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Background:Most biological processes involvewater, and the interactions of biomoleculeswithwater affect their
structure, function and dynamics.
Scope of review: This review summarizes the current knowledge of protein and nucleic acid interactions with
water, with a special focus on the biomolecular hydration layer. Recent developments in both experimental
and computational methods that can be applied to the study of hydration structure and dynamics are reviewed,
including software tools for the prediction and characterization of hydration layer properties.
Major conclusions: In the last decade, important advances have been made in our understanding of the factors
that determine how biomolecules and their aqueous environment influence each other. Both experimental
and computationalmethods contributed to the gradually emerging consensus picture of biomolecular hydration.
General significance: An improved knowledge of the structural and thermodynamic properties of the hydration
layer will enable a detailed understanding of the various biological processes in which it is involved, with impli-
cations for a wide range of applications, including protein-structure prediction and structure-based drug design.
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1. Introduction

Water is a ubiquitous element that is indispensable for all organisms.
Life evolved in water for billions of years, during which biomolecules
“learned” to utilize their aqueous surroundings in both structural and
functional terms. Water constitutes ~50–70% of cell content and is
therefore not only the native environment in which all biological pro-
cesses occur but also an integral part of nearly all of biological processes
[1–3]. The structural integrity of most bio-macromolecules depends on
water, and their mutual interactions determine biomolecular dynamics
and function. A certain critical level of hydration, usually estimated to
h ≈ 0.2 (g of water per g of protein) is required for the physiological

function of most native proteins [4]. Water is sometimes described as
the “twenty-first” amino acid [5], an “integral part of nucleic acids” [6]
or a “biological” molecule [7]. However, while water is indispensable
for the proper functioning of biological molecules, the functionality
dominantly belongs to the biomolecule itself, and thus the term “biolog-
ical water” should be avoided [8]. Regardless of terminology, it is now
clear that water acts not only as a solvent for biological processes, but
actively participates in most of them, influencing structure, dynamics
and interactions of biomolecules. Thus, it is not surprising that the
topic has attracted increasing attention as knowledge of biomolecular
systems expands. Several reviews [9–12], books [13] and even special
journal issues [14] have been dedicated to this subject. New techniques
have been developed, and existing techniques have been improved and
applied in novel ways. These developments are encouraging because
different techniques can probe different properties and access different
time and length scales, and each technique can thus contribute impor-
tant details to the overall picture of biomolecular hydration.

In this article, we review recent developments in the study of biomo-
lecular hydration. In the first part (Section 2), we provide a brief over-
view of the biophysical processes in which water is involved, focusing
on the properties of surface hydration of native proteins and nucleic
acids. Due to the breadth of this topic, many other important aspects
of the role of water in biological processes, such as recognition, binding,
and catalysis, are mentioned only briefly. The main focus of this review
is recent developments in methods that can be applied to the study of
hydration structure and dynamics, which are discussed in the second
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part (Sections 3 and 4), including X-ray and neutron diffraction and
scattering, NMR techniques, time-resolvedfluorescence, terahertz spec-
troscopy, dielectric spectroscopy, and molecular dynamics (MD) simu-
lations. For each method, we critically review its principles and
inherent advantages and drawbacks and provide an overview of its con-
tributions to our understanding of the properties of biomolecular hydra-
tion.We also compare experimental studieswith computer simulations
and theoretical models and discuss advances in computational methods
and software tools for hydration-site prediction and analysis
(Section 5).

2. Water as an indispensable component of biomolecular systems

At the molecular level, the interface at which water contacts macro-
molecules ormolecular aggregates is of greatest interest both biologically
and biophysically. Water participates in the folding of the three-
dimensional structure of proteins [9,15–18] and nucleic acids [19]. Be-
sides that, water also stabilizes the native structure of proteins [20,21]
and nucleic acids [22] and contributes to protein thermal stability [23].
Lowering the relative humidity of DNA duplexes of certain sequences
can induce their transition from the most stable B-form to another
right-handed form, A, or even to left-handed Z-DNA [24].

The aqueous environment also influences protein binding. Water en-
hances the interactions between proteins and small ligands [25] as well
as other biomolecules [9,26–28] and is involved in protein aggregation
[29–31]. Water also mediates DNA-peptide recognition [32], and the in-
teractions between DNA and minor-groove binders [33]. Water mole-
cules often mediate sequence-specific recognition between proteins
and DNA sites [34,35]; these interface water molecules are numerous
and have specific dynamic properties [36]. Structured water molecules
(with long residence times) in the active site are important for ligand rec-
ognition and selectivity [37], whereas the dynamics of water molecules
determine ligand binding [38] and dissociation [39]. Whereas some
water molecules directly mediate binding at the ligand-biomolecule in-
terface, other water molecules are forced to leave the interface to enable
ligand access, which contributes significantly to the overall thermody-
namics of binding [27,40].

The hydration level influences the dynamics of biomolecules. At low
temperatures (below ~200 K), hydration water was reported to suppress
protein dynamics, whereas at higher temperatures it facilitates protein
fluctuations [41], as shown by neutron scattering measurements of the
differences in atomic mean-squared displacements between dry and hy-
drated proteins. The sharp increase in themean-squared atomic displace-
ment in proteins at temperatures above ~200–230 K, the so-called
dynamic transition, is often ascribed to liquid-glass transition of hydration
water [42,43], however, the exact nature of the coupling between these
phenomena is still debated. This dynamic crossover has been observed
only in hydrated biomolecules (globular proteins [44], intrinsically disor-
dered proteins [45], and RNA [46]) and is absent in dry molecules. The
strong influence of solvent translational motion and hydrogen-bonding
lifetimes on biomolecule dynamics observed in these studies suggested
that the dynamics of biomolecules are controlled by, or “slaved” to, sol-
vent motions [15,47]. However, subsequent experiments revealed signif-
icant differences in the dynamics of various proteins, RNA, and DNA and
their hydration water [41,48], indicating that the simple picture of slaved
dynamics is incomplete. An interdependence between biomolecules and
their hydration water is now accepted, but the exact mechanism by
which protein and hydration water dynamics are coupled is not yet
fully understood [49].

The plasticizing and lubricating effects of hydrationwater are also an
integral component of the biological function of native biomolecules.
While some enzymes remain active in organic solvents, they typically
retain a hydration layer on the surface, and only a few examples of en-
zymes that are active below this level of hydration exist [50,51]. Gener-
ally, the catalytic function of most enzymes decreases seriously as the
hydration level is reduced [4,52,53]. In addition to facilitating the larger

conformational transitions necessary for catalysis and allostery [3],
water also assists substrate binding [25,54] and is directly involved in
the chemical process of hydrolysis reactions. Hydration influences en-
zyme kinetics [55] and enantioselectivity [56] and affects the electro-
chemical potential of an enzyme [57]. A hydration funnel of modified
solvent dynamics has been proposed to contribute to net enzyme reac-
tivity [58]. Solvent dynamics also plays a role in the catalytic function of
ribozyme [59]. The water structure at biomolecular surfaces and the
specific interactions of water molecules are key determinants of impor-
tant cellular processes, such as water transport through aquaporin
channels [60], hydrophobic gating of ion permeation in ion channels
[61], and mechanogating of the mechanosensitive channel MscL [62].

While playing an important role in the processes mentioned above,
the structure and dynamics of water itself are greatly perturbed by the
presence of solute biomolecules [11]. This is because of both specific ef-
fects, such as the interactions of water molecules with the solute, and
nonspecific effects, in which the solute poses boundary restrictions on
theH-bondednetwork ofwatermolecules [3,63]. The structural and dy-
namic properties of biomolecule-associated water, or water in the hy-
dration layer, thus differ significantly from the properties of bulk
water. Nevertheless, the detailed knowledge of these differences con-
tinues to be fragmentary, and thus the intensity and the cause of this ef-
fect at the molecular level continue to be active topics of investigation
[64], as discussed later in this review (particularly in Sections 4.4.1
and 4.4.2). Several factors hinder the characterization of this
perturbation: the complicated nature of liquid water, the heteroge-
neous water/biomolecule interface, and the unclear boundary between
bulk water and the hydration shell associated with the biomolecule, as
discussed below.

First, although water is a rather simple molecule, comprising only
one oxygen and two hydrogens, the structure of water in the liquid
phase is surprisingly complicated. Water, due to its small size, tetrahe-
dral shape and capacity to form up to four hydrogen bonds gives rise
to a dynamic, three-dimensional network that can readily rearrange in
contact with solutes [3,13,65]. Despite great efforts, the multifaceted
properties of water structure have not yet been fully described even
for pure water. This complicated nature of liquid water confers on it
its specific and unique characteristics and undoubtedly contributes to
itsmany anomalous properties, e.g. themostwell knowndensity anom-
aly, in which the liquid phase has higher density than the crystal phase
[66], or the vigorously debated liquid water polymorphism [67]. How-
ever, the molecular-level origins of these anomalies are not yet fully
understood.

Second, water interacting with biomolecules occupies a complex,
heterogeneous environment. Some water molecules are buried inside
the core of globular proteins, representing an integral component of
protein structure by interacting with the unsaturated hydrogen-
bonding capacities of main-chain polar groups not involved in second-
ary structures and of buried polar side-chain atoms [68–70]. Other
watermolecules are located in confined regions such as internal cavities
and active sites. The hydrophobic enclosure of these sites can lead to
anomalous entropic and enthalpic penalties of hydration, contributing
to ligand binding affinity [25], whereas the distinct dynamic properties
of water at the active site have been suggested to contribute to efficient
catalysis [71]. The environment of water at the surface of a protein or
nucleic acid, which is the main focus of this review, is equally complex.
The structure and dynamics of the water molecules in the hydration
layer are affected by the complex topography (surface clefts, grooves,
pockets andprotrusions) [72–74] and varied chemical composition (hy-
drophobic, polar or charged groups) [64,75] of the biomolecule's
solvent-exposed surface. This picture is further complicated by intermo-
lecular interactions with other solvent molecules [9,28,76] and the ef-
fect of crowding [77,78].

Third, there is no universal definition of hydrationwater, and the in-
terpretation of what actually constitutes the hydration layer of a bio-
molecule typically depends on the nature of the technique used to
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