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Abstract Present knowledge obtained by molecular

dynamics (MD) simulation studies regarding the dynamics

of water, both in the vicinity of biological membranes and

within the proteinaceous water channels, also known as

aquaporins (AQPs), is reviewed. A brief general summary

of the water models most extensively employed in MD

simulations (SPC, SPC/E, TIP3P, TIP4P), indicating their

most relevant pros and cons, is likewise provided. Struc-

tural considerations of water are also discussed, based on

different order parameters, which can be extracted from

MD simulations as well as from experiments. Secondly, the

behaviour of water in the neighbourhood of membranes by

means of molecular dynamics simulations is addressed.

Consequently, the comparison with previous experimental

evidence is pointed out. In living cells, water is transported

across the plasma membrane through the lipid bilayer and

the aforementioned AQPs, which motivates this review to

focus mostly on MD simulation studies of water within

AQPs. Relevant contributions explaining peculiar properties

of these channels are discussed, such as selectivity and gat-

ing. Water models used in these studies are also summarised.

Finally, based on the information presented here, further MD

studies are encouraged.
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Introduction

Living organisms are comprised by approximately 70 %

water,1 which is dynamically transported between each cell

and its environment (including other cells), from one tissue

to another, from one organ to another. At different scales,

water transport takes place at accordingly different veloc-

ities, as well as at correspondingly adequate efficiencies,

aspects that most likely occur as a result of the numerous

conditions imposed by evolution. This transport is deter-

mined by the various biological structures with which

water actually interacts. The physical peculiarities and

particular geometry of the water molecule determine not

only the interplay between these and the plasma mem-

brane, but also between water molecules themselves.

In a small bacterial cell, the content of water is of the

order of 1010 molecules2 and is in general higher in

eukaryotic cells. Such a huge amount of water molecules,

together with the fact that there is not a sufficiently sen-

sitive technique to detect only one water molecule, makes
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clear why experimental studies devoted to explain the

behaviour of water in biological systems are essentially

macroscopic. Therefore, although such experiments have

provided vast information on these systems, it is clear that

the molecular nature of water might be elusive from such a

perspective. Fortunately, in silico approaches like Monte

Carlo (MC) or molecular dynamics (MD) simulations have

enabled the study of water at the nanoscopic level.

This review is focussed on the dynamics of water in the

vicinity of membranes and aquaporins (AQPs), studied by

molecular dynamics simulations.

The review is in three sections. The first section covers a

brief introduction regarding the basics of the molecular

dynamic simulations applied to water. This is followed by

a section that addresses up-to-date studies on the behaviour

of water in the neighbourhood of membranes.

In living cells, water is transported across the plasma

membrane through proteins that work as water channels,

also known as aquaporins. These proteins are widespread

in nature, and much of their importance in physiological

processes and diseases has been revealed in the last decade,

resulting in the 2003 Nobel Prize for Peter Agre. Therefore,

the last section of this article is devoted to an extensive

review of the dynamics of water within AQPs. Addition-

ally, we elaborate on the perspective of future studies,

which could plausibly constitute a relevant contribution to

the furthering of our knowledge on this matter.

Molecular dynamics of water, an introduction

Presently, there are several molecular dynamic models of

water readily available for use in such simulations (Guillot

2002), ranging from planar to tetrahedral geometries, with

rigid or flexible topologies, fixed or polarisable charges,

with three, four, five or six single-point charges. We will

here focus on analysing the properties of the four most

popular rigid planar water models, i.e. SPC (Berendsen

et al. 1981), SPC/E (Berendsen et al. 1987), TIP3P (Jorgensen

et al. 1983) and TIP4P (Jorgensen et al. 1983; Jorgensen and

Madura 1985).

The general characteristics of these four models are

shown in Fig. 1. Their parameters are presented in Table 1,

where r and e are, respectively, the Lennard-Jones colli-

sion diameter and the depth of the potential well (centred in

the oxygen atom), and L is the distance between the centres

of mass (COM) of the oxygen and hydrogen atoms. In all

four models, the positive charge qH is located over the

hydrogen atoms. In the case of three site models, the

negative charge qO is placed over the oxygen. The HOH

angle is called h�. In the TIP4P model, l is the distance

between the dummy position (D) where the negative

charge is placed (near the oxygen along the bisector of h�)

and the oxygen centre of mass, and u� is the angle between

the OH segment and the OD segment (i.e. h� = 2u�).

From a further look at the data presented in Table 1, it

can be readily concluded that the SPC/E model is a re-

parameterisation of the SPC model, taking into account the

self-energy correction due to the effective molecular dipole

moment of water in the liquid phase. Significantly, the SPC

and SPC/E models show a wider h� angle than that of the

actual molecule, with the electrical charge distribution

being the only difference between these two models. On

the other hand, the TIP4P model introduces a fourth point,

a dummy site (without mass), where the negative charge is

located. It also differs from the TIP3P in both charge dis-

tribution and Lennard-Jones parameters. Interestingly, such

differences between these water models induce distinctive

differences in the values of physical properties shown by

each. Namely, the SPC/E model presents a better density

and diffusion constant than the SPC model. All of these

models show poor agreement as regards the melting point

of water (giving melting points of 190, 215, 146 and 232 K

respectively) (Vega et al. 2005).

As marked in bold in Table 2, the SPC/E model presents

better values for the density, dipole moment, self-diffusion

constant, potential energy per mole and dielectric constant,

while the TIP4P model provides better values for the

density maximum, temperature and expansion coefficient.

From these observations it may be concluded that, when

studying a particular physical property, the use of a single

model might be the best option. For instance, if the study

were based on the temperature at which density achieves its

maximum, then the TIP4P model should probably be

chosen. However, it is clear that the SPC/E model presents

a better average performance as regards the physical

properties mentioned above at a lower computational cost.

Regardless of the aforementioned modelling perspective,

the actual physical properties of water, as obtained from the

experiment, may be clearly distinguished from those

observed for non-associated liquids and are notoriously

susceptible to modification by changes in temperature and

pressure conditions, as has been extensively shown through

various experimental approaches (Castner et al. 1995;

Danninger and Zundel 1981; Gale et al. 1999; Laenen et al.

1998; Modig et al. 2003; Montrose et al. 1974; Narten et al.

1967; Nienhuys et al. 1999; Soper et al. 1997; Woutersen

et al. 1997; Yeixeira et al. 1991). Such results show that the

so-called ‘anomalies’ of water are gradually lost as tem-

perature and pressure increase, moving towards a regime

similar to that of a simple liquid. These peculiar physical

properties of water have long been recognised, widely

associating the existence of such particularities with the

unique structure of water. In order to quantify the referred

structure changes, many order parameters have been pro-

posed, as is briefly summarised below.
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Truskett and co-workers proposed the translational order

parameter t, which quantifies the tendency of pairs of

molecules to adopt preferential separations, being negligi-

ble for an ideal gas, and having large values for a crystal

(Truskett et al. 2000). t gives a general idea of the structure.

However, in order to elucidate the nature of the structure,

other parameters are necessary.

Tetrahedrality was tested by both the Q3 (proposed by

Steinhardt et al. 1983) and T (proposed by Kiselev et al.

1993; and Naberukhin et al. 1991) parameters. Neverthe-

less, as has been discussed elsewhere (Chau and Hardwick

1998), Q3 shows two drawbacks. First of all, the tetrahe-

dral value for Q3 can be obtained only when the configu-

ration is of a certain pyramidal shape, and second, the

tetrahedral configuration value is not a limiting value,

which in some cases could result in a mean value close to

tetrahedrality, whilst the actual configurations are not tet-

rahedral at all. On the other hand, the T parameter involves

Fig. 1 Schematic representation of some of the most popular simple

planar molecular models of water. a Parameters of the models (the

fourth point, named D, is the position of the dummy atom, only

present in TIP4P). b Three site models (i.e. SPC, TIP3P and SPC/E).

c Four-point model (TIP4P). In Fig. 1a, b, the big sphere represents

the van der Waals potential

Table 1 Parameters of the described models

Model L-J parameters L (10-10 m) l (10-10 m) qH (e-) qO (e-) h� /�

r (10-10 m) e (kJ mol-1)

SPC 3.166 0.650 1.0000 – ?0.410 -0.8200 109.47 –

SPC/E 3.166 0.650 1.0000 – ?0.4238 -0.8476 109.47 –

TIP3P 3.15061 0.6364 0.9572 – ?0.4170 -0.8340 104.52 –

TIP4P 3.15365 0.6480 0.9572 0.15 ?0.5200 -1.0400 104.52 52.26

r: Lennard-Jones collision diameter; e: depth of the potential well; L: distance between the centres of mass (COM) of the oxygen and hydrogen

atoms. qH: positive charge; qO: negative charge; is called h�: HOH angle; u�: angle between the OH segment and the OD segment (i.e.

h� = 2u�); l: distance between the dummy position (D in Fig. 1) where the negative charge is placed (near the oxygen along the bisector of h�)

and the oxygen centre of mass

Table 2 Calculated physical properties of the presented water models and their respective experimental values (all the data are at 298 K and

1 atm, except * at 300 K and # at 293 K)

Model SPC SPC/E TIP3P TIP4P Experimental

Density, q (kg/m3) 970*a 998*a 1002i 1001i 997i

Dipole moment, l (D) 2.27b 2.39b 2.35b 2.18b 2.95l

Dielectric constant, e (adimensional) 65c 68c 97c 53#j

29*k

78.39m

Self-diffusion constant, D (10-5 cm2/s) 3.85d 2.49d 5.19d 3.31d 2.30n

Average configurational energy, U (kJ mol-1) -37.7a 241.4a -41.1i -42.1i -41.5o

Density maximum, TTMD (K) 228e 235g 182e 253e 277.13p

Expansion coefficient, ap (10-4 �C-1) 7.3*f 5.14h 9.2i 4.4i 2.53q

a Berendsen et al. (1987), b van der Spoel et al. (1998), c Höchtl et al. (1998), d Mahoney and Jorgensen (2001), e Vega and Abascal (2005), f Yu and

van Gunsteren (2004), g Báez and Clancy (1994), h Wu et al. (2006), i Mahoney and Jorgensen (2000), j Neumann (1986), k Strauch and Cummings

(1989), l Gubskaya and Kusalik (2002), m Vidulich et al. (1967), n Krynicki et al. (1978), o Postma (1985), p Franks (2000), q Kell (1975)

Physical properties that show most similar values to experimental determinations are indicated in bold
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two complications: since each evaluation implies the cal-

culation of ten distances, it is highly expensive computa-

tionally; additionally, it is not easy to connect its value to

the configurational geometry. To solve the aforementioned

drawbacks, Chau and Hardwick (1998) proposed the

parameter S. This parameter is composed of two parts, Sg

and Sk. Sg is used to test for the existence of tetrahedral

angles, and its value can be mapped to the geometry of the

configuration. Sk is the variance in the radial distance from

the central vertex to the other four vertices. From the

parameter S we can know how distorted the polyhedron is,

and in what way. A weakness of S is that it is not easy to

connect the value of Sk to the configurational geometry.

Errington and Debenedetti (2001) used an enhanced

version of the parameter S (they used a rescaled version of

S, which they called q) in order to study the changes in

structure of the SPC/E water model under various tem-

perature and pressure conditions. The authors showed a

bimodal distribution for this parameter, concluding that

each water molecule and its four nearest neighbours tran-

siently present an arrangement (Sciortino et al. 1990, 1991;

Shiratani and Sasai 1998), which can be described as either

following an ‘ice-like’ structure or not.

To calculate all the aforementioned parameters, infor-

mation on the position of every oxygen atom in water bulk

is necessary. This condition restricts the use of the above

parameters to computational studies only. Moreover, all the

previously discussed parameters that evaluate tetrahedral-

ity are explicitly restricted to the evaluation of the first

coordination sphere.

To overcome the mentioned drawbacks a new parameter

was recently proposed (Chara et al. 2011). This parameter,

Pr, comes from the idea that water in liquid state can be

regarded as a combination of closely interwoven low- and

high-density structures, as originally proposed in the sem-

inal work of Bernal and Fowler (1933). These structures

correspond to an open (tetrahedral) and a closed (hexago-

nal) conformation, respectively. Pr is able to evaluate

structure beyond the first coordination sphere. Addition-

ally, its calculation requires only the information provided

by a probability density function for the position of water

oxygen atoms, i.e. the radial distribution function g(r).

Such information may be readily obtained by both com-

putational and experimental studies. The parameter Pr is

defined as:

Pr ¼
Ct � Ch

Ct þ Ch
ð1Þ

where Ct and Ch are the tetrahedral and hexagonal contri-

butions, which can be estimated from the g(r).

Using molecular dynamics simulations under various

temperature and pressure conditions, it was demonstrated

that, for SPC/E, Pr follows a monotonically decreasing

behaviour with pressure. This result may be interpreted

adducing that pressure is ‘disturbing’ the hydrogen bond

network linking water molecules together, forcing some of

these that formerly belonged to the tetrahedral set into a

hexagonal conformation. Interestingly, following this

interpretation, a pressure in which no prevalence between

both structural contributions clearly appears: the crossover

point.

Hence, this parameter is able to establish the point in

which the change in predominance between the tetrahedral

and hexagonal structural contributions occurs in reference

to pressure and temperature changes. Consequently,

through the use of this parameter, it was possible to dem-

onstrate that the increase in both pressure and temperature

induces an increase in the hexagonal structural contribution

of water to the detriment of the tetrahedral one (Chara et al.

2011).

Pressure and temperature change can induce notable

modifications in water properties, which evince the

dynamic and structural alterations through the adaptation

of the hydrogen bond network. These alterations can be

readily monitored using a variety of previously reviewed

order parameters, given that the mentioned limitations each

parameter presents are readily regarded.

The previous order parameters proved effective not only

for water in 3D–bulk–state studies, but also under different

confinement degrees from 2D water near a membrane

(Deshmukh and Sankaranarayanan 2012) and hydration

water surrounding a macromolecule such as lysozime to

the DNA environment (Kumar et al. 2006)—or 1D con-

finement—within a nanopore (Weng et al. 2008; Lerbret

et al. 2011). Interestingly, in biological systems, water

molecules typically interact with surfaces or interfaces,

which in turn confine them. In the next section we review

various studies on how such confinement conditions ulti-

mately alter the water structure.

Molecular dynamics of water in the presence

of membranes

In the previous section we addressed the study of non-

confined water, i.e. water in bulk conditions. From this

previous section and the articles cited therein, it is clear

that water molecules participate in structures that become

stabilised by a great diversity of hydrogen bond networks

(Jeffrey and Saenger 1994; Pimentel and McClellan 1960).

Water forms many polymorphs, characterised by struc-

tural and kinetic features, which are receptive to the

influence of several factors. The confinement of water can

produce alteration in its behaviour, mainly through the

disruption of such hydrogen bond networks. Also, it is

expected that the eventual hydrophobicity of the

226 Eur Biophys J (2013) 42:223–239
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confinement surface may modify water behaviour in its

neighbourhood.

The effect of hydrophobic walls on the properties of

neighbouring water has been largely studied, both from

experimental and computational points of view.

Since the early 1980s, much experimental evidence has

established that long range effects exist between two

hydrophobic walls separated by water (Boehnke et al. 1999;

Craig et al. 1999; Ederth and Liedberg 2000; Israelachvili

1992; Israelachvili and McGuiggan 1988; Israelachvili and

Pashley 1982; Tsao et al. 1993), as well as by other solvents,

which manifest a solvophobic effect, such as ethylene glycol

(Boehnke et al. 1999; Parker and Claesson 1994; Zhu and

Robinson 1991). However, these long-range experimental

results could not be corroborated by most of the related

computational studies available in the literature (Gentilcore

et al. 2010; Gordillo et al. 2005; Grigera et al. 1996; Lee et al.

1984; Lee and Rossky 1994; Spohr 1997; Striolo et al. 2003,

2004), thus only reporting the manifestation of short-range

effects through computational studies.

A natural question arises as to why such studies were

unable to reproduce these experimental observations. The

first part of the answer could arise from analysing the

common factor between them. In the first place, all com-

putational studies report the use of distances smaller than

1.7 nm between the hydrophobic wall and the proposed

water bulk (Lee and Rossky 1994). Moreover, and most

important, all studies have evaluated the degree of order in

the water phase using either density or average hydrogen

bond number, or both. Nevertheless, these two parameters

might be incapable of accounting for certain subtle, yet

substantial, structural variations within the vicinity of a

hydrophobic surface.

In order to overcome the two aforementioned pitfalls,

the behaviour of water molecules in the neighbourhood of

hydrophobic and hydrophilic membranes at different tem-

peratures was later studied (Chara et al. 2009), both

enhancing the dimensions of the system under study and

designing more subtle structural quantifiers for the evalu-

ation of the eventual structural changes of water. In this

work, the distances between membranes were approxi-

mately 170 A; in accordance with the mentioned refer-

ences, no influence was evidenced through density

calculations as a function of the perpendicular distance

from the membranes.

Self-diffusion coefficient and energy activation for

water showed subtle alterations due to the presence of

membranes. However, the hydrogen bond distribution

showed that the probability of one water molecule inter-

acting with four neighbouring water molecules is higher

close to a hydrophobic membrane, relative to bulk condi-

tions. Such an observation is valid even at distances as

great as 60 Å from the hydrophobic membrane (Fig. 2).

Thus, it appears that a hydrophobic membrane induces an

ordered or ‘ice-like’ phase in water. This structural

enhancement involves roughly 18–24 water hydration

layers, depending on temperature conditions. Reasonably,

such structural enhancement is what the hydrophobic effect

is all about, i.e. water molecules become ‘‘disordered’’

when moving from an ‘‘enhanced order state’’ within the

neighbourhood of a hydrophobic membrane to a ‘‘base

order state’’ within the water bulk. Interestingly, the range

of membrane influence on the surrounding water molecules

is of the order of that of a plasma membrane. Hence, it

could be speculated that the short-lived exposition of

hydrophobic regions of proteins or lipids in a plasma

membrane could readily induce transient alterations in the

structure of water within distances of the same order as that

of the plasma membrane. These alterations are expected to

be of great importance in confined systems such as natural

nanopores, i.e. the water channels or aquaporins.

Molecular dynamics of water within aquaporins

This section is about water confined in pores of nanometre

dimensions, an issue that made possible the understanding

of the behaviour of water molecules inside natural water

channels, i.e. aquaporins (AQPs).

The history of the water channel hypothesis was sup-

ported by experimental evidence provided by physiolo-

gists, although it took several decades to confirm the actual

Fig. 2 Probability of one water molecule to interact with four water

molecules in its neighbourhood (p4, continuous curve) calculated all

along the length perpendicular to a hydrophobic membrane (located at

z = 0 A). p4 reaches a convergence value (dotted curve) within a

distance of 60 A from the membrane. Simulation involved SPC/E at a

pressure and temperature of 1 bar and 300 K, respectively. Reprinted

from Chara et al. (2009), with permission from Elsevier

Eur Biophys J (2013) 42:223–239 227
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existence of water channel proteins. Meanwhile, several

studies supported interesting theories regarding the

behaviour of water inside channels and the nature of the

osmotic movement. However, these hypotheses have not

yet been proved experimentally because of technical lim-

itations. Fortunately, in silico experiments have allowed

the confirmation of some of these, mainly by means of

molecular dynamics simulations. In this section we review

the main issues concerning the nature of water transport

through channels of nanometre dimensions, as arises from

computational studies based on these conventional water

models. Such studies have led to deepening and strength-

ening most of the ideas that experimental researchers have

discussed and elaborated on for many years, often bor-

dering on arguments of philosophical dimensions.

Recognition of aquaporins

The existence of facilitated pathways for the passage of

water through biological membranes was a hypothesis

supported by experimental physiologists and biophysicists.

Although some evidence indicated that water channels had

to be proteins, it was not until 1992 that experimentalists

accepted the existence of water channels of a protein nature

(for a detailed review, see Parisi et al. 2007). At almost the

same time, P. Agre published the first protein clone with

clear water channel characteristics (Preston et al. 1992).

This protein, first called CHIP28, was then renamed AQP1,

i.e. aquaporin 1, as it was the first to be discovered. To

date, 13 mammalian aquaporins have been discovered. All

of them are expressed in humans, and their malfunction is

related to several diseases (Table 3). For example, several

recent studies on aquaporins have been centred on AQP4.

This channel protein is expressed in the brain and its

function has a relevant role in the development of neuro-

myelitis optica (NMO), which is a rare demyelinating

disease that selectively affects the optic nerve and the

spinal cord in humans (for a review on this subject, see

Graber et al. 2008).

To date, the crystal structure of aquaporins from ten

different subfamilies has been resolved: AQP1 (Murata et al.

2000; Ren et al. 2000; Sui et al. 2001), AQP0 (Murata et al.

2000; Sui et al. 2001), GlpF (Fu et al. 2000; Tajkhorshid

et al. 2002), AQPZ (Jiang et al. 2006; Savage et al. 2003),

SoPIP2;1 (Gonen et al. 2004; Törnroth-Horsefield et al.

2006), AQPM (Lee et al. 2005), PfAQP (Newby et al. 2008),

AQP5 (Horsefield et al. 2008), AQP4 (Ho et al. 2009; Tani

et al. 2009) and Aqy1 (Fischer et al. 2009). Additionally, the

molecular forces that interact between adjacent transmem-

brane segments in AQP1 have been measured using atomic

force microscopy (Möller et al. 2003).

All the members of the AQP family are small, very

hydrophobic, intrinsic membrane proteins, which are present

in the membrane as tetramers. Nevertheless, the channel for

water permeability does not reside in the centre of the tet-

ramer (as it does for ion channels). Instead, each monomer

constitutes a channel (Verkman and Mitra 2000). Predicted

sizes for the monomer of the mammalian AQPs range from

27 to 31 kDa (Verkman and Mitra 2000). The sequence

alignment of the AQPs monomers shows several highly

conserved motifs, among which two repeating Asn-Pro-

Ala’s (NPA) (Jung et al. 1994) are highlighted. These are

known as the signature sequence motifs of these proteins.

The conformation of each monomer in the membrane shows

six membrane-spanning a-helices and two long loops, one

cytosolic (loop B) and the other extracellular (loop E). Both

the N and C termini of the proteins are intracellular. One

NPA motif is located in loop B and the other in loop E. These

loops deepen into the membrane constituting a seventh

transmembrane pseudo helix, opposing the two NPA motifs

near the centre of the channel. The AQPs also share another

highly conserved sequence, the aromatic/arginine (ar/R)

region, which exits at the extracellular side of the channel

and constitutes the selectivity filter of the protein (Fig. 3).

Structural studies have provided a relevant insight

regarding the determining requirements that enable

homotetramer formation, the quaternary structure that

actually enables water transport activity in animal AQPs

(Smith and Agre 1991; Walz et al. 1994; Mathai and Agre

1999). In plants, this heterotetramer organisation of AQPs

apparently constitutes a form of regulation for monomer

transport rates (Bellati et al. 2010; Fetter et al. 2004).

However, in AQP4, the existence of a heterotetramer

formed by two splice variants (M1 and M23) of protein has

been reported (Neely et al. 1999).

Mercurial sulfhydryl reagents such as HgCl2 inhibit

water channel-mediated water permeability. In AQP1, the

residue Cys189 has been shown to be the site of mercurial

binding and water transport inhibition (Preston et al. 1993).

This inhibition mechanism was elucidated at a molecular

level by MD simulations with the AMBER 8 program

package (Hirano et al. 2010). According to alignment

comparison with AQP1, other AQPs have cysteine residues

at identical locations in their amino acid sequences.

However, it was demonstrated that not all AQPs are

inhibited by HgCl2. The characteristic case is AQP6, whose

water permeability is increased in the presence of this

mercurial agent (Yasui et al. 1999).

In another aspect, atomistic MD simulation can help to

clarify a controversial issue about the selectivity mecha-

nisms of AQPs: the passage of CO2 and other gases

through these proteins (Fang et al. 2002; Nakhoul et al.

1998; Verkman 2002). While some experimental

researchers affirm that CO2 passes through AQP1 (Cooper

et al. 2002; Prasad et al. 1998), MD simulations using the

TIP4P water model with GROMACS simulation software

228 Eur Biophys J (2013) 42:223–239
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indicate that this would be the case in biological lipid

bilayers with a low intrinsic CO2 permeability (Hub and de

Groot 2006). In addition, it has been shown, using the same

water model, that water channel interactions, not solute

channel interactions, are the key determinants underlying

the selectivity mechanism of AQPs. Hence, the hydrophobic

effect, together with steric restraints, determines the selec-

tivity of AQPs (Hub and de Groot 2008).

The case of AQP0 is particular because this aquaporin

shows pf values approximately 100-fold lower than AQP1

(Zampighi et al. 1995), conferring only a four-to-five-

fold increase in water permeability over the intrinsic

Table 3 Mammalian AQPs

Transport Organ expression Related diseasea

AQP0 Water Eye Cataract

AQP1 Water Brain, eye, heart, lung, GI tract, salivary gland,

liver, ovary, muscle, erythrocyte, spleen

Polyuria, mild urine concentration

AQP2 Water Kidney Severe polyuria, diabetes insipidus

AQP3
(GLP)

Water, urea,

glycerol

Kidney, heart, ovary, eye, salivary gland, GI

tract, brain, erythrocyte

Urinary concentrating defect, delayed wound healing, reduced

skin hydration, reduced elasticity

AQP4 Water Brain, kidney, salivary gland, heart, GI tract,

muscle

Mild urine-concentrating defect, reduced injury-induced brain

oedema, hearing defects

AQP5 Water Salivary gland, lung, GI tract, ovary, eye Impaired salivary secretion, impaired stimulated sweat

secretion, impaired secretion in airway submucosal glands

AQP6 Anions, water Brain, kidney

AQP7
(GLP)

Water, urea,

glycerol,

arsenite

Testis, heart, kidney, ovary Decreased glycerol metabolism, increased body fat and body

weight

AQP8 Water, urea,

NH3

Testis, liver, pancreas, ovary, lung Mild hypertriglyceridemia

AQP9
(GLP)

Water, urea,

glycerol,

arsenite

Liver, spleen, testis, ovary, leukocyte

AQP10
(GLP)

Water, urea,

glycerol

GI tract

AQP11 Unknown Testis, heart, kidney, ovary, muscle, GI tract,

leukocytes, liver, brain

Polycystic kidney disease

AQP12 Unnown Pancreas

Those members with aquaglyceroporin activity are indicated as GLP between brackets. The organ with the most important expression is

indicated in bold
a Related diseases observed in mouse. GI tract refers to gastrointestinal tract. For a review of aquaporins in mammals, see Ishibashi et al. (2008)

Fig. 3 Schematic

representation of AQP1.

a Scheme of the protein

sequence, indicating the six

transmembrane segments, the

two NPA motifs and clue

residues. b Scheme of the

special conformation of one

monomer. Reprinted from Ren

et al. (2000), with permission

from Elsevier
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permeability of lipid bilayers. Since these earlier physio-

logical studies, AQP0 has been thought to have another

physiological function (Mulders et al. 1995). Based on the

structural determination and MD simulation studies, it was

proposed that AQP0 could be an ‘‘adhennel’’, a term that

describes a membrane protein that functions both as a cell

adhesion molecule and a membrane channel (Engel et al.

2008; Han et al. 2006). Using the TIP3P model

(CHAMM27 force field), it was recently shown that the

reason why AQP0 has low pf values is that the water chain

inside the pore is disrupted in the region of residue Tyr23

(Qiu et al. 2010).

The study of water passing through narrow channels

Studying the behaviour of water confined

in nanometer-dimension pores

While AQPs were discovered by experimental researchers,

MD simulations were performed in order to understand the

structure of water molecules inside a channel by very well

known to experimentalists: the gramicidin A channel.

Thus, using the GROMOS package and the SPC water

model, it was first shown that water molecules act as a

collective chain inside the gramicidin A channel and that

all the water molecules are oriented with their dipole

moments pointing parallel to the pore axis (Chiu et al.

1989). Next, through the addition of various water layers at

both ends of the channel, it was observed that individual

water molecules confined in the channel executed higher

frequency motions than bulk water and that the mobility of

the water chain became reduced with the rigidity of the

channel (Chiu et al. 1991). This result was obtained with

the SPC water model, which presents a self-diffusion

coefficient in bulk *1.67 times larger than the experi-

mental value (Table 2). In a further step, the complexity of

the system was increased in order to create a system in

which the water-filled channel is set into a lipid bilayer

(Chiu et al. 1999). In this case, the SPC/E water model was

used, which presents almost exactly the same self-diffusion

coefficient as determined experimentally for bulk water

(Table 2). The results indicated that the mobility of water

inside the gramicidin channel was similar to that of bulk

self-diffusion coefficient. These first MD studies of water

behaviour within protein channels may be regarded as

reasonable approximations to be readily furthered once the

crystallographic structure of AQPs has been resolved

(Murata et al. 2000; Ren et al. 2000).

Almost in parallel, numerous MD simulations focussed

on water behaviour within nanopores.3 Lynden-Bell and

Rasaiah (1996) used the SPC/E water model to simulate the

motion of ions and water inside smooth infinite cylindrical

pores. Their results indicated that water forms a solvation

shell inside the channel. Smaller ions (with a 3-Å radius)

lie preferentially in the centre of the pore, while larger ions

penetrate the solvation shell. These results indicated that

water density is non-uniform inside the channel. Concur-

rently, Monte Carlo simulations using the PSPC water

model (a variation of SPC) demonstrated that large external

electric fields (up to 3 9 109 V m-1) pulled water mole-

cules to the walls inside the pore and that changes in pore

geometry alter water density and hence its structure inside

the pore (Green and Lu 1997). Subsequently, the standard

rigid five-site ST2 water model was used to test the self-

diffusion capacity of water and ions inside hydrophobic

and hydrophilic pores of different sizes (Allen et al. 1999).

The ST2 water model has a bulk water self-diffusion value

very close to the actual experimental value, only improved

by the SPC/E water model. The obtained results showed

that in hydrophobic pores water structure and self-diffusion

exhibit a dramatic dependence in pore size because of the

packing of the hydrogen bonded networks. Lately, studies

using the SPC water model succeeded in showing that

purely hydrophobic pores suffer transitions between an

open and a closed state (Beckstein et al. 2001). The closed

state occurs when there is no water in the pore cavity and

the open state when the water density inside the pore cavity

is approximately that of bulk water. Curiously, this shift

occurs once a critical pore radius has been exceeded

(Beckstein et al. 2001). In addition, the density of water

inside the pore depends on the fluid-wall interactions and is

smaller than the bulk liquid density, but when the radius

and/or hydrophilicity of the pore increase, the fluid density

inside the pore approaches that of bulk liquid (Giaya and

Thompson 2002). These results indicate that water inside

small hydrophobic material pores seems to be in a vapour

state and that this depends on the geometrical character-

istics of the pore. The kinetic analysis of this transition was

studied in long simulations (460 ns) using the SPC model.

The results indicated that water flow through the pore

occurs in bursts because of transitions inside the pore

between a vapour state and a liquid state (Beckstein and

Samson 2003). These observations supported the idea that

water, inside pores of nanometre-dimensions, behaves as a

gas (Zhou et al. 2004).

Later on, new evidences from MD simulations in

nanotubes supported the idea that water inside a pore is in a

vapour-like state and that the penetration of water inside

pores is modulated by the polarity and the structure of the

cavity (Beckstein and Samson 2004; Vaistheeswaran et al.

2004a, b), as well as by electric fields that may affect the

orientation of water molecules inside the channel

3 One of the first MD simulations of water diffusion inside nanopores

was done by D.G. Levitt (1973), using pores that were 11 Å long and

3.2 Å in radius and hard smooth spheres to simulate water molecules.
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(Vaistheeswaran et al. 2004a, b). Despite the properties of

the nanotube, the structure of bulk water outside the pore

(studied with the TIP3P model) affects the permeation of

water across a nanochannel (Gong et al. 2008). Thus, the

cumulative results obtained from MD simulations in car-

bon nanopores have provided a wider picture of what may

be happening inside AQPs.

Theoretical bases to study the transport properties

of aquaporins by molecular dynamics

The study by MD of water passing through narrow pores

posed a theoretical challenge. The simplest model was to

think of water as filling pores in a single file fashion. Then,

one water translocation event from one side of the channel

to the other should occur when one water molecule enters

the pore at one end, and simultaneously another water

molecule leaves the channel at the other end. This simple

model implies that the pore is always filled with water

molecules and that water molecules move stochastically

and concertedly along the axis of the pore. This is known

as the continuous-time random walk (CTRW) model

(Berezhkovskii and Hummer 2002), which was developed

to explain the transport of water filling a channel in a

single-file arrangement, which was previously simulated

using the TIP3P water model (Hummer et al. 2001).

However, the study of AQPs requires the ability to char-

acterise their function properties. Hence, the diffusional

(pd) and osmotic (pf) permeability coefficients are clear

targets to be quantified. The strategy to determine pd is

simple, because this coefficient describes water movement

by thermal fluctuations. Therefore, pd can be determined

from equilibrium MD simulations. Experimentally, pd can

be determined by the flux of labelled water molecules, e.g.

by isotopic replacement (Finkelstein 1987). Using the

CTRW model, pd can be determined by

pd ¼
vw � k0

N þ 1
ð2Þ

where vw is the average volume of a single water molecule,

k0 is the hopping rate of water molecules that enter or leave

the channel, and N is the number of water molecules that

occupy all the AQP channel in single file (Zhu et al.

2004a). The case of pf is different because this coefficient

accounts for translocation events induced by osmotic

differences, thus implying non-equilibrium conditions.

The challenge in this case is to simulate osmotic

pressures. The strategy is based on the fact that the

osmotic flux depends on the difference of chemical

potentials (Du) between both reservoirs. Therefore, pf can

be calculated from

pf ¼ vw � k0 ð3Þ

where k0 relates the net water flux with Du. Since

Du ¼ vw � DP ð4Þ

(Finkelstein 1987), osmotic differences can be simulated

inducing hydrostatic pressures (DP) (Zhu et al. 2004a).

From Eqs. (2) and (3), the following expression can be

straightforwardly obtained.

pf

pd
¼ N þ 1 ð5Þ

This expression was applied to molecular dynamic

simulations of water (modelled with TIP3P) within AQP1

and it is in agreement with calculations based on

experimental data (Parisi and Bourguet 1983).

Although inducing hydrostatic pressure differences is a

practical strategy, very large DPs are needed to simulate

induced fluxes by MD. This has the inconvenience that

simulated conditions are far from experimental conditions,

generating uncertainty regarding the fact that the results

thus obtained may not correctly represent the normal

kinetics of water within the channel. However, when

assuming a collective diffusion model, the water movement

in a stationary state can be analysed as diffusional events in

equilibrium (Zhu et al. 2004b). According to this model,

which was also developed based on MD simulations using

the TIP3P model for water, the slope of the mean square

displacement (MSD or hn2(t)i), plotted against the time

spent by water molecules inside the channel, represents pf.

Moreover, this model accounts for single file situations as

well as collective water movements through wider pores

where water molecules do not span the channel in single

file. These and other determinations of pd and pf of AQPs,

using the TIP3P model for water (Mamonov et al. 2007),

are in close agreement with experimental determinations.

It is notable that although previous MD nanopore-water

simulations were performed using various rigid water

models, the studies that established the theoretical basis to

elucidate the pd and pf coefficients of AQPs were devel-

oped using the TIP3P water model.

Later on, the TIP4P water model was used in atomistic

MD simulations using gramicidin channels of different

lengths to demonstrate that the osmotic water permeability

is independent of the pore length (Portella et al. 2007). This

result was at variance with the assumption that this rela-

tionship should be linear, which had largely been accepted

until that time (Finkelstein and Rosenberg 1979). In other

studies, the same group used the same water model (TIP4P)

to show that water molecules permeating through narrow

non-single-file channels behave like independent single-file

columns and present a general relationship between

osmotic and diffusive water permeability coefficients

(pf and pd, respectively), which shows that, in the single-

file regime, the relation between these two coefficients
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accounts for the time-averaged pore occupancy (Portella

and de Groot 2009).

Diving into the aquaporin channel: the mechanism

of proton exclusion

The first elucidated structure was that of AQP1, by electron

microscopy at 3.8-Å resolution (Murata et al. 2000; Ren

et al. 2000), which was later improved by x-ray crystal-

lography at 2.2-Å resolution (Sui et al. 2001). With the

structure elucidated, MD simulation studies were profusely

undertaken. In 2001, de Groot and Grübmuller, at variance

with other groups that used the TIP3P water model, used

the SPC water model to report the first evidence showing

that water molecules pass through the pore of AQP1 in

single file (de Groot and Grubmüller 2001). By means of

‘real-time’ MD simulations, this pioneering work con-

firmed the hypothesis posed almost 20 years earlier (see

the review by Parisi et al. 2007). Additionally, through

experiments these studies also showed a behaviour that was

unimaginable: that water molecules enter the pore with

their dipole in one orientation and leave the pore at the

other side with their dipole inverted 180� (Fig. 4). The

characteristic of this behaviour is that there is a critical site

in the pore where a single water molecule interrupts the

water chain, with molecules located at both sides, albeit

interacting only with the channel. This site is the finger-

print sequence of AQPs, the NPA motifs.

Although it was well known that protons are incapable

of being translocated through AQP1 (Zeidel et al. 1992),

the mechanism underlying this observation was unknown.

With the first MD simulations performed on AQP1, this

mechanism was postulated as related to the inversion of the

water dipole inside the pore (de Groot and Grubmüller

2001). The same water molecule behaviour was observed

when studying the glycerol uptake facilitator GlpF channel

from Escherichia coli, although in this case the TIP3P

water model was used. The explanation for the impaired

proton translocation through aquaporins was that the proton

wire is interrupted because of the dipole inversion of this

water molecule (Tajkhorshid et al. 2002). However, a new

MD report showed that the water/proton selectivity in

AQP1 is controlled by the change in the solvation-free

energy upon moving the charged proton from the water

bulk to the channel (Burykin and Warshel 2003). Almost

simultaneously, two other groups arrived at this same

conclusion. Bert de Groot and co-workers used multiple

non-equilibrium molecular dynamics simulations in AQP1,

again using the SPC water model, in order to demonstrate

that what prevents the proton passage through the channel

is an electrostatic barrier of 25–30 kJ mol-1, centred

around the fingerprint Asn-Pro-Ala (NPA) motif, and not

the interruption of the hydrogen-bonded water chain (de

Groot et al. 2003). In addition, the study of electrostatic

interactions between water molecules (TIP3P model) and

the Escherichia coli glycerol uptake facilitator (GlpF)

channel showed that the electrostatic field through the

protein channel both explains the bipolar orientation of

water in single file and blocks proton transport (Jensen

et al. 2003). Again, according to MD simulations using the

TIP3P model, the electrostatic barrier apparently arises

from the distribution of charged and polar groups of the

protein (Chakrabarti et al. 2004), but the NPA motif does

not seem to be responsible for the solvation barrier

(Burykin and Warshel 2004).

Although the final conclusion presented as a result of the

present studies is that proton translocation through AQPs is

prevented by electrostatic barriers, some differences were

observed using different water models. As mentioned

by Jensen and coworkers (2003), the TIP3P model

(CHARMM27 parameter set) showed very little disruption

of the water-hydrogen-bonded network at the SF region, in

clear contrast with the observation made by de Groot and

Grubmüller (2001) using the SPC model (GROMACS

force field).

Motivated by the MD predictions summarised above, a

voltage clamp study confirmed the impediment of GlpF to

transport protons, the limit being the H?/H20 ratio 2.10-9

(Saparov et al. 2005). On the other hand, by introducing

single- and double-point mutations in AQP1, it was dem-

onstrated that AQP1 mutants can transport protons (among

other solutes) and that the diameter at the ar/R region

determines the solute permeability (Beitz et al. 2006), and

furthermore confirmed the prediction made by MD simu-

lations with the AMBER-99 force field and the TIP3P

water model that protons do not pass through AQP1 by

a Grotthuss mechanism, i.e. by means of a proton wire

(Li et al. 2011).

Exploring the pore of the protein: gating mechanisms

Perhaps the most interesting features of channels are both

their gating properties and the mechanisms underlying

their gating ability. In the case of proteins belonging to

the aquaporin family, gating mechanisms were clearly

described experimentally in members of the vegetable

kingdom. Possibly, this is due to the fact that some of the

members are regulated by Ca2? ions, phosphorylation,

pressure or even light (for a review on these issues, see

Törnroth-Horsefield et al. 2010). The spinach aquaporin

SoPIP2:1 switches between open and closed states

depending on the conformation of the cytoplasmic D-loop

(Törnroth-Horsefield et al. 2006). MD simulations using

the TIP3P water model on SoPIP2:1 indicate that residues

Arg190, Asp191 and Ser36 would be important in deter-

mining the open and the closed states of the channel
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(Khandelia et al. 2009). A similar gating mechanism was

proposed for AQPZ, an aquaporin that facilitates rapid

water movements in Escherichia coli, where Arg189

(localised in loop D) flips between two possible positions

that implicate different distances from Ala117, which

defines different conformations of the selectivity filter

(Xin et al. 2011).

It was observed that water permeability coefficients for

different members of the aquaporin family can be ordered

according to the size of the pore (Hashido et al. 2005).

These simulations indicate that the single water perme-

ability coefficients present the following order:

GlpF�AQPZ [ AQP1� AQP0;

while their relative pore sizes can be ordered as follows:

GlpF� AQP1 [ AQPZ� AQP0:

According to the authors, these results (obtained using

the TIP3P water model) may be explained taking into

account the single-file nature presented by water molecules

inside the pore. Nevertheless, other MD studies, using the

same water model (TIP3P), reported that water flux and

occupancy within carbon nanotubes can be reduced upon

deformation of the pore (R. Wan et al. 2005). These results

could indicate that distortion of the protein water channel

could modify its water permeability coefficient. In the case

of AQP1, experimental evidence suggests that a gating

mechanism related to membrane tension could be possible

(Fig. 5) (Ozu et al. 2011; Soveral et al. 2008; Wan et al.

2004).

AQP1 and AQP4 are the two members of the mammalian

family that have been used in MD simulations to test their

gating properties using the TIP4P water model (Hub et al.

2010). Recently, it was observed that the pf of AQP1 and

AQP4 depends on the electrostatic potential difference

across the membrane. This relationship corresponds very

well with a two-state model, i.e. open and closed states.

Fig. 4 Schematic representation of AQP1. a Snapshot showing the

single file of water molecules inside the channel. b Scheme of AQP1

showing the water dipole inversion (green arrows) during

translocation through the channel. Adapted from de Groot and

Grubmüller (2001), ISSN 0036-8075 (print), ISSN 1095-9203

(online). Reprinted with permission from AAAS

Fig. 5 Relationship between water flux (JW) and osmolality mea-

sured in emptied-out oocytes expressing AQP1. According to

theoretical bases (Finkelstein 1987) a linear relationship is expected.

This result suggests a possible regulation of AQP1 dependent on

membrane tension. With kind permission from Springer Sci-

ence ? Business Media: Ozu et al. (2011), figure 5
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The results of this work predict a displacement of the Arg195

in AQP1 and the homolog Arg216 in AQP4, which are located

at the selectivity filter, i.e. the ar/R region. In both cases, the

open and closed states are defined by the distances between

Arg195 and His180 in AQP1 and the homologues Arg216 and

His201 in AQP4 (Hub et al. 2010). The predicted positions of

the homologue arginine coincide with the two positions in

which these residues were observed in the corresponding

protein crystals (Ho et al. 2009; Sui et al. 2001). In addition,

using the TIP3P water model it was observed that His201 is

involved in a gating mechanism dependent on external

electric fields and that the water dipole orientation in the

selectivity filter is also affected (Garate et al. 2011).

Water models and aquaporins

Although different water models have been developed and

validated through molecular dynamics, the models most

widely employed by the scientific community are those

quoted in Tables 1 and 2. Despite the apparent simplicity

of these models, they are capable of reasonably reproduc-

ing many physical properties of water, both in conditions of

bulk state and confinement state, and thus are adequate for

use in studies that seek to characterise water behaviour in

the neighbourhood of the plasma membrane as well as the

intimacy of the aquaporin water channel.

Both the force field and the water model determine the

behaviour of the system under study. In the framework of

molecular dynamics of water within aquaporins, de Groot

and Grubmüller (2001)—using SPC—as well as Jensen

et al. (2003)—using TIP3P—concluded that proton trans-

location through AQPs is prevented by electrostatic barri-

ers. However, Jensen et al. (2003), using the TIP3P model

(CHARMM27 parameter set), observed very little disrup-

tion of the water-hydrogen-bonded network at the SF

region of the AQPs pore, in contrast with the observation

made by de Groot and Grubmüller (2001), using the SPC

model (GROMACS force field). This differential behav-

iour could be attributed to force field differences

(CHARMM vs. GROMACS) as well as the singularities of

the different water models used.

The choice of a particular water model certainly influ-

ences the result obtained by the system under study, since

different water models have different properties when

simulated under exactly the same conditions. It has been

shown that whilst SPC/E provides the best bulk water

dynamics and structure, SPC gives less structure and faster

diffusion, whereas TIP3P is characterised by even faster

dynamics with a concomitantly greater structure loss when

compared with the experimental values for liquid water

(Mark and Nilsson 2001). Additionally, hydration ther-

modynamic properties of nonpolar and polar amino acid

residues give different values depending on the water

model employed. SPC/E shows hydration enthalpy and

heat capacity of non-polar residues closer to the experi-

mental values compared to SPC, TIP3P, TIP4P and TIP4P-

Ew water models using the AMBER99, GROMOS 53A6

and OPLS-AA force fields (Hess and van der Vegt 2006).

Additionally, complementary MD studies reported that

different water models could lead to distinct structural

arrangements of water inside a carbon nanotube. Namely,

comparison between SPC/E and TIP3P models indicated

that whilst the first model generates polygonal water

structures inside the nanotube, the second one does not

(Alexiadis and Kassinos 2008).

Since water-aquaporin interaction is the key factor in the

behaviour of the system as a whole, a careful selection of

the most adequate water model for each case study is

mandatory. Consequently, a water model that presents a

balanced overall ability to reproduce the actual behaviour

of water should generally be the most reasonable option.

Nevertheless, a relevant property to give particular

consideration for any chosen water model is the dielectric

constant, given its most relevant role in every electrostatic

interaction. If a model with a dielectric constant too far

from the experimental value is chosen, the proper elec-

trostatic interactions will most likely fail to manifest. On

the other hand, if the protein-water interaction is case study

optimised, modifying the rest of the force field parameters,

this will result in changes in the electrostatic protein–

protein interactions, which most likely will render an

erroneous conformational behaviour of the macromolecule.

Likewise, a particularly important property for the study

of water within aquaporins is the self-diffusion coefficient.

Namely, it has been recently shown that this coefficient

decreases in the presence of a hydrophobic membrane

(Chara et al. 2009). Thus, the diffusional properties of

water should expectedly be greatly influenced by such a

high degree of confinement as that present within the

aquaporin channel.

Based on the fact that the SPC/E model shows the most

appropriately balanced overall compliance with the refer-

red experimental properties (most of which are presented in

Table 2), performing molecular dynamic studies of aqu-

aporins using the SPC/E water model might render results

of greater experimental accordance than those presently

available in the literature.

So far, although comparison of the results obtained with

SPC/E, against those produced using other models (Law

and Samson 2004), points out the necessity of performing

simulations of aquaporins with SPC/E, the use of this last

model has been absent in the majority of the MD aquaporin

studies (Table 4) up to date.

Enthusiastically, future water channel MD studies will

become enhanced on account of a generalised increase in
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the consideration of the most appropriate water model to

use when designing any state-of-the-art MD channel study.

Finally, it is important to bear in mind that effective water

models, such as those presently considered, are only sur-

rogates to any model developed to consider the effects of

both polarisation and quadrupole moment. Unhappily, such

a water model still remains to be developed.

Concluding remarks

The dynamics of water in biological systems has been

studied for many years. Although the discovery of aqu-

aporins has allowed for the identification of the most rel-

evant molecular entity responsible for water transport in

biological systems, a profound understanding of water

dynamics in these systems is far from complete. Moreover,

several important controversies still persist.

Whilst most experimental approaches to study water

transport at the cellular level are still based on the

hydraulic characterisation of water pathways by means of

macroscopic transport coefficients, molecular dynamics

simulations provide, to some extent, a detailed mechanistic

understanding of water at the molecular level. Whilst

thermodynamics of irreversible processes form the theo-

retical framework behind the first hydraulic measurements,

a mechanistic theory ruling osmotic phenomena at the

molecular level in biological systems is still pending.

Although such a theory does not yet exist, it can be stated

that its elucidation most likely will involve the use of those

models summarised in the previous sections. The challenge

will be to understand the whole picture linking water

transport inside aquaporins with their participation in/reg-

ulation by cellular and tissue processes under different

physiological and patho-physiological scenarios. The years

to come will reveal to what extent we will be able to

address such a challenge.
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X-ray structure of aquaporin Z. PLoS Biol 1(3):E72

Schloerb PR, Friis-Hansen BJ, Edelman IS, Solomon AK, Moore FD

(1950) The measurement of total body water in the human

subject by deuterium oxide dilution. J Clin Investig 29(10):

1296–1310

Sciortino F, Poole PH, Stanley HE, Havlin S (1990) Lifetime of the

hydrogen bond network and gel-like anomalies in supercooled

water. Phys Rev Lett 64(14):1686–1689

Sciortino F, Geiger A, Stanley HE (1991) Effect of defects on

molecular mobility in liquid water. Nature 354:218–221

Shiratani E, Sasai M (1998) Molecular scale precursor of the liquid–

liquid phase transition of water. J Chem Phys 108(8):3264–3276

Smith BL, Agre P (1991) Erythrocyte Mr 28,000 transmembrane

protein exists as a multisubunit oligomer similar to channel

proteins. J Biol Chem 266(10):6407–6415

Soper AK, Bruni F, Ricci MA (1997) Site–site pair correlation

functions of water from 25 to 400 �C: revised analysis of new

and old diffraction data. J Chem Phys 106(1):247–254

Soveral G, Madeira A, Loureiro-Dias MC, Moura TF (2008)

Membrane tension regulates water transport in yeast. Biochim

Biophys Acta 1778(11):2573–2579

Spohr E (1997) Molecular dynamics simulation studies of the density

profiles of water between (9–3) Lennard-Jones walls. J Chem

Phys 106(1):388–392

Steinhardt PJ, Nelson DR, Ronchetti M (1983) Bond-orientational

order in liquids and glasses. Phys Rev B 28(2):784–805

Strauch HJ, Cummings PT (1989) Computer simulation of the

dielectric properties of liquid water. Mol Simul 2(1–2):89–104

Striolo A, Chialvo AA, Cummings PT, Gubbins KE (2003) Water

adsorption in carbon-slit nanopores. Langmuir 19(20):8583–

8591

Striolo A, Gubbins KE, Chialvo AA, Cummings PT (2004) Simulated

water adsorption isotherms in carbon nanopores. Mol Phys

102(3):243–251

Sui H, Han BG, Lee JK, Walian P, Jap BK (2001) Structural basis of

water-specific transport through the AQP1 water channel. Nature

414:872–878

Tajkhorshid E, Nollert P, Jensen MØ, Miercke LJW, O’Connell J,

Stroud RM, Schulten K (2002) Control of the selectivity of the

aquaporin water channel family by global orientational tuning.

Science 296(5567):525–530

Tani K, Mitsuma T, Hiroaki Y, Kamegawa A, Nishikawa K,

Tanimura Y, Fujiyoshi Y (2009) Mechanism of aquaporin-4’s

fast and highly selective water conduction and proton exclusion.

J Mol Biol 389(4):694–706

Törnroth-Horsefield S, Wang Y, Hedfalk K, Johanson U, Karlsson M,

Tajkhorshid E, Neutze R, Kjellbom P (2006) Structural mech-

anism of plant aquaporin gating. Nature 439:688–694

Törnroth-Horsefield S, Hedfalk K, Fischer G, Lindkvist-Petersson K,

Neutze R (2010) Structural insights into eukaryotic aquaporin

regulation. FEBS Lett 584(12):2580–2588

238 Eur Biophys J (2013) 42:223–239

123



Truskett TM, Torquato S, Debenedetti PG (2000) Towards a

quantification of disorder in materials: distinguishing equilib-

rium and glassy sphere packings. Phys Rev E 62(1):993–1001

Tsao TH, Evans DF, Wennerstrom H (1993) Long-range attractive

force between hydrophobic surfaces observed by atomic force

microscopy. Science 262(5133):547–550

Vaistheeswaran S, Rasaiah JC, Hummer G (2004a) Electric field and

temperature effects on water in the narrow nonpolar pores of

carbon nanotubes. J Chem Phys 121(16):7955–7965

Vaistheeswaran S, Yin H, Rasaiah JC, Hummer G (2004b) Water

clusters in nonpolar cavities. PNAS USA 101(49):17002–17005

van der Spoel D, van Maaren PJ, Berendsen HJC (1998) A systematic

study of water models for molecular simulation: derivation of

water models optimized for use with a reaction field. J Chem

Phys 108(24):10220–10230

Vega C, Abascal JLF (2005) Relation between the melting temper-

ature and the temperature of maximum density for the most

common models of water. J Chem Phys 123(14):144504

Vega C, Sanz E, Abascal JLF (2005) The melting temperature of the

most common models of water. J Chem Phys 122(11):114507

Verkman AS (2002) Does aquaporin-1 pass gas? An opposing view.

J Physiol 524(1):31

Verkman AS, Mitra AK (2000) Structure and function of aquaporin

water channels. Am J Physiol 278(1):F13–F28

Vidulich GA, Evans DF, Kay RL (1967) The dielectric constant of

water and heavy water between 0 and 40.degree. J Phys Chem

71(3):656–662

Walz T, Smith BL, Zeidel ML, Engel A, Agre P (1994) Biologically

active two-dimensional crystals of aquaporin CHIP. J Biol Chem

269(3):1583–1586

Wan X, Steudle E, Hartung W (2004) Gating of water channels

(aquaporins) in cortical cells of young corn roots by mechanical

stimuli (pressure pulses): effects of ABA and of HgCl2. J Exp

Bot 55(396):411–422

Wan R, Li J, Lu H, Fang H (2005) Controllable water channel gating

of nanometer dimensions. JACS 127(19):7166–7170

Weng MH, Lee WJ, Ju SP, Chao CH, Hsieh NK, Chang JG, Chen HL

(2008) Adsorption of water molecules inside a Au nanotube: a

molecular dynamics study. J Chem Phys 128:174705

Woutersen S, Emmerichs U, Bakker HJ (1997) Femtosecond Mid-IR

pump-probe spectroscopy of liquid water: evidence for a two-

component structure. Science 278(5338):658–660

Wu Y, Tepper HL, Voth GA (2006) Flexible simple point-charge

water model with improved liquid-state properties. J Chem Phys

124:024503

Xin L, Su H, Nielsen CH, Tang C, Torres J, Mu Y (2011) Water

permeation dynamics of AqpZ: a tale of two states. Biochim

Biophys Acta 1808:1581–1586

Yasui M, Hazama A, Kwon TH, Nielsen S, Guggino WB, Agre P

(1999) Rapid gating and anion permeability of an intracellular

aquaporin. Nature 402:184–187

Yeixeira J, Chen SH, Bellissent-Funel MC (1991) Molecular

dynamics of liquid water probed by neutron scattering. J Mol

Liq 48(2–4):111–121

Yu H, van Gunsteren WF (2004) Charge-on-spring polarizable water

models revisited: from water clusters to liquid water to ice.

J Chem Phys 121(19):9549–9564

Zampighi GA, Kreman M, Boorer KJ, Loo DD, Bezanilla F, Chandy

G, Hall JE, Wright EM (1995) A method for determining the

unitary functional capacity of cloned channels and transporters

expressed in Xenopus laevis oocytes. J Membr Biol 148(1):

65–78

Zeidel ML, Ambudkar SV, Smith BL, Agre P (1992) Reconstitution

of functional water channels in liposomes containing purified red

cell CHIP28 protein. Biochemistry 31:7436–7440

Zhou X, Li CQ, Iwamoto M (2004) Equilibrium and kinetics: water

confined in carbon nanotubes as one-dimensional lattice gas.

J Chem Phys 121(16):7996–8002

Zhu SB, Robinson GW (1991) Structure and dynamics of liquid water

between plates. J Chem Phys 94(2):1403–1410

Zhu F, Tajkhorshid E, Schulten K (2004a) Theory and simulation of

water permeation in aquaporin-1. Biophys J 86(1):50–57

Zhu F, Tajkhorshid E, Schulten K (2004b) Collective diffusion model

for water permeation through microscopic channels. Phys Rev

Lett 93(22):224501

Eur Biophys J (2013) 42:223–239 239

123


	Molecular dynamics of water in the neighborhood of aquaporins
	Abstract
	Introduction
	Molecular dynamics of water, an introduction
	Molecular dynamics of water in the presence of membranes
	Molecular dynamics of water within aquaporins
	Recognition of aquaporins
	The study of water passing through narrow channels
	Studying the behaviour of water confined in nanometer-dimension pores
	Theoretical bases to study the transport properties of aquaporins by molecular dynamics

	Diving into the aquaporin channel: the mechanism of proton exclusion
	Exploring the pore of the protein: gating mechanisms

	Water models and aquaporins
	Concluding remarks
	Acknowledgments
	References


