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WatAA: Atlas of Protein Hydration. Exploring
synergies between data mining and ab initio
calculations†
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Water molecules represent an integral part of proteins and a key determinant of protein structure,
dynamics and function. WatAA is a newly developed, web-based atlas of amino-acid hydration in proteins.
The atlas provides information about the ordered first hydration shell of the most populated amino-acid
conformers in proteins. The data presented in the atlas are drawn from two sources: experimental data
and ab initio quantum-mechanics calculations. The experimental part is based on a data-mining study of a
large set of high-resolution protein crystal structures. The crystal-derived data include 3D maps of water
distribution around amino-acids and probability of occurrence of each of the identified hydration sites.
The quantum mechanics calculations validate and extend this primary description by optimizing the water
position for each hydration site, by providing hydrogen atom positions and by quantifying the interaction
energy that stabilizes the water molecule at the particular hydration site position. The calculations show
that the majority of experimentally derived hydration sites are positioned near local energy minima for
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water, and the calculated interaction energies help to assess the preference of water for the individual
hydration sites. We propose that the atlas can be used to validate water placement in electron density
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maps in crystallographic refinement, to locate water molecules mediating protein–ligand interactions
in drug design, and to prepare and evaluate molecular dynamics simulations. WatAA: Atlas of Protein

rsc.li/pccp

Hydration is freely available without login at www.dnatco.org/WatAA.

Introduction
Water constitutes a large proportion of the cells and tissues of
living organisms and it is nowadays accepted that a detailed
description of how proteins and nucleic acids interact with
water represents an indispensable component of our eﬀort to
understand the molecular basis of life.1–3 In practical terms,
hydration properties are often used to parametrize biomolecular
force fields and to assess their performance.4 In molecular
modeling and simulation, accounting for water-mediated interactions improves protein folding5 and structure predictions6 as
well as protein–protein docking.7,8 In recent years, the subject of
biomolecular hydration resulted in numerous review articles,9–13
books14 and special journal issues.15–17
From the experimental methods available to study molecular
details of hydration, crystallography stands out as it provides
unique information about the atomic details of the structure of
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the biomolecule and its ordered hydration layer. Averaging over
many crystallographic structures provides clear patterns of preferred hydration sites for individual biomolecular building
blocks.18 The rapidly growing number of biomolecular structures
solved with high crystallographic resolution enabled to substantially
increase the data-sets used in data mining studies of biomolecular
hydration – from tens or few hundreds of structures in the
pioneering studies conducted in 1980’s19 and in 1990’s20 to the
thousands of structures analyzed in the more recent studies,21–25
thus enabling for a much more detailed information to be
derived.
As others26 and we27 have shown, amino-acid (AA) hydration
is dependent not only on the type of the AA residue, but also on
its conformation, so that for a given residue, the positions and
occupancies of its hydration sites can diﬀer greatly between its
various conformers. We have observed that the side-chain
main-chain group additivity model cannot be applied in case
of small to medium sized polar AA (Ser, Thr, Asn) due to frequent
water-bridged interactions between the polar backbone and
polar functional groups of the side chain. Moreover, we observed
numerous potentially ‘‘non-canonical’’ contacts between water
molecules and protein atoms, such as carbon-donor28 hydrogen
bonds, OH–p interactions and off-plane interactions with
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aromatic hetero-atoms.29 However, the crystallographic data
did not allow to establish the exact orientation of water
molecules including hydrogen atoms and thus the exact nature
of these interactions.
Another aspect that was missing in our previous analysis is
the information on the energetics, or the interaction strength of
the interactions. These could, in principle, be estimated in a
knowledge-based approach from the propensities or ‘‘pseudooccupancies’’, as derived from the analysis of crystal structures.
However, the spatial arrangement of any two atoms or molecular
fragments in the crystal structure reflects not only their pairwise
interaction, but it is also aﬀected by the neighboring residues,
ligands etc., as well as by long-range interactions within the whole
system. Therefore, the hydration site (HS) pseudo-occupancy can
at best be only an indirect and inaccurate measure of the
interaction strength. Both the structural and energetic aspects
missing from the previous study can be most accurately addressed
through quantum mechanics (QM) calculations. QM calculations
can provide important insights into the actual strength of the
interaction and a more accurate estimate of the preferential
placement of the molecular fragments compared to the geometries
and statistics based on crystal data.30
Given the importance of protein hydration and the wealth
of information available in crystallographic databases, it is
surprising that there are no online tools dedicated to the topic,
while websites covering related areas, such as the SWS website
on DNA hydration21 and the Atlas of protein side-chain
interactions31 exist. Thus, we decided to corroborate our previous crystal-derived data on AA hydration by computational
analysis at the ab initio QM level by optimizing the position of
all hydration sites representing mostly water molecules and
calculate their interaction energies. The usage of the DFT-D/
RI-TPSS/TZVP method seems especially suited to this task,
since it has been shown to provide interaction energies (Eint)
of biomolecular fragments comparable to the much more
computationally intensive benchmark CCSD(T)/CBS method
at a significantly reduced cost.32–34 In this article, we describe
the WatAA website, the newly developed atlas of hydration of AA
residues in proteins. It provides an easy access to a large
amount of information obtained from data mining of protein
crystal structures and from QM calculations. We also describe
interesting examples of water–AA interactions.

Methods
WatAA server hardware and software
The WatAA server is hosted as a Linux-based virtual machine
within the environment provided by the ELIXIR CZ infrastructure.
This ensures high availability and professional maintenance as
well as easy scaling of the resources if necessary. The presented
version of the server ran about a year internally and had been
tested over a year as a publicly available service accessible at the
www.dnatco.org/WatAA address. The software part employs
Apache web server and CSS and JavaScript for the client-side
scripting. The interactive visualization of 3D molecular structures,
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hydration site positions and water probability distributions was
implemented using JSmol applet,35 a JavaScript-based molecular
viewer running within a browser. This solution allows for the web
service to run across various devices and platforms, including
mobile devices, without the need to install additional plug-ins or
other software. The JSmol performance is known to depend on
the browser version and the computer operation system used. The
complete web service was successfully tested with the major web
browsers under Linux, OS X and Windows, with the Firefox
browser having currently the best performance regarding the
JSmol part.
Crystal-derived data
The statistical and structural data that are presented in the
atlas were obtained in our previous work.27 The data mining
analysis of a non-redundant set of 2818 high-resolution protein
crystal structures from the Protein Data Bank yielded statistical
data on hydration of AA as function of their conformational
categories. For each of the 20 standard AAs, all the AA residues
together with water molecules within 3.2 Å were extracted from
the crystal structures and their conformations were classified
according to secondary structure and w1 rotameric state (torsion
angle of the CA–CB bond). In each resulting category (defined
by residue type, secondary structure and rotameric state of w1
torsion angle), conformational clustering was applied and the
largest cluster (Conformer1) was selected for further analysis.
In each of these clusters, Fourier averaging20 of water densities
was performed and the hydration sites were obtained as maxima
in the resulting pseudo-electron density. The probability
(pseudo-occupancy) of a given hydration site was estimated from
the water density value at the site position, and considered
significant if greater than 0.1, i.e., if a crystallographically
ordered water molecule is present at the hydration site position
in 410% of occurrences of the given conformer. The calculations presented in his study and the WatAA website include also
additional seven hydration sites of Gly and Ala residues with
occupancies o0.1, which were included as a model for the
hydration of protein main chain.
In silico data
A computational analysis was performed separately for each
crystal-derived hydration site, i.e., each analyzed system consisted of only one water molecule placed at the position of the
hydration site and one AA residue. The AA residue was capped
with the standard N-terminal acetyl and C-terminal N-methyl
amide capping groups using LEaP program of AmberTools14,36
and hydrogen atoms were added to the system using the Open
Babel program, version 2.3.1.37 Acidic AAs (Asp and Glu) were
modeled negatively charged (deprotonated), and basic AAs
(Arg and Lys) were modeled positively charged (protonated).
Histidine was modeled neutral, with protonation on the NE2
atom. Geometry optimization was performed in two stages. In
the first one, positions of all added atoms (i.e., hydrogens on
both the water molecule and the AA, as well as all atoms of the
capping groups) were optimized, while the rest of the system
was fixed. In the second stage of energy minimization, also the
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position of the water oxygen was allowed to move with respect to
the AA. After the each geometry optimization stage the interaction
energy between the water molecule and the capped AA was
computed. All calculations were performed in program TurboMole v6.438,39 at the level of DFT-D/RI-TPSS/TZVP, i.e., DFT
augmented with an empirical dispersion term;33 the solvation
eﬀects were described using the conductor-like screening
model40,41 (COSMO) with the dielectric constant for water
(er = 78.4). The DFT-D/RI-TPSS/TZVP method was shown to
provide very accurate results for biomolecular complexes, comparable to CCSD(T), while being computationally less demanding.32,33
Statistical analysis of the data was performed using RStudio Version
0.99.903,42 with ggplot2 package43 used to generate the histograms
and scatter plots.

Results and discussion
Website
The WatAA homepage at www.dnatco.org/WatAA introduces
the purpose of the atlas and provides links to all other sections.
In all sections, the web-page interface is divided into three
columns, the Navigation menu (left), the Text and Table panel
(middle), and the interactive 3D structure Visualization panel
containing the JSmol applet35 (right).
The data on the hydrated AA conformers obtained from both
the data-mining study and from ab initio QM calculations can be
accessed in the Atlas section (Fig. 1). The middle panel in this
section contains three elements. The first one is the Selection
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box where the user chooses one of the twenty standard AAs and
its conformation, i.e., its secondary structure (either H: a-helix or
E: extended b-sheet) and w1 rotameric state (torsion angle of the
CA–CB bond, either gauche(+), gauche( ), or trans, or in the case
of Ala and Gly the only rotamer, denoted NA). The last menu in
the Selection box allows to choose a particular hydration site of
the selected AA conformer.
The second element is the Display menu that controls the
visualization and allows to display or hide any combination of
the following three types of data: (1) the crystal-derived atomic
positions of the AA conformer with hydration site positions,
(2) the crystal-derived 3D map of water distribution around the
particular conformer at a chosen pseudo-occupancy level
(default 10%) and (3) QM-optimized position of a water molecule
at the selected hydration site, together with optimized atomic
positions of hydrogens and capping groups on the selected AA
conformer. A slider allows to adjust the width of the middle
panel relative to the Visualization panel on the right.
The last element are the Result tables, which present the
data for the largest conformational cluster (Conformer1) of an
AA residue in the selected conformational category. The first
table lists how many water molecules and AA residues were
analyzed in the data-mining study for the selected AA conformer.
The second table summarizes the data obtained from both data
mining and from QM calculations for each hydration site on a
separate row; the row for the selected hydration site is highlighted in light blue. For each of the HS the results table lists
its pseudo-occupancy, data obtained for the crystal-derived and
for optimized water position (nearest heavy atom, distance to

Fig. 1 Screenshot of the Atlas section of the WatAA website. Left column contains the Navigation menu; middle column contains the Selection box,
Display menu and Result tables; right column contains the interactive 3D structure Visualization panel. Hydration of the largest conformational cluster in
Trp_H_g+ category is visualized. The crystal-derived atomic positions of the selected AA conformer are shown in a non-transparent ball-and-stick
representation with hydration site positions shown as cyan spheres; the crystal-derived 3D map of water distribution is contoured at a selected
occupancy level of 20% using a blue mesh; the QM-optimized atomic positions of a water molecule in the selected hydration site (HS2), together with
the amino-acid conformer (including QM-optimized positions of hydrogens and capping groups) is shown in transparent ball-and-stick representation.
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nearest heavy atom, interaction energy) and the displacement
(Dx) between the two positions.
The Tutorial section describes the user interface of the atlas,
introduces the typical work-flow, explains which selections can
be made using the selection boxes as well as what display
options are available and provides description of the data in the
Results tables as well as the Visualization panel. The Methods
section describes the procedures applied to obtain the presented
data. A detailed description of the data mining of protein crystal
structures and the QM calculations is provided. Most of the data
presented in the atlas is available for download and oﬄine usage
in the Downloads section. Additional data can be obtained from
the authors by email or post as specified in the Contacts section.
Information on how to cite the work is given in the Citation
section.
Structures of hydrated AA residues.
The crystal-derived data presented in the Atlas were obtained in
our previous data mining study.27 This analysis yielded a total
of 323 hydration sites for the 20 standard AAs, in their most
populated conformers in each gauche(+), gauche( ) and trans
side-chain rotamers in both alpha-helical and extended beta-sheet
conformation of the main chain. The hydrated AA conformers
obtained in the previous study represent the starting point for
the subsequent QM calculations described hereafter. First, we
investigated how closely the crystal-derived hydration sites
correspond to energy minima at the potential energy surface
of the AA fragments. For this purpose, we analyzed separately
each hydration site of each AA conformer, performing two
stages of energy minimization. In the first minimization, only
the positions of atoms which were added to the crystal-derived
structures (i.e., hydrogens and capping groups) were allowed to
move, while the water molecule’s oxygen atom was kept in the
crystal-derived position. This set of structures and their corresponding parameters were denoted with ‘‘(cryst)’’ in this article.
In the second stage of energy minimization, the water oxygen
was allowed to move (in addition to the hydrogens and capping
groups), and its optimized position with respect to the AA

Fig. 2

residue was thus found. The corresponding geometries and
parameters were denoted with ‘‘(opt)’’. All data for the 323
hydration sites are summarized in File F1, ESI.†
Water displacement upon optimization
The spatial distance between the crystal-derived position of the
water molecule and its optimized position, termed the displacement, or Dx, was small in majority of the systems. For over
90% hydration sites, Dx was below 0.7 Å (Fig. 2a), showing that
indeed the majority of the hydration sites positions is close to
the local energy minimum. Out of the 323 analyzed hydration
sites only 22 of them had Dx greater than 1.0 Å. These were
mostly the polar (6 Arg, 5 Asp, 2 Glu) or moderately polar
residues (3 Ser, 2 Thr, 2 Trp, 1 Gln), which in a protein
molecule would either be hydrated by more than one water, or
its hydrogen-bonding capacities would be saturated by other
polar atoms. Thus, the occurrences of large Dx of water molecules can be explained by the absence of the broader polar
environment in these simulated systems. Besides that, there
were 11 hydration sites where the water’s positional displacement upon optimization lead to a change in its nearest heavy
atom (Table S1, ESI†), mostly from backbone carbonyl oxygen
to the nearby amide nitrogen in extended beta-sheet conformations. These 11 systems, as well as the seven hydration sites of
Gly and Ala main chain with occupancies below 0.1, were
removed from further statistical analysis of the obtained data.
Water – AA interaction distance
For the 305 hydrated AA conformers with occupancy 40.1 and
no change in nearest heavy atom upon optimization, we
analyzed how the interaction distance, d, between water oxygen
and its nearest heavy atom changed upon the geometry optimization. In the set of crystal-derived structures, the distribution of
interaction distances was very broad, with d(cryst) values extending
from 2.29 to 3.21 Å. In the optimized set of structures, the range of
values d(opt) is diminished to 2.64–3.02 Å, which are values typical
of a protein–water H-bond. We divided the hydration sites into
groups based on the AA and nearest heavy atom type (Table 1).

Change in hydration site properties upon geometry optimization. (a) Position displacement Dx, and (b) interaction energy change DEint.
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Table 1 Parameters of the water–AA interaction within groups of hydration
sites based on their nearest heavy atom type

existence of the crystal-derived hydration sites and refining their
position.

d(cryst)a
Nearest heavy
atom
Count Mean sd

d(opt)b

Occupancyc Eint(opt)d

Interaction energies

Mean sd

Mean sd

bb_Ne
Arg_NE
Arg_NH1
Arg_NH2
Asn_ND2
Gln_NE2
His_ND1
His_NE2
Lys_NZ
Trp_NE1
bb_Of
Asn_OD1
Asp_OD1
Asp_OD2
Gln_OE1
Glu_OE1
Glu_OE2
Ser_OG
Thr_OG1
Tyr_OH
All

2.94
2.85
2.86
2.84
2.96
2.95
2.76
2.87
2.78
2.90
2.78
2.80
2.69
2.67
2.77
2.69
2.66
2.80
2.80
2.81
2.82

0.19
0.21
0.27
0.20
0.23
0.16
0.34
0.29
0.17
0.30
0.22
0.15
0.16
0.22
0.18
0.17
0.17
0.24
0.21
0.25
0.21

48
6
10
5
12
11
6
6
18
6
68
9
12
11
13
13
12
14
13
12
305

2.87
2.74
2.97
2.78
2.86
2.85
2.73
2.77
2.75
2.85
2.74
2.64
2.61
2.58
2.65
2.68
2.58
2.67
2.68
2.64
2.75

0.11
0.12
0.17
0.15
0.08
0.11
0.16
0.07
0.14
0.13
0.14
0.07
0.14
0.11
0.08
0.20
0.16
0.08
0.12
0.13
0.16

0.03
0.02
0.05
0.02
0.02
0.01
0.03
0.02
0.01
0.03
0.02
0.02
0.02
0.01
0.01
0.02
0.01
0.04
0.04
0.07
0.09

0.10
0.05
0.11
0.10
0.11
0.04
0.12
0.05
0.03
0.04
0.11
0.03
0.04
0.05
0.04
0.06
0.05
0.08
0.09
0.04
0.09

Mean sd
3.9
5.7
5.6
4.6
3.1
3.0
8.2
3.9
6.0
3.7
4.7
3.9
7.0
7.6
4.6
6.6
8.0
4.9
4.8
4.5
5.0

0.4
1.0
0.9
0.5
0.3
0.2
1.3
0.1
0.1
0.3
0.8
0.6
1.2
0.5
0.3
0.3
0.7
0.9
0.7
1.3
1.5

a
Interaction distance in the crystal-derived systems in Å. b Interaction
distance in geometry-optimized systems in Å. c Probability of occurrence
of water molecule at the hydration site, obtained from data-mining.
d
Interaction energy after geometry optimization in kcal mol 1. e Backbone amide. f Backbone carbonyl.

In these groups, the mean interaction distance increased slightly
upon optimization in all cases except Arg_NH1. The standard
deviation of the interaction distance diminished significantly in
all groups.
We examined the hydration sites whose crystal-derived
interaction distance lied outside the range typical for hydrogen
bonding, 2.6–3.0 Å. There were 56 crystal-derived water positions
with d(cryst) shorter than 2.6 Å, and 20 water positions with
d(cryst) 4 3.0 Å. The deviations from the typical distances can be
explained by two independent phenomena. First, a large portion
of the waters with very short distances was found to interact with
the carboxylate group of a negatively charged AA (13 Asp,
13 Glu). This can be interpreted in terms of the carboxylate
functional groups’ propensity to interact not only with water
molecules, but also with alkali-metal ions (Na+, K+) and
alkaline-earth metal ions (Mg2+), some of which have shorter
interaction distances than water. These light metal cations
may be in some cases incorrectly identified as water molecules
due to their similar electron density, thus shifting the mean
distance to shorter values. Secondly, the crystal-derived water
positions were based on Fourier averaging over a cluster of
hydrated AA residue conformers, and thus contain an inherent
imprecision caused by the variation of the AA conformations
within the cluster. Besides that, the crystallographic structures
used for the analysis, despite having been selected for high
resolution (better than 1.8 Å), inevitably varied in many factors,
including the methodology used in determining water positions
in the hydration layer. Taken together, the QM calculations
represent a valuable contribution in both confirming the
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For each hydration site, the interaction energy before and after
geometry optimization of the water position was calculated
(File F1, ESI†). For 78% of the hydration sites, the change in
interaction energy upon optimization (DEint) is relatively small,
below 1.0 kcal mol 1 in absolute value (Fig. 2b). If we look at
the relationship between position displacement Dx and interaction energy change DEint (Fig. S1, ESI†), it can be seen that for
Dx o 0.2 Å, the interaction energy change is almost always
below 1.0 kcal mol 1, while for larger Dx the range of DEint
raises sharply. This phenomenon can be explained by the shape
of the energy well surrounding the local minimum on the
potential energy surface.
In the following text we will focus on the of interaction
energy after geometry optimization, Eint(opt). The largest interaction energies were typically found for water interaction with the
side-chains of charged AAs, especially for the acidic residues Asp
(atoms OD1, OD2) and Glu (atoms OE1, OE2), but also for basic
residues Arg (atoms NE, NH1, NH2) and Lys (atom NZ), with mean
Eint(opt) of 7.3, 7.0, 5.5 and 6.0 kcal mol 1, respectively. Very
large interaction energies were observed also for interaction of
water with the uncharged His residue ND1 atom, while the
interaction energies for the NE2 atom of His were much lower
(mean Eint(opt) 8.2 and 3.9 kcal mol 1, respectively). For a
detailed discussion of specific examples, see below.
We were interested to see if the crystal-derived occupancies
of hydration sites correlate with the calculated interaction
energies. A summary of the data for groups of hydration sites
based on the AA and atom type of their nearest heavy atom is in
Table 1. Rather surprisingly, we have found that there is no
significant correlation between the interaction energy, Eint(opt)
and the occupancy. Despite a broad range of occupancies, the
variation of interaction energies within the groups is usually
very small (Fig. S2, ESI†). Although it would be logical to
assume that a stronger interaction between water molecule
and a particular atom type would manifest itself also in higher
occupancies of the hydration sites, the relationship between
the two quantities seems to be masked by other variables.
While the interaction energy is largely determined by local
factors – the AA residue and the nearest heavy atom type (see
below), the occupancy reflects also broader aspects of the
protein architecture, including the average solvent accessibility
of the given AA conformer, polarity of its solvent-accessible
surface and side-chain packing. Additionally, the occupancy
of the crystal-based hydration site is an average over many
structures, whereas the DFT-derived interaction energy is calculated
for a single structure of an amino acid–water complex. Another
factor one has to bear in mind is the accuracy of the DFT
calculations.
The particular atom types, however, showed correlations
between the interaction energy, Eint(opt) and interaction distance, d(opt) (Fig. S3, ESI†), with shorter interaction distances
corresponding to lower (more favorable) interaction energies.
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Not surprisingly, the water–AA interactions involving nitrogen
tended to have larger distances and weaker interaction energies
than interactions involving oxygen. Also, interactions with
charged residues resulted in shorter distances and lower (more
favorable) interaction energies than interactions with neutral
residues. The exception was His residue’s ND1 atom, which
showed the shortest interaction distances and lowest interaction energies of all nitrogen-involving groups (more detailed
discussion below).
Browsing the Atlas: noteworthy cases
In the following paragraphs, we examine stereochemistry and
energetics of hydration sites of representatives of all types of
residues – small and large, charged, polar, hydrophobic and
aromatic: Ala, Asp, His, Leu, Thr, Trp, and Tyr. We concentrate
on discussing of some interesting positions of hydration sites
that we detected in the previous study. The QM calculations
allowed us to investigate these interactions in more detail,
namely verify whether these HS positions represent minima
on the potential energy surface, detect the preferred hydrogen
atom orientation and calculate the energy of the interaction.
Alanine
Alanine residue was selected as a model for the hydration of the
least hindered chiral main chain. In the helical form, two
clearly localized hydration sites were identified, one for the
carbonyl group and one for the amide, the carbonyl one has a
high occupancy of 38% and an asymmetrical position relative
to the carbonyl group. In the extended form, water distribution
is more delocalized, with no hydration sites identified for the
default occupancy threshold of 10%. However, lowering the
threshold allowed to identify three HS, one for amide and two
for carbonyl group, located in asymmetrical positions. For all of
the alanine hydration sites, Dx upon optimization was small,
below 0.5 Å. The QM calculations thus confirm the hydration site
positions identified previously for Ala, despite the low occupancies
of some of them. The interaction energies for amide HS in
Ala (Ala_H_NA_HS2 and Ala_E_NA_HS1, Eint(opt) = 3.8 and
–3.5 kcal mol 1, respectively) are comparable to the average
value for backbone amide ( 3.9 kcal mol 1, Table 1), while
interaction energies of carbonyl HS (Ala_H_NA_HS1, Ala_E_
NA_HS2 and Ala_E_NA_HS3, Eint(opt) =
4.2,
3.9 and
2.8 kcal mol 1, respectively) are weaker than the average
value for backbone carbonyl group ( 4.7 kcal mol 1, Table 1).
The interaction energy is most favorable for the HS with highest
occupancy (Ala_H_NA_HS1) and least favorable for the one with
lowest occupancy (Ala_E_NA_HS3).
Aspartic acid
Asp residue conformers are, together with Gln and Glu, those
that have the highest number of hydration sites. In most
conformers, water distribution around the side chain carboxyl
group is asymmetric, with HS of OD1 often located out of plane
of the carboxyl group,27 and with some HS forming bridges
between side chain and main chain. Distances between some
HS suggest water can form interaction networks around the
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hydrated residue (Asp_E_g , Asp_H_g ). The value of Dx was
small for most of the HS, which confirmed the crystal-derived
positions, except few cases of HS which showed very large Dx
(e.g., Asp_H_t_HS3, Asp_E_g _HS1).
The large Dx displacements were most pronounced in the
Asp_E_g conformer, in which three out of six HS showed Dx
greater than 1.0 Å, namely HS1, HS4 and HS6. A possible
explanation for this behavior might be the missing broader
structural context of the modeled system, particularly the
cooperativity between water molecules in the hydration layer.
This might be especially critical in a highly hydrophilic residue
such as Asp; in the concerned Asp_E_g conformer the
water:AA ratio is 2.5, one of the highest observed for any of
the studied conformers. Therefore, we experimented with geometry optimizations involving more than one water molecule.
In the Asp_E_g conformer we included water molecules in all
six HS and performed 400 simultaneous optimizations with
diﬀering water hydrogen atom starting positions, to allow for
the formation of diﬀerent H-bond networks. For each of the
three HS that showed large Dx in the original optimization, we
were able to find a geometry minimum in which the water
molecule moved less than 0.7 Å from the crystal-derived position; the position was typically stabilized by an H-bond to a
nearby water molecule (data not shown). In the case of HS1,
water displacements were the smallest, (down to 0.05 Å), and
showed a negative correlation (R2 = 0.72) with the displacement
of HS2, in other words, water molecule in HS2 had to move in
to stabilize HS1 water molecule. We conclude that for the
stabilization of water molecules in some HS, a larger structural
environment is required.
The interactions of Asp side chain hydration sites are very
strong, with mean Eint(opt) for Asp OD1 and OD2 hydration
sites 7.3 kcal mol 1. Interestingly, hydration sites of OD2 have
on average stronger interactions than hydration sites of OD1
(cf. Table 1). This is reflected also in individual conformers,
where even the symmetrically located HS of OD1 and OD2
have diﬀerent energy, despite similar geometrical arrangement
relative to the carboxyl group (e.g., Asp_H_t HS4 and HS5;
Asp_E_t HS2 and HS3).
Histidine
The interpretation of the data for this residue is complicated
due to the fact that His can be present in diﬀerent protonation
states at a near-neutral physiological pH with protonation on
either ND1 or NE2, or on both nitrogens and thus positively
charged. Thus, the crystal-derived data are inevitably an average
over these diﬀerent states of His present in the set of crystallographic structures. Although we decided to model His in all
cases in the Atlas as protonated on the NE2 atom (which is the
most likely state for neutral His under physiological pH44), one
should keep in mind that in a particular structure the His
residue can be in a diﬀerent protonation state.
The Dx values were generally small for HS of His conformers,
the largest (0.84 Å) was found for HS3 in His_H_t, which moved
closer to position of the nearby unoccupied HS1. His residue is
the only one where we observed correlation between occupancy
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and interaction energy of the HS, albeit only for the ND1 atom
(R2 = 0.72, Fig. S2, ESI†). As mentioned above, significantly
stronger interaction was found for ND1 hydration sites, where
water acts as H-bond donor, than for those of NE2, where it acts
as H-bond acceptor (Table 1). Since the ND1 atom is in closer
proximity to the residues’ backbone than the NE2 atom, water
molecules interacting with ND1 in certain conformers have the
possibility to interact favorably also with the polar backbone
atoms, forming main-chain–side-chain bridging interactions
(His_H_g+_HS1, His_E_g+_HS1), which lowers their interaction
energy even further. A similar phenomenon was observed also
in His_H_t_HS3, which is a hydration site of backbone carbonyl.
Due to its off-plane bridging interaction with the heteroaromatic
ND1 atom, its interaction energy is much lower (Eint(opt) =
7.7 kcal mol 1) than the average value for backbone carbonyl
hydration site ( 4.7 kcal mol 1), in fact the lowest observed for
any backbone carbonyl HS in the data set.

some of these presumed interactions, such as the carbon-donor
H-bond to CD1 atom in Trp_H_g+_HS1 and Trp_H_g _HS2, as
well as the oﬀ-plane heteroaromatic interaction in Trp_H_t_HS2
and Trp_E_g+_HS2. On the other hand, other previously supposed
interactions were not confirmed (carbon-donor H-bonds in
Trp_H_g+_HS2 and Trp_E_g _HS1), due to an unsuitable orientation of the water molecule’s lone pair away from the CH group
(the example of Trp_H_g+_HS2 is shown in Fig. 1). Nevertheless,
the Dx value in both these systems was small, and the interaction
energy in Trp_H_g+_HS2 was significantly higher than the
average value for backbone carbonyl HS. In the literature, there
has been some debate concerning the nature of the oﬀ-plane
heteroaromatic interactions. While the article by Stollar et al.,29
which described this interaction for water–His and water–Trp
contacts in proteins, suggested lone-pair–p interaction, a recent
study45 showed OH–p interaction to be more favorable. Our
DFT-D calculations are consistent with the latter interpretation.

Leucine

Tyrosine

Due to the hydrophobic nature of the Leucine side chain, only
backbone hydration sites were detected. Their Dx were very
small, while other properties are strongly conformationally
dependent. Hydration sites of carbonyl oxygen were only found
in helical conformations, their strength depends also on sidechain orientation. In Leu_H_g+ it has high occupancy and also
Eint(opt) above the average. In Leu_H_g its occupancy is lower
and also Eint(opt) is less favorable. In Leu_H_t, water occupancy
at this position was only about 3%, i.e., below the threshold for
hydration site detection. Hydration sites of backbone amide, in
conformers where they were detected (Leu_H_t, Leu_E_g ,
Leu_E_t), have similar occupancy and interaction energy. The
other conformations seem to be sterically unsuitable for amide
hydration.

The phenomenon of diﬀerent interaction energy and distance
depending on the H-bond donor or acceptor mode of the
modeled water molecule, as described above for Threonine, is
even more pronounced in Tyrosine. Due to the size of the Tyr
side chain, the OH atom hydration sites cannot interact with
the main-chain polar atoms, and the eﬀect is thus isolated.
In the plot of interaction energy versus interaction distance
(see Fig. S4, ESI†), the two groups of hydration sites are clearly
separated. The H-bond donor and H-bond acceptor groups
have d(opt) values from 2.73 to 2.76 Å and from 2.84 to
2.90 Å, respectively; their Eint(opt) values range from 6.0 to
5.4 and from 3.4 to 3.0 kcal mol 1, respectively.
In our previous work, we suggested a number of possible
interactions between main-chain HS of Tyr and the phenyl ring
of its side chain, either via a carbon-donor hydrogen bond or
via an OH–p interaction. The calculations performed in the
present study showed a lower than average Eint(opt) values (cf.
Table 1) for two of the backbone carbonyl HS, namely Tyr_H_t_HS3
and Tyr_H_g _HS1, thus confirming the presence of an additional
favorable interaction. In Tyr_H_t_HS3, the water molecule creates
an OH–p interaction with the aromatic ring, resulting in Eint(opt)
value of 6.2 kcal mol 1; in Tyr_H_g _HS1, the water molecule’s
additional carbon-donor H-bond to the CD1 atom resulted in
Eint(opt) value of 5.2 kcal mol 1.

Threonine
In Threonine, as well as in Serine and Tyrosine, the orientation
of the side-chain hydroxyl group can vary, and therefore water
molecule in a given HS can potentially act either as H-bond
donor or H-bond acceptor of the OG1 atom, depending on a
broader structural context. In our calculations, only one of
these two possible H-bonding states was modeled. The hydration sites of Thr side chain, as modeled in this study, can thus
be divided into two groups – those where the geometry optimization resulted in water acting as H-bond donor or acceptor,
respectively. The H-bond acceptor mode is more energetically
favorable, and results in slightly shorter interaction distances
(Fig. S4, ESI†). For both interaction modes, the displacements
were generally small (average Dx values of 0.21 and 0.52 Å for
H-bond donor and acceptor modes, respectively).
Tryptophan
In almost all Trp conformers investigated in the previous study, we
observed main-chain hydration sites in positions where water could
interact additionally with the side chain via unconventional
interactions, such as carbon-donor28 hydrogen bonds or oﬀ-plane
heteroaromatic interactions.29 The QM calculations corroborated
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Conclusions
Hydration of biomolecules has increasingly been recognized as
an important topic in molecular biology and biophysics.12
Detailed knowledge of the mutual interactions between proteins, nucleic acids and their aqueous environment is required
for a thorough understanding of the structural properties of
these systems, and hence also their functions. To remedy the
lack of resources providing an overview of protein hydration, we
decided to create the web-based atlas, WatAA, presented in this
article.
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In this atlas, we used synergies between data mining of
experimental X-ray structures and ab initio QM calculations.
The WatAA website thus gathers a substantial volume of
information obtained from analysis of protein crystal structures, with crystal-derived hydration sites of a large number of
AA conformers. This data is complemented for each hydration
site with information about hydrogen atom orientations and
energetics of the interaction obtained from QM calculations.
The website interface combines these two aspects in an intuitive
and illustrative way and provides tools for their direct comparison and visualization. The user can get a quick overview of the
physical and structural properties of the ordered hydration layer
of AAs in proteins.
The analysis of the data provided in WatAA can lead to
interesting new insights, as we illustrated in this article e.g., for
the hydration of histidine. Furthermore, we suggest that the
application of the conformation-specific hydration patterns of AA
residues could lead to more precise water placement algorithms in
structural bioinformatics applications such as crystallographic
refinement, protein structure prediction, computational drug
design as well as in protein–protein and protein–DNA docking
and recognition. A proof of concept application of the data is
described in the ESI.† WatAA: Atlas of Protein Hydration is
available free of charge and without any login requirement at
www.dnatco.org/WatAA.
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