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Abstract

The transport of water through aquaporins is a dynamic process that involves rapidmove-
ment of a chain of water molecules through the pore of the aquaporin. Structures of
aquaporins solved using X-ray crystallography have provided some insights into how
water is transported through these channels, and how certain structural features of
the pore might help exclude other solutes from passing through the pore. However, such
techniques provide only a static picture, and a dynamic picture of the transport and
selectivity mechanism at work in aquaporins is possible with molecular dynamics (MD)
simulations. In MD simulations, the forces between the different atoms in a system are
computed, and the atoms are then allowed to move under the influence of these forces.
This allows the sampling of different conformations of the molecule being studied,
including conformations that are crucial in driving biological phenomena like water
transport. Simulation studies have provided insights into a number of aspects of
aquaporins, including the role of the asparagine-proline-alanine (NPA) motif and the
aromatic/arginine (ar/R) constriction, water transport mechanism, mechanisms defining
the selectivity of the channel, interaction with lipids, response to external electric field,
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and binding of putative drugmolecules. This chapter provides a brief reviewof the current
status of computational modeling of aquaporins using MD simulations. Initially, a brief
account of force fields and MD simulations is presented followed by an account of
how MD simulations have contributed to further our understanding of different aspects
of aquaporins.

Computational methods have become one of the indispensable tools in the

investigation of chemical and biological systems. Among a wide variety of

computational methods available, molecular dynamics (MD) simulations

have proven to be one of the most powerful tools to examine the structural,

dynamic and thermodynamic properties of biomolecular systems. MD

simulations have been successfully used to explain experimental observa-

tions, and to make predictions based on which new experiments are

designed. The simulation captures the time evolution of the position and

momenta of each of the nuclei in the biomolecular systems, which can fur-

ther be used to calculate desirable properties related to the system.

A qualitative and brief account of MD simulations is provided below

followed by a summary of insights obtained on aquaporins using simulations.

MD simulations are performed by integrating Newton’s equation of

motion for each atom/nuclei in the system (Adcock & McCammon,

2006; Padhi & Priyakumar, 2017a). Interatomic interactions are defined

by a potential energy function (in other words, molecular mechanics) along

with a set of empirical parameters usually referred to as force fields.

Molecular mechanics treats atoms as spheres centered at the nuclear positions

connected by harmonic springs. CHARMM and AMBER are two most

popular force fields of choice for biomolecular systems (Hart et al.,

2012; Huang et al., 2016; Denning, Priyakumar, Nilsson, & MacKerell,

2011; Klauda et al., 2010; Maier et al., 2015). These force fields express

the total energy of the system as the sum of bonded and nonbonded energy

contributions. The bonded energy includes energy terms corresponding

to bond stretching, angle bending and dihedral rotations, whereas the

nonbonded energy is modeled using a classical Coulomb potential and a

Lennard-Jones potential as given in the equation below.
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U(r) is the potential energy expressed as a function of the positions of

the atoms in the molecule. The first term on the right hand side accounts

for changes in energy arising from stretching of bonds. A bond between

two atoms is treated as a system of two rigid spheres connected by a spring.

kb denotes the spring constant of the spring connecting the two atoms, b0 is

the equilibrium bond length, and b is the bond length at any instant. Like

bond stretching, angle bending is also treated by a harmonic term. This is

given by the second term in the equation, in which θ0 is the equilibrium

bond angle, θ is the instantaneous bond angle, and kθ is the force constant.

Rotations about every bond in the system are quantified by a geometric

measure called the dihedral angle whose contribution to the energy is typ-

ically modeled by the third term in the equation, where ϕ is the dihedral

angle, kϕ accounts for the height of the potential energy curve, n determines

the number of maxima/minima that occur as ϕ varies from -π to π, and
δ gives the phase shift for ϕ. The fourth term in the equation is the

Coulomb term for quantifying the electrostatic interactions between any

two atoms (i and j) in the system except when the pair forms a bond or when

they are part of the same angle. In the above equation, qi and qj denote the

partial charge on particles i and j, respectively; ε is the permittivity in vac-

uum, and rij is the distance between the particles i and j. The fifth term is the

LJ potential that quantifies the van der Waals energy.

The force field is used to calculate the force acting on each particle in the

system due to the other particles in the system (Adcock & McCammon,

2006). The first derivative of the potential energy (force field) with respect

to the position is the force:

Fα
i ¼ � dU

drαi

Here Fi
α is the force acting along the ith component for atom α, U is the

potential energy, and ri
α is the position of atom α along the ith component

(a given atom α can have three components x, y, and z). The acceleration

of each particle then is calculated using Newton’s equation of motion:

aαi ¼
Fα
i

mα

where mα is the mass of atom α. Typically, the simulation starts with a set of

nuclear positions (for example, atomic coordinates from a PDB file) of the

biomolecule and solvent. In case of transmembrane simulations, a lipid

model is chosen to build the lipid bilayer and aqueous layer is added to both
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sides of the membrane. An initial guess of the velocities for each particle in

the system is obtained, using which the particles are moved. Using an inte-

gration algorithm such as the Verlet algorithm, the subsequent position is

calculated from the current position, past position and the acceleration.

This process is repeated until the desired simulation time length is achieved

or until the computer infrastructure limits further progress! The MD trajec-

tory (positions of each of the atoms in the system as a function of time) is

collected and analyzed to learn more about the system at hand. When the

simulation length scale is significantly longer than the actual event, modeling

of such systems become more complicated. Advanced methods such as rep-

lica exchange MD, umbrella sampling and metadynamics can be used to

study such rare events. Umbrella sampling is the most widely used method

in this context. An event like glycerol permeation across an aquaporin in the

membrane is an example of such a system that can be modeled using

umbrella sampling. The method enables sampling of glycerol configurations

along the pore axis by applying a bias on the glycerol molecule in the form of

a harmonic potential (K€astner, 2011). A number of windows are defined

along the pore axis, and independent simulations are performed for each

window. For a window i, the biasing potential has the form

wi zð Þ ¼ 1

2
k z� zi,0ð Þ2

where k is the harmonic constant, zi,0 is the center of the window i, and z is

the position of the glycerol along the pore axis at any given instant. The

potential energy function then has the form

Eb rN
� � ¼ Eu rN

� �
+ wi zð Þ

where rN denotes the positions of all the atoms in the system, and Eu(rN) is

the unbiased potential energy function.

The following sections systematically summarize how MD simulations

have been helpful in gaining insights into several aspects of aquaporins.

1. Conformational dynamics and water transport

The solving of the crystal structure of the AQP1 tetramer (Murata

et al., 2000) provided an atomistic level view of the structure of the channel.

Simulation studies on this channel show a single file of hydrogen bonded

water molecules in the pores of each of the four monomeric units

(Zhu, Tajkhorshid, & Schulten, 2001).Water molecules also form hydrogen
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bonds with the asparagine residues of the two NPA motifs lining the pore.

No water permeation, however, was observed in the central pore of the tet-

rameric structure. MD simulations by Grubm€uller and coworkers on a more

refined structure of AQP1 (Fu et al., 2000) revealed that another major

water-protein interaction site is located at the ar/R region constituted by

F56, H180, and R195 residues (de Groot & Grubm€uller, 2001). Strong
interactions in this region between water and the channel lead to weakening

of water-water hydrogen bonds and a disruption in the water chain. In gen-

eral, strong orientational control of the water dipoles is seen inside the pore,

and the dipoles undergo an inversion about the NPA region. It is proposed

that this dipole inversion is important in defining the selectivity of the chan-

nel toward water, since only small molecules with a large dipole moment

would be able to undergo such inversion. The free energy for the transport

of a water molecule along the pore axis z has been calculated using the

relation

G zð Þ ¼ �kBT ln n zð Þ

where kB is the Boltzmann constant,T is the absolute temperature and n(z) is

the residence frequency along the pore axis z. An energy barrier of slightly

more than 1kcal/mol is observed, indicating a high water transport rate.

The above study also provided an account of water permeation through

the aquaglyceroporin GlpF. There is a disruption of the water chain around

the ar/R region in a manner similar to that seen in AQP1. The major dif-

ference between the two channels is seen in the vicinity of the NPA motif;

while AQP1 has the bulky F24 side chain facing the pore, the equivalent

residue in GlpF is the smaller L21 residue. The smaller leucine side chain

in GlpF permits the passage of glycerol, which is bigger in size than a water

molecule. Amore comprehensive view of water transport throughGlpFwas

provided in a study by Schulten and coworkers (Tajkhorshid et al., 2002).

Fig. 1A gives a view of the arrangement of water molecules inside the pore of

GlpF. Thewater molecules are hydrogen bonded with one another as well as

with the residues of the two NPA motifs and the ar/R constriction. Two

α-helices, namely, M3 andM7, have their termini facing the pore, and these

charged termini also interact with water molecules. The orientation of the

water molecules is opposite in the two halves of the channel, with the mol-

ecules undergoing a rotation around the NPA region. At the two ends of the

pore, the waters orient themselves such that they engage in stable interac-

tions with the helical dipoles (Fig. 1B). At the middle of the pore, the water
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Fig. 1 (A) Arrangement of the water chain in the pore of the aquaglyceroporin GlpF. Hydrogen bond distances for water-water and
water-protein interactions are shown in Angstroms. Important pore-lining residues and the helices M3 and M7 are also shown.
(B) Illustration of the proton exclusion mechanism. I shows that protonation at either of the termini is unfavorable because of the water
orientation. II illustrates the unfavorable orientation of watermolecules with respect to the helical dipole that would arise if water protonation
were to occur at one of the termini. III shows that if the water oxygen at the terminus were to be available for protonation, it would lead to
breakage of hydrogen bonding in the water chain. Reproduced with permission from Tajkhorshid, E., Nollert, P., Jensen, M. Ø., Miercke, L. J.,
O’connell, J., Stroud, R. M., et al. (2002). Control of the selectivity of the aquaporin water channel family by global orientational tuning.
Science, 296(5567), 525–530.
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oxygen forms hydrogen bonds with the asparagine side chains on the two

NPA motifs. The arrangement of the water chain inside the pore ensures

that protons are not allowed to permeate. Protonation of water molecules

at the two ends of the pore is not favorable because of the orientation.

Furthermore, proton movement through the water chain would require

reorientation of water molecules and breakage of hydrogen bonds, which

is an unfavorable process.

Side chain dynamics of pore-lining residues in aquaporins is important in

the movement of water molecules through the pore, as shown in simulations

on a monomeric form of bovine AQP1 (Smolin, Li, Beck, & Daggett,

2008). Upon simulating the system with the protein fixed, water molecules

occupied the same positions as those reported in the crystal structure, but no

complete permeation events (from one end of the pore to the other) were

observed. As the protein is allowed to move, the side chains of the aspara-

gines in the two NPAmotifs hydrogen bond with water molecules and assist

their movement through the pore by aligning them. The pore-facing H76

and V155 residues act as a valve and modulate the flow of water through the

channel.

Apart from providing insights into the water transport mechanism in

aquaporins, MD simulation studies have also unraveled the gating mecha-

nism. A study on the human aquaporin AQP5 showed that water movement

is gated at two points in the channel: the cytoplasmic end and the ar/R con-

striction ( Janosi & Ceccarelli, 2013). While the cytoplasmic end switches

between open and closed states, the ar/R region switches between wide

and narrow states. The closed state of the cytoplasmic end completely blocks

the passage of water. When the cytoplasmic end is in an open configuration,

the ar/R region can adopt either the wide state or the narrow state. The two

states of the ar/R region are defined by the orientation of the H173 side

chain, with the ring switching between conformations that are either parallel

to (wide state) or perpendicular to (narrow state) the pore axis. Extracellular

loops have also been proposed to play a role in regulating water transport, as

shown in a study on AQP1 that combined MD simulations with nuclear

magnetic resonance (NMR)-derived restraints (Wang et al., 2016).

Simulations of a tetrameric form of the human aquaporin AQP4 show that,

while the pores of each of the individual monomers possess a single file water

chain, the central pore in the tetramer is impermeable to water, owing to the

presence of hydrophobic residues (Cui & Bastien, 2011).

An analysis of the rotational and translational components of water

molecules permeating aquaporins has provided a thermodynamic basis for
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the spontaneous entry of water molecules into the channel (Barati Farimani,

Aluru, & Tajkhorshid, 2014). Although water entry into the pore is accom-

panied by a reduction in translational motion, there is a significant increase in

the rotational motion of water molecules inside the pore. There is thus an

entropic gain upon entry of water molecules into the pore, making the

process spontaneous.

An investigation of the free energy landscape for water orientation at

different points along the pore axis in the human aquaporin AQP2 provided

a comprehensive view of the transport mechanism in the channel (Padhi &

Priyakumar, 2017b). The free energy for an angle θ between the water

dipole and the pore axis, at a position i along the pore axis, is given by

G ni, θð Þ ¼ G nið Þ � kBT ln ρ θ; nið Þ + ci

where ni is the normalized number density for water molecules at position i,

ρ (θ; ni) is the probability of occurrence of angle θ for a given value of i, and

Ci is a constant for a given value of i. Fig. 2 shows the free energy profile as a

Fig. 2 Free energy profiles for water transport through aquaporin AQP2 as a function of
water position along pore axis and angle between water dipole and pore axis.
Orientations ofwater corresponding to 0°, 90° and 180° are shown alongside y-axis labels.
The free energy profile on the top corresponds to the wild-type and that at the bottom
corresponds to the N184A mutant. The figure on the left hand side depicts the pore axis.
Reproduced with permission from Padhi, S., & Priyakumar, U. D. (2017b). Microsecond
simulation of human aquaporin 2 reveals structural determinants of water permeability
and selectivity. Biochimica et Biophysica Acta (BBA)-Biomembranes, 1859(1), 10–16.
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function of water position along pore axis and angle between water dipole

and pore axis. When the water molecules are in the peripheral regions of the

channel, they are free to attain a variety of orientations, as shown by the flat

free energy landscape in this region. However, as the molecules cross the

NPA motif, they are oriented such that their dipole is perpendicular to

the pore axis. Such an orientation allows the molecules to form hydrogen

bonds with the asparagine side chain. The role of the asparagine in restricting

the orientation of water was further confirmed by designing a mutant in

which the asparagine was replaced with an alanine. Water molecules in

the mutant had greater orientational freedom in the region corresponding

to the NPA motif. It is proposed that the restriction of water orientation

around the NPA motif in the wild-type is possibly a mechanism that

prevents proton transport through the water chain.

2. Selectivity: Proton exclusion

An understanding of the water transport mechanism in aquaporins

provided some insights into how the passage of protons through the channel

might be blocked. Proton exclusion in these channels continue to be a fasci-

nating problem, and a number of studies have further delved into the atomistic

details of this phenomenon. An MD study on the aquaglyceroporin GlpF

made an estimate of the barrier for proton permeation from the distribution

of water oxygens in the pore ( Jensen, Tajkhorshid, & Schulten, 2003).

Initially, the positions of the water oxygens were approximated to be the

positions of a hypothetical anion passing through the pore, and this was used

to calculate the electrostatic interaction energy between the channel and an

anion at different positions along the pore. The negative value of this electro-

static interaction energy for a permeating anion, in turn, gave the electrostatic

interaction energy for a permeating cation. The most negative interaction

energy for the anion is seen at the NPAmotif, not at the ar/R selectivity filter

that has a positively charged arginine.While the strong interaction at the NPA

region is because of the two asparagine residues, the strong attraction between

the anion and the arginine at the ar/R region is canceled by repulsive forces

from nearby glutamates and the pore-lining M3 and M7 helices. The results

suggest that the highest barrier to proton permeation would occur at the NPA

region.

The transport of protons along the water chain in AQP1 has been

modeled using quantum hopping (Q-HOP) MD simulations, which are

MD simulations that allow stochastic proton hopping events to occur
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(De Groot, Frigato, Helms, & Grubm€uller, 2003). Fig. 3 shows the free

energy profile for the transport of a proton across the pore of AQP1. The

figure also shows the distributions of protons computed from Q-HOP sim-

ulations and the distributions of H3O
+ and OH� computed from conven-

tionalMD simulations. Themajor barrier for proton transport is seen around

the NPA motif, which arises from the occurrence of the asparagine side

chains of the two NPA motifs and the positively charged N-termini of

two pore-facing helices. A secondary barrier is seen around the ar/R con-

striction, which is caused by a disruption in the water chain in this region.

Thus, the study further confirmed the hypothesis that proton exclusion in

aquaporins is brought about by the electrostatics of the NPA region, not

by a disruption in the water chain around the ar/R constriction. Results

from the study also throw light on hydroxide ion exclusion in aquaporins.

Hydroxide ion exclusion is an important feature of aquaporins, since binding

of hydroxide ions in the pore can block the pore, thereby rendering the

channel incapable of conducting water molecules. The distribution of

OH� shown in Fig. 3 reveals two regions on either side of the NPA region

where OH� does not occur, suggesting that these are regions that are likely

to pose an energy barrier to the passage of OH�. Indeed, the simulations

Fig. 3 Free energy for proton transport through the pore of AQP1 from Q-HOP simula-
tions. The figure also shows the distribution of OH� and H3O

+ from conventional and
Q-HOP simulations. Reproduced with permission from De Groot, B. L., Frigato, T.,
Helms, V., & Grubm€uller, H. (2003). The mechanism of proton exclusion in the aquaporin-1
water channel. Journal of Molecular Biology, 333(2), 279–293.
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show that when hydroxide ions are placed in the center of the pore, they are

attracted toward the NPA motif. However, when they are placed in the

peripheral region of the pore, they are not drawn toward the NPA motif,

but are instead expelled from the channel.

The effect of the electrostatics of the pore on proton transport has been

studied by designing artificial variants of the aquaglyceroporin GlpF

(Chakrabarti, Roux, & Pomès, 2004).

Fig. 4A shows the free energy profile for the transfer of an excess proton

along the water chain in the different variants of the channel. Switching off

the charge on arginine (system “R”) does not reduce the barrier, suggesting

that the positive charge on proton is not responsible for the barrier.

Fig. 4 (A) Free energy profiles for the transfer of a proton through the water chain in
GlpF. A number of artificial variants of the channel were studied in which pairwise elec-
trostatic interactions between the pore lumen contents and specific parts of the channel
were turned off. These systems are as follows. wt: wild-type; R: electrostatic interactions
with R206 turned off; H: electrostatic interactions withM3/M7 helix backbone turned off;
N: electrostatic interactions with NH2 of N68/N203 turned off; HN: both M3/M7 helix
backbone and NH2 of N68/N203 turned off; RHN: R206, M3/M7 helix backbone and
NH2 of N68/N203 turned off. Two mutants, N68D and N203D, were also studied.
(B) Schematic showing how the helical dipoles and the bipolar orientation of water
aid in proton exclusion. Top panel: The bipolar orientation of water molecules ensures
favorable interactions with helical dipoles. Middle panel: Protonation of a water mole-
cule in the middle leads to repulsion between the protonated water and the helical
dipoles. Bottom panel: In the N65D and N203Dmutants, the negative charge on the glu-
tamate in the middle stabilizes the protonated water. Reproduced with permission from
Chakrabarti, N., Roux, B., & Pomès, R. (2004). Structural determinants of proton blockage in
aquaporins. Journal of Molecular Biology, 343(2), 493–510.
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