differences in the protein–ligand interactions,
rather than changes in the water network. This is accurately
reproduced by the FMO calculations: calculated PIE correlates with the observed SAR, where the p IC50 increases
going from 1 to 2 to 4 (Fig. 2). Compound 5 was calculated
to have the same interaction energy as 4, despite almost one
log unit difference in the measured pIC50. It is worth remembering that a FMO calculation is an estimate of the enthalpic
component of the ligand binding and it is possible that the
higher entropic penalty associated with the higher flexibility
of the 1-butenyl side chain in 5, that goes into the deeper part
of the pocket, is contributing to the observed discrepancy in
potency. The calculated energies of water networks and their
medians are comparable amongst the four structures. There
is very little discrepancy in energy profiles suggesting that
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Table 1  Bromodomain
structures

Compound

Protein

PDB code [3]

pIC50 [13]

Ligand PIE
(kcal/mol)

Water network
PIE (kcal/mol)

Water PIE median

1
2
4
5
2
4
2
4
5

BRD9
BRD9
BRD9
BRD9
BRD4(1)
BRD4(1)
TAF1(2)
TAF1(2)
TAF1(2)

5I40
5I7X
5I7Y
6BQA
5I80
5I88
5I29
6BQD
5I1Q

4.88
6.63
6.79
5.85
7.03
6.33
7.22
6.38
7.33

− 70.7
− 89.6
− 95.6
− 95.7
− 80.7
− 98.0
− 118.5
− 127.7
− 128.5

− 211.6
− 221.1
− 216.4
− 217.4
− 217.6
− 134.6
− 172.8
− 108.1
− 142.7

− 41.8
− 41.6
− 40.0
− 40.0
− 41.0
− 36.1
− 36.2
− 32.4
− 37.6

“Water network PIE” is the total of all the water energies, whereas “Water PIE median” is the median value
over the individual water molecules. Median was used as it gives a more appropriate idea of the data distribution

Fig. 1  A Structures of four BRD9 complexes studied. 1 is shown in
yellow sticks, 2 in green, 4 in blue, and 5 in salmon. B Structures of
two BRD4 complexes studied. 2 is shown in yellow sticks, 4 in green.

C Structures of three TAF1 complexes studied. 2 is shown in yellow
sticks, 4 in green, and 5 in slate

any changes in potency are not caused by potential changes
in the water network.
The same compounds bind in both BRD4 and TAF1,
where they adopt a binding mode in which the different substitutions on the scaffold cause the disruption of the water
network (Fig. 1B and C). Extending the ligand (2 to 4) leads
to a drop of affinity for BRD4. This is not reproduced by
protein–ligand calculated PIE: looking at the binding mode
(Fig. 1B) and the heatmap in Fig. 3, it can be observed that
the tail extending from the pyridone portion of the molecule
4 makes additional interactions with Phe83 and Asp106.
However, the decrease in potency can be explained by taking
into account the Water-Network PIE. The further extension
of this tail into the water network displaces water #4 and
causes the waters #0 and #3 to rearrange (water numbering
consistent with Nittinger et al. [3] and Crawford et al. [13]).
Water #3 recovers some of the lost energy through a newly
established hydrogen bond with Asn135, whereas water #0
has lost the favourable interactions with Met105 backbone

and Asn135 sidechain. Each of the four water molecules is
less stable in this new arrangement, significantly affecting
the overall stability of the water network, which in turn has
a detrimental effect on the overall affinity (Fig. 3). The fact
that the SAR cannot be explained just by visually analysing the protein–ligand interactions suggests that changes in
the measured affinity are caused by differences in the energetics of the water network. The displacement of a water
molecule from an active site is only favourable if the newly
formed protein–ligand-water interactions outweigh the loss
of energy caused by disrupting the water network.
Addition of the crotyl substituent also led to the drop
of affinity for TAF1 (Fig. 4). Here both waters #3 and #4
are displaced upon binding of 4, and water #0 is shifted
(Fig. 1C). The shift of the double bond to the terminal position in 1-butenyl substituent in 5 causes a slight conformational change of the alkyl chain so the water network is
re-established: waters #3 and #0 are shifted, and water #4,
the least stable water molecule in the complex, is displaced.
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Fig. 2  FMO results for the BRD9 in complex with 1, 2, 4 and 5. A
Structures of four BRD9 complexes studied. B Energetic contributions of individual water molecules to the stability of the overall
water network. C FMO-PIE generated contribution to ligand binding

energy in kcal/mol per fragment residues. Red indicates favourable
interaction energies, whereas green indicates unfavourable interaction
energies. The sum of these interactions is shown in Table 1 as Ligand
PIE

Calculated PIE between the protein and the ligand does
not fully explain the observed SAR as compounds 4 and 5
were calculated to be energetically equivalent, while 2 had
the lowest complexation energy of the three.
Water #0 is the most stable in the complex of TAF1 with
2, with the PIE value similar to the other two bromodomain structures (BRD4 and BRD9) in complex with the
same ligand. It is tetracoordinated to Asn1578, Tyr1540,
and the Met1548 backbone (engaging both NH and carbonyl
oxygen). With compound 4 in TAF1, displacement of water
molecules #3 and #4 causes the shift of water molecule #0,
and subsequently, loss of a H-bond with the Met1548 backbone carbonyl. Some of this energy is recovered through a
H-bond with water #2, whereas in 5 this does not seem to
be possible, as water #3 is shifted due to the presence of the
ligand substituent in such a way that it compensates loss
of an H-bond with water #4 by forming an energetically
comparable H-bond with the Met1548 backbone carbonyl.
Although shifted, water energetics remain the same. The
experimental results suggest that the average score of the
water network should be favourable for 2, decrease for 4, and
increase again for 5. This behaviour was successfully identified by FMO: the water network is favourable for 2, there is
a decrease in the energy contribution for 4, and again gain

in energy upon re-establishing the hydrogen bond network
in 5. Similar to TAF1, gains and losses in affinity cannot be
explained just by protein–ligand interactions. It is the combination of both water network stability and protein–ligand
binding that helps interpret the observed SAR. As shown in
the examples here, even if new protein–ligand contacts are
formed, if the stability of the water network is compromised,
this could be detrimental to the potency. Similarly, potency
gains can be achieved by stabilising the water network, even
if direct contacts between ligand and protein are weaker.
A second example was investigated, that of Bruton’s
Tyrosine Kinase (Table 2). In particular, eight different
structures from the protein databank were analysed. Energetics of eight structural waters were analysed as a part of
the conserved network in BTK. The waters are numbered
according to Nittinger et al. [3] Water #1 was displaced in
two x-ray structure pairs: 8/9 and 12/13 (Fig. 5).
The crystal structure of BTK in complex with 8 was
deposited in the PDB with the aniline in two different
positions. FMO calculations were run on both ligand
geometries (8A and 8B in Table 2), and the results were
equivalent (both in terms of protein ligand PIE and water
network energetics), suggesting that both orientations
are present in the conformational ensemble. Methylated
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Fig. 3  FMO results for the BRD4 in complex with 2 and 4. A Extension further into the water network displaces water #4 and causes the
waters #0 and #3 to rearrange. B Energetic contributions of individual
water molecules to the stability of the overall water network. C FMO-

PIE generated contribution to ligand binding energy in kcal/mol per
fragment residues. Red indicates favourable interaction energies,
whereas green indicates unfavourable interaction energies. The sum
of these interactions is shown in Table 1 as Ligand PIE

pyridazinone in 9 and 13 displaces the water #1, leading
to a decrease in affinity. This is correctly reproduced in
protein–ligand PIE for the pair 8/9 (PIE − 169 kcal/mol
for 8 and − 150.3 kcal/mol for 9), and the calculated protein–ligand complexation energy for 12 is slightly higher
than 13 (− 164.4 kcal/mol for 12, − 159.0 kcal/mol for
13). Loss of stable tetracoordinated water #1 (Ligand,
#2, Glu475 and Thr474) causes the reorientation of water
#2 in the complex with 9 in such a way that it compensates for the interactions lost by now engaging sidechain
of Asp539, rather than Lys430 and water #1. This movement is slightly more favourable for water #3 as well. In
complex with compound 13, there is an additional, highly
stable water molecule H-bonded to Lys430, Asp539, and
waters #2 and #3 (PIE − 45.1 kcal/mol) (Fig. SI1).
Since this additional water molecule was observed only
in this structure, both cases were evaluated in FMO. In
the presence of the additional water molecule, the bond to
water #2 is broken in favour of stabilising this additional
water molecule. When this water is not present, water #3
is stabilised by Lys430, water #2 and the nitrogen of pyridazine. In any case, the overall water network is significantly
less stable in 13 (median value − 32.3 kcal/mol) compared
to 12 (− 40.7 kcal/mol), which contributes to the observed

difference in potency. Experimental and computational
results suggest water #1 is relatively stable and difficult to
displace; it is the combination of both water network stability and protein–ligand binding that helps interpret the
observed SAR.
In the pair 6/7, the methyl on the central phenyl ring
in compound 6 is replaced by a hydroxymethyl moiety in
compound 7. In the complex with structure 7 the water
molecule #6 seems to be present in two different positions
with 0.45 and 0.55 occupancy. Therefore, three structures
of 7 were evaluated in FMO: one with the water #6 missing
(7), one with water #6 in the same position as it is in the
complex with 6 (7B, occupancy 0.45 in the original PDB
structure, 6BIK), and one where this water is shifted 3.4 Å
(7A, occupancy 0.55 in the original PDB structure). The protein–ligand PIE is higher for 7 than 6 (− 184.5 (7)/− 189.2
(7A) kcal/mol, compared to − 149.0 kcal/mol), which is in
line with the observed SAR. All three representations of
complex 7 structures have comparable protein–ligand PIEs,
and detailed inspection of the associated FMO-PIE results
reveals no significant direct interactions between compound
7 and water #6 (Fig. SI2). The water network appears to
be more stable in 6. Water #6 in the complex with 6 is stabilised by waters #4 and #5, the backbone of Arg525, as
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Fig. 4  FMO results for the TAF1 in complex with 2, 4 and 5. A
Extending the ligand leads to perturbance of water network and
drop of affinity in 4. In 5, the water network is recovered, and affinity maintained. B Energetic contributions of individual water molecules to the stability of the overall water network. Change in the
median FMO calculated ‘happiness’ of the water network follows the

expected trend. C FMO-PIE generated contribution to ligand binding
energy in kcal/mol per fragment residues. Red indicates favourable
interaction energies, whereas green indicates unfavourable interaction
energies. The sum of these interactions is shown in Table 1 as Ligand
PIE

well as a weaker long-range electrostatic interaction with
Asp539. When this water molecule is displaced, waters #4
and #5 become a lot less stable (from − 24.2 to − 12.5 kcal/
mol (#4), − 53.6 to − 27.1 kcal/mol (#5)—Fig. 6). When
water #6 is shifted, water #4 reorients in such a way that
it establishes a H-bond with water #6. The presence of a
longer hydroxymethyl substituent in 7 causes a sidechain
flip of Ser538 (Fig. 7). The sidechain of this residue forms
a H-bond with water #5 in 6, and this movement is reflected
in a slight loss of stability of water #5 in 7B. The presence
of the pyridazine (instead of pyridine in 6), as well as the
hydroxymethyl also causes a small shift in position of water
#3, which has a destabilising effect on water #2. In the case

of this pair (6 and 7), the newly formed protein–ligand interactions do not result in a significant gain of potency as the
disruption of the water network partially compensates for
the gain in the ligand protein interaction energy (Table 2).
A similar example is the pair 6/14 (Fig. 7). The protein–ligand PIE (− 189.9 kcal/mol) is higher for 14, which
is the most potent compound in the series, than for 6
(− 149.0 kcal/mol). In compound 14 the amide has been
cyclised, losing the NH donor that is interacting favourably
with water #4. This water molecule was identified as the
least stable in all of the structures (Fig. 6). All the water molecules (apart from #7 and #8) are less stable in 14, compared
to 6. This is not very surprising given that 14 is the largest
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Table 2  Bruton’s Tyrosine
Kinase (BTK) structures
[29–32]

Compound

PDB code [3]

pIC50 [13]

Ligand PIE
(kcal/mol)

Water network PIE (kcal/
mol)

Water PIE median

6
7
7_A
7_B
8_A
8_B
9
10_A
10_B
11
12
13
14

6AUB
6BIK
6BIK
6BIK
6AUA
6AUA
6EP9
6BKH
6BKH
6BKE
6BLN
6BKW
5VFI

7.92
8.19
8.19
8.19
8.88
8.88
6.83
8.88
8.88
8.34
8.79
8.30
9.04

− 149.0
− 184.5
− 189.2
− 186.5
− 169.9
− 169.0
− 150.3
− 200.1
− 204.0
− 206.3
− 164.4
− 159.0
− 189.9

− 263.3
− 174.0
− 211.6
− 238.0
− 277.8
− 278.8
− 214.6
− 271.2
− 285.0
− 226.3
− 305.0
− 235.2
− 215.5

− 35.9
− 30.1
− 28.6
− 33.8
− 36.2
− 37.2
− 37.2
− 33.9
− 34.0
− 33.5
− 40.7
− 32.3
− 34.7

“Water network PIE” is the total of all the water energies, whereas “Water PIE median” is the median value
over the individual water molecules. Median was used as it gives a more appropriate idea of the data distribution. The water molecule #6 in the 6BIK complex has been either removed (compound 7) or represented
in two different positions (compounds 7A and 7B). In complex 6AUA, compound 8 is reported in two possible conformations (compounds 8A and 8B). In complex 6BKH, Ser538 can adopt two possible side chain
conformations (compounds 10A and 10B, Fig. SI3)

ligand, and as such is more likely to disrupt the canonical
water network. Waters #2 and #3 reorient due to the rotation
of Ser538 and the presence of the hydroxymethyl substituent (Fig. 7). Water #3 seems to be particularly destabilised
in this new arrangement, as the lone pairs on the oxygen
are now pointing towards the negatively charged Asp539,
the residue making the strongest interaction with the ligand.
It is also instructive to look at the pair 7/14, where there
is the same hydroxymethyl substituent and Ser538 rotation.
In 7, the presence of the additional acceptor nitrogen in the
pyridazine causes water molecules #2 and #3 to orient in
a way to maximise the electrostatic complementarity with
both protein and ligand. Due to the size of the ligand 14, and
consequently the subtle shifts in the position of the water
molecules (#5 that affects the position of Ser538 sidechain),
re-orientation of water molecules #2 and #3 is more difficult
in the complex with 14. However, in case of the 6/14 pair,
the new interactions the ligand makes with the protein in
14 more than compensates for a marginal destabilisation of
the water network (water median value of − 35.9 (6)/− 34.7
(14) kcal/mol).
Compound 11 contains a hydroxyethyl group (equivalent to the hydroxymethyl in 10) that causes the displacement of water #3 and, consequently, the shift of waters
#4 and #6 (Fig. 8). The protein–ligand PIE is marginally
higher for 11 (PIE − 206.3 kcal/mol) than for 10 (PIE
− 200.1(A)/− 204.0 (B) kcal/mol), and the contribution
of the water molecules network is comparable for the two
structures. The complex with compound 10 has Ser538

modelled in two possible sidechain conformations, so
that both scenarios A and B were evaluated. There is little
difference in PIE between protein and ligand, but there
are some subtle differences in water network orientation
(waters #1 and #2 orient differently depending on whether
or not Ser538 sidechain is available for H-bonding, 10 B),
as well as overall network stability, which is higher for 10
B (Fig. 8). When comparing 10 and 11, the water network
is slightly more favourable for the more potent compound
(10). In the presence of longer substituent in 11, water
#1 orients in such a way that it no longer can establish
optimal interaction with water #2. Water #4 is shifted and
is now stabilising water #6, rather than interacting with
the ligand.

Conclusions
In their comprehensive evaluation of water prediction programmes, Nittinger et al. [3] highlighted a critical limitation in the current approaches: each of the evaluated tools
was capable of accurately predicting the location of most
crystallographic water molecules, but predicting the effects
of water displacement or water shift on ligand potency was
inconsistent and considered to be of poor use for practical
compound design.
One of the challenges in the description of the water
molecules is related to the fact that these abundant molecules participate in hydrogen bonding both as a donor and
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Fig. 5  Structures of BTK pairs 8 (yellow)/9 (green) and 12 (yellow)/13 (green) and water network graphs
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Fig. 6  Energetic contributions of individual water molecules to the stability of the overall BTK water network

acceptor. Water molecules at the protein–ligand interfaces
form on average 3 hydrogen bonds [33]. A change in the
orientation of a single water molecule in the binding site
can affect the whole water network and not all interactions
are created equal: depending on their context, non-covalent
interactions will contribute differently to the overall binding. Judging the relative strength of these interactions by
visual inspection, or even force-field based methods is difficult and highly inaccurate. Therefore, having tools capable of differentiating between strong and weak contacts
would benefit both SAR rationalisation and prospective
compound design.
The linear scaling QM FMO method provides the means
by which water interaction energies can be assessed accurately and sufficiently fast. FMO has successfully been used
to rationalise protein ligand binding and SAR, and is an
invaluable tool that can provide insight into the chemical
nature of noncovalent interactions [7, 10, 34]. In this work,
it has been shown how the same approach can be used to
assess stability (’happiness’) of individual water molecules
and water networks.
Since the QM calculations presented here are single
point energy calculations performed in vacuo, entropic and
solvation effects are neglected. It is assumed that some
of these cancel out when working with the congeneric
chemical series, and some of the work published by others
show good correlation of QM energies with the binding
affinity [6–9, 34] and some of the published work tends to

include additional parameters to account for these effects
[8, 9, 11]. The changes in the SAR observed for the cases
described in the manuscript are a combination of changes
in the protein–ligand interactions, but also changes in the
stability of the water network. At this point no attempt
to quantitatively assess the degree of change was made,
only a qualitative assessment if the change had a positive,
detrimental or negligible effect. However, the approach we
developed was capable of correlating changes in the water
network to the measured SAR. Assessing whether water
displacement had positive, detrimental or no effect on the
overall compound potency is a challenging task. Water displacement is inseparably linked to the quality of the ligand
designed to disturb the water network, making it difficult
to objectively interpret the results. The calculations performed here show that although focusing on the’happiness’
of the individual water molecules can be instructive (e.g.
the displacement of a happy water in BRD4 or BTK led to
loss of potency, displacement of a ‘least happy’ water molecule in TAF1(2) did not), it is more instructive to look at
the overall stability of the water network. The displacement
of a water molecule from an active site is only favourable
if the newly formed protein–ligand interactions outweigh
the loss of energy caused by disrupting the water network.
Given that the available programs for assessing crystallographic waters are successful at predicting the location of
the water molecules, pairing them with an accurate assessment of water energetics such as the QM based approach
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Fig. 7  Structures of BTK pairs 6 (yellow)/7 (green) and 6 (yellow)/14 (green) and water network graphs

13

Journal of Computer-Aided Molecular Design

Fig. 8  Structures of BTK pairs 10 (yellow)/11 (green) and water network graphs

described here, offers a new invaluable approach for prospective compound design.
Supplementary Information The online version contains supplementary material available at https://d oi.o rg/1 0.1 007/s 10822-0 21-0 0416-3.
Acknowledgements This work was supported by a Wellcome Trust
Centre Award [203134/Z/16/Z]. The authors thank Roberto Paciotti
for his help with setting up the FMO calculations and David Robinson
for useful discussion.
Data availability The datasets generated during and/or analysed during the current study are available from the corresponding author on
reasonable request.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References
1. Ladbury JE (1996) Just add water! The effect of water on the
specificity of protein-ligand binding sites and its potential application to drug design. Chem Biol 3(12):973–980
2. Mason JS, Bortolato A, Weiss DR, Deflorian F, Tehan B, Marshall
FH (2013) High end GPCR design: crafted ligand design and
druggability analysis using protein structure, lipophilic hotspots
and explicit water networks. In Silico Pharmacol 1(1):23
3. Nittinger E, Gibbons P, Eigenbrot C, Davies DR, Maurer B, Christine LY, Kiefer JR, Kuglstatter A, Murray J, Ortwine DF et al
(2019) Water molecules in protein-ligand interfaces evaluation
of software tools and SAR comparison. J Comput Aid Mol Des
33(3):307–330
4. Bodnarchuk MS (2016) Water, water, everywhere… it’s time to
stop and think. Drug Discov Today 21(7):1139–1146
5. Bucher D, Stouten P, Triballeau N (2018) Shedding light on
important waters for drug design: simulations versus grid-based
methods. J Chem Inf Model 58(3):692–699
6. Ryde U, Soderhjelm P (2016) Ligand-binding affinity estimates supported by quantum-mechanical methods. Chem Rev
116(9):5520–5566
7. Heifetz A, Chudyk EI, Gleave L, Aldeghi M, Cherezov V, Fedorov
DG, Biggin PC, Bodkin MJ (2015) The fragment molecular
orbital method reveals new insight into the chemical nature of
GPCR–ligand interactions. J Chem Inf Model 56(1):159–172
8. Leach AG, Olsson L-L, Warner DJ (2013) A monomeric form of
INOS can rationalise observed SAR for inhibitors of dimerisation:

13

Journal of Computer-Aided Molecular Design

9.

10.
11.

12.

13.

14.
15.

16.

17.

18.

19.

20.
21.

quantum mechanics and docking compared. MedChemComm
4(1):180–186
Lukac I, Abdelhakim H, Ward RA, St-Gallay SA, Madden JC,
Leach AG (2019) Predicting protein-ligand binding affinity and
correcting crystal structures with quantum mechanical calculations: lactate dehydrogenase A. Chem Sci 10(7):2218–2227
Fedorov DG, Nagata T, Kitaura K (2012) Exploring chemistry
with the fragment molecular orbital method. Phys Chem Chem
Phys 14(21):7562–7577
Roos K, Hogner A, Ogg D, Packer MJ, Hansson E, Granberg KL,
Evertsson E, Nordqvist A (2015) Predicting the relative binding
affinity of mineralocorticoid receptor antagonists by density functional methods. J Comput Aided Mol Des 29(12):1109–1122
Heifetz A, Trani G, Aldeghi M, MacKinnon CH, McEwan PA,
Brookfield FA, Chudyk EI, Bodkin M, Pei Z, Burch JD, Ortwine
DF (2016) Fragment molecular orbital method applied to lead
optimization of novel interleukin-2 inducible T-cell kinase (ITK)
inhibitors. J Med Chem 59(9):4352–4363. https://d oi.o rg/1 0.1 021/
ACS.JMEDCHEM.6B00045
Crawford TD, Tsui V, Flynn EM, Wang S, Taylor AM, Cote A,
Audia JE, Beresini MH, Burdick DJ, Cummings R et al (2016)
Diving into the water: inducible binding conformations for BRD4,
TAF1 (2), BRD9, and CECR2 bromodomains. J Med Chem
59(11):5391–5402
Kovalenko A, Hirata F (1998) Three-dimensional density profiles of water in contact with a solute of arbitrary shape: a RISM
approach. Chem Phys Lett 290(1–3):237–244
Kovalenko A, Hirata F (1999) Self-consistent description of a
metal-water interface by the Kohn-Sham density functional theory and the three-dimensional reference interaction site model. J
Chem Phys 110(20):10095–10112
Bayden AS, Moustakas DT, Joseph-McCarthy D, Lamb ML
(2015) Evaluating free energies of binding and conservation
of crystallographic waters using SZMAP. J Chem Inf Model
55(8):1552–1565
Baroni M, Cruciani G, Sciabola S, Perruccio F, Mason JS (2007)
A common reference framework for analyzing/comparing proteins
and ligands. Fingerprints for ligands and proteins (FLAP): theory
and application. J Chem Inf model 47(2):279–294
Kellogg GE, Chen DL (2004) The importance of being ecxxhaustive. Optimization of bridging structural water molecules and
water networks in models of biological systems. Chem Biodivers
1(1):98–105
Amadasi A, Surface JA, Spyrakis F, Cozzini P, Mozzarelli A,
Kellogg GE (2008) Robust classification of “relevant” water
molecules in putative protein binding sites. J Med Chem
51(4):1063–1067
Abel R, Young T, Farid R, Berne BJ, Friesner RA (2008) Role of
the active-site solvent in the thermodynamics of factor Xa ligand
binding. J Am Chem Soc 130(9):2817–2831
Sastry GM, Adzhigirey M, Day T, Annabhimoju R, Sherman W
(2013) Protein and ligand preparation: parameters, protocols, and

13

22.
23.
24.
25.
26.

27.
28.
29.

30.

31.

32.

33.
34.

influence on virtual screening enrichments. J Comput Aided Mol
Des 27(3):221–234
Stone AJ (1993) Computation of charge-transfer energies by perturbation theory. Chem Phys Lett 211(1):101–109. https://d oi.o rg/
10.1016/0009-2614(93)80058-W
Suenaga M (2008) Development of GUI for GAMESS/FMO calculation. J Comput Chem Jpn 7(1):33–54
Suenaga M (2005) Facio: new computational chemistry environment for PC GAMESS. J Comput Chem Jpn 4(1):25–32
Kitaura K, Ikeo E, Asada T, Nakano T, Uebayasi M (1999) Fragment molecular orbital method: an approximate computational
method for large molecules. Chem Phys Lett 313(3–4):701–706
Schmidt MW, Baldridge KK, Boatz JA, Elbert ST, Gordon MS,
Jensen JH, Koseki S, Matsunaga N, Nguyen KA, Su S et al (1993)
General atomic and molecular electronic structure system. J
Ccomp Chem 14(11):1347–1363
Gordon MS, Schmidt MW (2005) Advances in Electronic Structure Theory: GAMESS a Decade Later. Elsevier, In Theory and
applications of computational chemistry, pp 1167–1189
Van Rossum G, Drake FL (2009) Python 3 Reference Manual.
CreateSpace, Scotts Valley, CA
Johnson AR, Kohli PB, Katewa A, Gogol E, Belmont LD, Choy
R, Penuel E, Burton L, Eigenbrot C, Yu C et al (2016) Battling
Btk mutants with noncovalent inhibitors that overcome Cys481
and Thr474 mutations. ACS Chem Biol 11(10):2897–2907
Di Paolo JA, Huang T, Balazs M, Barbosa J, Barck KH, Bravo BJ,
Carano RAD, Darrow J, Davies DR, DeForge LE et al (2011) Specific Btk inhibition suppresses B cell–and myeloid cell-mediated
arthritis. Nat Chem Biol 7(1):41
Young WB, Barbosa J, Blomgren P, Bremer MC, Crawford JJ,
Dambach D, Gallion S, Hymowitz SG, Kropf JE, Lee SH et al
(2015) Potent and selective Bruton’s Tyrosine kinase inhibitors:
discovery of GDC-0834. Bioorg Med Chem Lett 25(6):1333–1337
Young WB, Barbosa J, Blomgren P, Bremer MC, Crawford JJ,
Dambach D, Eigenbrot C, Gallion S, Johnson AR, Kropf JE et al
(2016) Discovery of highly potent and selective Bruton’s Tyrosine
kinase inhibitors: pyridazinone analogs with improved metabolic
stability. Bioorg Med Chem Lett 26(2):575–657
Lu Y, Wang R, Yang C-Y, Wang S (2007) Analysis of ligandbound water molecules in high-resolution crystal structures of
protein-ligand complexes. J Chem Inf Model 47(2):668–675
Heifetz A, Trani G, Aldeghi M, MacKinnon CH, McEwan PA,
Brookfield FA, Chudyk EI, Bodkin M, Pei Z, Burch JD et al
(2016) Fragment molecular orbital method applied to lead optimization of novel interleukin-2 inducible T-cell kinase (ITK)
inhibitors. J Med Chem 59(9):4352–4363

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

