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Water translocation between various compartments of a system is a
fundamental process in biology of all living cells and in a wide variety of tech-
nological problems. The process is of interest in different fields of physiology,
physical chemistry, and physics, and many scientists have tried to describe
the process through physical models. Owing to advances in computer simula-
tion of molecular processes at an atomic level, water transport has been stud-
ied in a variety of molecular systems ranging from biological water channels
to artificial nanotubes. While simulations have successfully described various
kinetic aspects of water transport, offering a simple, unified model to describe
trans-channel translocation of water turned out to be a nontrivial task.

Owing to its small molecular size and its high concentration in the
environment, water is able to achieve significant permeation rates through dif-
ferent membranes, including biological cell membranes which are primarily
composed of lipid bilayers. As such, water is generally exchangeable between
various compartments of living organisms. However, due to the hydrophobic
nature of the core of lipid bilayers, high permeation rates can only be achieved
through devising additional pores in the bilayer that increase the permeability
of water. These pores, known as channels, are primarily formed by folding and
aggregation of one or more polypeptide chains inside the membrane. Aqua-
porins (AQPs) are the most prominent family of biological channels that facil-
itate transport of water across membranes in a selective manner. Other porins
and channels also allow water molecules to pass, but they are either nonse-
lective channels or mainly used for transport of other substrates, i.e., water is
co-transported with other substrates through these channels.
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Water permeation through biological channels, such as AQPs, has been the
subject of theoretical and experimental studies for many years [1]. Molecu-
lar dynamics (MD) simulations provide an ideal tool for investigating water
transport through channels [2–5], since the movement of every single water
molecule can be closely monitored in the simulations. A large body of evi-
dence, including the recently solved structures of these channels and extensive
MD simulations, have indicated that the pore region of selective water chan-
nels confines water molecules to a single file configuration, in which a highly
correlated motion of neighboring, hydrogen-bonded water molecules governs
the rate of diffusion and permeation of water through the channel. A very sim-
ilar behavior of water has been reported in artificial water channels formed by
carbon nanotubes (CNTs).

This chapter presents a detailed description of water motion and perme-
ation through water channels, through a comprehensive survey of the theory
associated with single-channel water transport, methodologies developed to
simulate such events, and comparison of experimental and calculated observ-
ables. The main objective is to provide the reader with a clear description
of experimentally measurable properties of water channels. Our description
links these properties to the microscopic structure and dynamics of channels.
We show how observables like channel permeabilities can be examined by
computer simulations and we present a mathematical theory of single-channel
water transport.

1. Structurally Known Biological
Water Channels

AQPs are a family of membrane water channels for which crystallographic
structures are available. They are present in nearly all life forms. In human,
AQPs have been found in multiple tissues, such as the kidneys, the eye, and the
brain. They form homo-tetramers in cell membranes, each monomer forming
a functionally independent water pore, which does not conduct protons, ions
or other charged solutes (Fig. 1a). A fifth pore, formed in the center of the
tetramer, has been proposed to conduct ions under certain circumstances [6].
However, passive transport of water across cell membranes remains to be the
main established physiological function of AQPs.

Atomic resolution structures of aquaporin-1 (AQP1) [7–9] and the E. coli
glycerol channel (GlpF) [10] have been employed in MD simulations char-
acterizing the structure–function relationship of these channels in particular,
regarding their selectivity [2–4, 11–14].
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Figure 1. (a) Top view of a tetrameric AQP surrounded by lipidmolecules of a membrane.
Each monomer constitutes an independent water pore. (b) An array of CNTs as a simplified
model for the study of single channel water transport.

2. Nanotubes as Simple Models of Water Channels

Synthetic pore-forming molecules, such as nanotubes, have attracted a great
deal of attention recently. Due to their chemical simplicity, these artificial chan-
nels have been the subject of numerous experimental and theoretical
studies [15, 16]. Simulation studies have employed CNTs as models for com-
plicated biological channels, as they can be investigated more readily by MD
simulations [17, 18] due to their simplicity, stability, and small size (Fig. 1b).

Biological water channels are much more complex than CNTs, with irregu-
lar surfaces and highly inhomogeneous charge distributions. For example, MD
simulations have revealed that water molecules in AQPs adopt a bipolar orien-
tation which is induced electrostatically and is linked to the need that proton
conduction must be prevented in AQP channels [3]. CNTs are electrically neu-
tral, and may not reproduce some important features of biological channels.
However, one may modify CNTs through the introduction of charges [18] to
mimic various aspects of biological water channels.

Computational studies have suggested that CNTs can be designed as molec-
ular channels to transport water. Single-walled CNTs (with a diameter of 8.1 Å)
have been studied recently by MD simulations. Simulations revealed that the
CNTs spontaneously fill with a single file of water molecules and that water
diffuses through the tube concertedly at a fast rate.
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3. Experimental Measurement of Transmembrane
Water Transport

The key characteristics accounting for transport through water channels
are the osmotic permeability (pf) and the diffusion permeability (pd) [1], both
measurable experimentally. pf is measured through application of osmotic
pressure differences, while pd is measured through isotope labeling, e.g., use
of heavy water. In this section, we explain how water transport is characterized
experimentally, and what are the most important properties used to character-
ize the rate of transport of water through channels. We will introduce and de-
fine pf and pd of water channels, and, in particular, investigate the relationship
between the two for single-file water channels.

When the solutions on the two sides of a membrane have different con-
centrations of an impermeable solute, water flows from the low concentration
side to the other side. In dilute solutions, the net water flux through a single-
water channel, jW (mol/s), is linearly proportional to the solute concentration
difference �CS (mol/cm3):

jW = pf�CS, (1)

where �CS (mol/cm3) is the concentration difference of the impermeable
solute between the two reservoirs connected by the channel, jW (mol/s) is
the net molar water flux through the channel, and pf (cm3/s) is defined as the
osmotic permeability of the channel [1].

In contrast, no net water flux is expected in equilibrium, i.e., when no
solute concentration difference is present. It is, however, still of interest to
study water diffusion through the channels for �CS = 0. For this purpose,
experiments have been designed where a fraction of water molecules is
labeled, e.g., by isotopic replacement or by monitoring nuclear spin states,
so that they can be traced. Assuming that the interactions of these so-called
tracers with the membrane and with other water molecules are identical to
those of normal water molecules, tracers can be used to study diffusion of
water molecules through channels at equilibrium conditions.

When the reservoirs on the two sides of a membrane have different
concentrations of tracers, a diffusional tracer flux will be established down the
concentration gradient, although the average net water flux (consisting of both
tracers and normal water molecules) remains zero. The tracer flux jtr (mol/s)
through a single channel is linearly proportional to the tracer concentration
difference �Ctr (mol/cm3):

jtr = pd�Ctr, (2)

where pd (cm3/s) is defined as the diffusion permeability of the channel [1]
(Fig. 2).
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Figure 2. Schematic presentation of experimental procedures to measurediffusion and
osmotic permeability of channels. (Top) Addition of an impermeable solute to one side of
the channel establishes a chemical potential difference of water that drives water transport to
the solute-rich side. (Bottom) In the absence of a chemical potential difference of water across
the channel, labeled water molecules (tracers) can be used to monitor random diffusion of water
from one side to the other side of the channel.

Different experimental techniques are used for measurement of Pf and
Pd [19]. It is important to note that, due to difficulties in measuring water
transport through single channels, almost all of the experimental setups mea-
sure water permeation through a membrane, and the measured permeabilities
(Pf and Pd with capital P) are those of the entire membrane. To obtain single-
channel permeabilities, pf or pd, one needs to know the density of the channel
in the membrane, i.e., the number of channels per unit area. However, the ratio
pf/pd can be measured without the knowledge of the channel density [20].

Pd is measured in the absence of a chemical potential difference of water
(balanced osmotic/hydrostatic pressure on the two sides of the membrane).
There is no net transport of water under these conditions. In order to monitor
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random translocation of water molecules from one side to the other side of the
membrane, special water molecules (tracers) are needed. Isotopic water (such
as 3H2O) or water molecules with different nuclear spin states can be used for
this purpose. Immediately after introduction of tracers, tracer concentrations
of the two reservoirs are monitored directly or indirectly over time [19], and
Pd can be determined from the decay rate of the concentration difference.

Pf is usually measured in the presence of an osmotic pressure difference,
i.e., a difference in solute concentration. Typical Pf measurements are per-
formed on cells or liposomes (small lipid vesicles with embedded water chan-
nels), by exploiting the stopped-flow technique. In this setup, the solute
concentration of the extracellular solution is suddenly changed, resulting in
volume changes of the cells (or vesicles) due to the net water flux. The vol-
ume change can be inferred by monitoring light scattering from the suspen-
sion [21], and the net water flux determined from the rate of volume change.
Pf for a planar membrane can be determined by measuring the ionic concen-
tration distribution near the surfaces of the membrane [22].

4. Theory of Single-file Water Transport

The theory and derivations presented in this section closely follow Zhu
et al. [5, 23]. We define a permeation event as a complete transport of a water
molecule through the channel from one reservoir to the other. Let q0 be the
average number of such permeation events in one direction per unit time; the
number of permeation events in either direction should be identical, resulting
in a total number of 2q0. q0 is an intrinsic property of a water channel and is
independent of tracer concentration.

Let us assume that one reservoir has a tracer concentration of Ctr, and (for
the sake of convenience) that the other reservoir has zero tracer concentra-
tion. The ratio of tracers to all water molecules in the first reservoir is Ctr/CW,
where CW = 1/VW is the concentration of water, and VW (18 cm3/mol) is the
molar volume of water, which is usually assumed to be constant. Since accord-
ing to our assumption tracers move just like normal water molecules, the same
proportion (i.e., Ctr/CW) should characterize water molecules permeating the
channel. Consequently, the tracer flux can be related to the total number of
water molecules permeating the channel (q0) by jtr = (1/NA)q0(Ctr/CW),
where NA is Avogadro’s number. Therefore, pd and q0 are related by a constant
factor:

pd =
VW

NA
q0 = vWq0, (3)

where vW = VW/NA is the average volume of a single water molecule.
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Within narrow channels water molecules form a single file, and their
movement along the channel axis accordingly is highly correlated. Recently, a
continuous-time random-walk (CTRW) model was proposed [24] to describe
the transport of single-file water in channels. This model assumes that the
channel is always occupied by N water molecules, and the whole water file
moves in hops (translocations that shift all water molecules by the distance
separating two neighboring water molecules) simultaneously and concertedly,
with leftward and rightward hopping rates kl and kr, respectively. In equilib-
rium, kl and kr have the same value, denoted as k0. Due to strong coupling
between the water molecules, local effects (energetic barriers arising from
interaction with certain parts of the channel wall, access resistance at channel
entrances, etc.) contribute to the hopping rate of the whole water file. Con-
sequently, all factors affecting the kinetics of water movement are effectively
integrated into this single parameter (k0). In the following, we will show that
both pd and pf can be predicted by this model, in terms of N and k0.

Since the complete permeation of a water molecule from one end of the
channel to the other end includes at least N + 1 hops (shifts) of the single file,
one expects the rate of permeation events at equilibrium to be smaller than the
hopping rate. Indeed, the number of uni-directional permeation events per unit
time, q0, is given by

q0 =
k0

N + 1
. (4)

Equation (4) has been proven from kinetics [24] as well as using a state
diagram [18], and its validity was verified by MD simulations of CNTs
[17, 18]. Combining Eqs. (3) and (4), pd can be expressed as:

pd =
vWk0

N + 1
. (5)

pf is measured when a net water flux is induced by different solute concen-
trations in two reservoirs. In this case, the chemical potentials of water in the
two reservoirs are different (the difference denoted as �µ). Consequently, the
hopping rates (kr and kl) of the two directions are no longer the same. We note
that the yield of a hop is the transfer of one water molecule from one reservoir
to the other, resulting in a free energy change of �µ in the system. In analogy
to the forward and backward rates of a chemical reaction, the ratio of kr to kl

can be expressed by [25]:

kr/kl = exp
(−�µ

kBT

)
, (6)

where kB is the Boltzmann constant and T is the temperature.
We note now that kr and kl are both functions of �µ/kBT . Since under

physiological conditions,�µ is much smaller than kB T (e.g.,�µ/kBT = 0.0036
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for a 200 mM solution of sucrose, according to Eq. (10)), we can expand kr

and kl to first order:

kr = k0

(
1+ α

�µ

kBT

)
, kl = k0

(
1+ β

�µ

kBT

)
(7)

(for a symmetric channel also holds α = −β). The net water flux can be
expressed by the difference between kr and kl:

jW =
1

NA
(kr − kl) =

k0(α − β)

NA

�µ

kBT
. (8)

Substituting Eq. (7) into Eq. (6) and comparing the first order terms in
�µ/kBT leads to β − α = 1. The net water flux is then:

jW =− k0

NA

�µ

kBT
. (9)

For dilute solutions, �µ is linearly proportional to the solute concentration
difference [1]:

�µ =−kBT VW�CS. (10)

From Eqs. (9) and (10), we obtain

jW = k0vW�CS (11)

and using Eq. (1),

pf = vWk0. (12)

According to Eqs. (5) and (12), the ratio of pf to pd predicted by the CTRW
model is

pf/pd = N + 1. (13)

The difference between pf and pd can be further elaborated as follows.
For single-file water transport, a hop results in the net transfer of one water
molecule from one side of the channel to the other side. pf is related to the
rate of net water transfer under a chemical potential difference and, therefore,
is determined by the hopping rate (see Eq. (12)). In contrast, pd is determined
by the rate of permeation events (see Eq. (3)). A permeation event requires
an individual water molecule to traverse all the way through the channel, and
is not the same as a hop. Actually, the pf/pd ratio is exactly determined by
the relative rates of hops and permeation events. Most models proposed for
single-file water transport predict this ratio to be N or N + 1 [1].

As stated before, most experimental techniques take advantage of osmotic
pressure to establish a chemical potential difference that is needed for the
determination of pf. A hydrostatic pressure difference �P between the two
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reservoirs can also give rise to a difference in the chemical potential of
water [1]

�µ = vW�P. (14)

In fact, the osmotic pressure difference between two solutions is defined as the
hydrostatic pressure difference that would generate the same �µ. Therefore,
the osmotic pressure difference between two dilute solutions is given by van’t
Hoff’s law [1]:

�P = RT�CS, (15)

where R = kB NA is the gas constant. It is also known experimentally that
equal osmotic and hydrostatic pressure differences produce the same water
flux through water channels [19]. The hopping rates and, hence, the water flux
are functions of �µ alone (Eqs. (7) and (9)), regardless of whether �µ arises
from osmotic or hydrostatic pressure differences.

According to the CTRW model, when an osmotic or hydrostatic pressure
difference exists, the water file performs a biased random walk, characterized
by the hopping rates kr and kl. In this section, we will determine the statistical
distribution of hops as a function of time.

Within any infinitesimally small time dt , the probability of the water file
to make a rightward hop is kr dt , independent of its history, i.e., when and
how many rightward hops were made before. Such a process is referred to
as a Poisson process, and the total number of rightward hops within time t ,
mr(t), obeys the well-known Poisson distribution, whose mean and variance
are both krt . Similarly, the number of leftward hops, m l(t), also obeys the
Poisson distribution, with klt being its mean and variance.

The net number of hops, m(t), is defined as the difference of the numbers
of rightward and leftward hops, i.e., m(t)= mr(t)−m l(t). Since the probabili-
ties of making rightward and leftward hops are independent of each other, we
obtain:

〈m(t)〉 = (kr − kl)t, (16)

Var[m(t)] = (kr + kl)t, (17)

where Var[m] =
〈
m2

〉 − 〈m〉2. Equations (16) and (17) show that both the
mean and the variance of m(t) increase linearly with time. These expressions
show that monitoring the average number of hops and its variance permits one
to determine both kr and kl [5].
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5. Collective Diffusion Model of Single-channel
Water Transport

Following its definition, pf is measured in experiments under nonequilib-
rium conditions, for systems with nonzero �µ. In principle, the same condi-
tions (a chemical potential difference across the channel) can be established
in MD simulations of water transport. Two of the techniques for doing so are
(1) introduction of solutes to one side of the membrane to generate an osmotic
pressure difference [25], and (2) application of a hydrostatic pressure differ-
ence across the channel through mechanically manipulating individual water
molecules in the bulk [4, 5]. Through adjustment of the salt concentration or
of the pressure difference, one may reach different values of �µ in the sim-
ulations. Due to the presently accessible (ns) time scale of MD simulations,
however, one has to adopt a large �µ to obtain sufficient statistics of water
permeation. This leads to situations that are far from actual experimental con-
ditions, and it is not clear whether the results represent the normal kinetics of
the water channel under study. If one can establish a quantitative relationship
between water conduction under equilibrium and nonequilibrium conditions,
this problem can be circumvented. In this section we demonstrate that
water permeation obeys a linear current – �µ relationship over a very wide
range of �µ values and that equilibrium MD simulations (�µ = 0) can be
used to characterize the osmotic permeability of a channel.

Water permeation usually involves multiple water molecules in a channel
whose movements are coupled to each other. As a result, a complicated multi-
dimensional representation seems to be necessary to model this process. In the
following, we introduce a collective coordinate, n, which offers a much sim-
plified description of water translocation in channels. The derivation follows
closely Zhu et al. [23].

Consider a channel (of length L) aligned along the z-direction. The
collective coordinate n is defined in its differential form as follows: let S(t)
denote the set of water molecules in the channel at time t , and let us assume
that the displacement of water molecule i in the z-direction during dt is dzi ;
then we define

dn =
∑

i∈S(t)

dzi

L
. (18)

By demanding n = 0 at t = 0, n(t) can be uniquely determined by integrating
dn. Note that S(t) changes with time, and that a water molecule i contributes
to n only when it is in the channel, i.e., if i ∈ S(t) at time t . We further note
that every water molecule crossing the channel from one reservoir to the other
contributes to n a total increment of exactly +1 or −1. Therefore, n quantifies
the net amount of water permeation, and the trajectory n(t) describes the time
evolution of the permeation.
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An important scenario is the stationary state in which a steady water flux
through the channel exists. In this case, n(t) on average grows linearly with t ,
and the water flux is given by

jW =
1

NA
jn =

1

NA

〈n(t)〉
t

, (19)

where NA is Avogadro’s number, and jn = NA jW is the water flux in the unit
of number of water molecules/s.

At equilibrium, the net amount of water permeation through the channel
vanishes on average, i.e., 〈n(t)〉= 0. Spontaneous, random water transport,
however, may occur due to thermal fluctuation. Such microscopic fluctua-
tions may not be detectable in experiments, but can be readily observed in
MD simulations through n(t). At equilibrium, n(t) can be described as a one-
dimensional unbiased random walk, with a diffusion coefficient Dn that obeys〈

n2(t)
〉

= 2Dnt. (20)

Dn has dimension t−1 since n is dimensionless. Intuitively, Dn is related to the
rate at which the net transport of one water molecule happens spontaneously.
All factors affecting water kinetics contribute to Dn and are effectively inte-
grated into this single parameter.

In the presence of a chemical potential difference (�µ) of water between
the two reservoirs, n obeys a biased random walk. We note that the net trans-
port of one water molecule from one reservoir to the other results in a change
of±�µ in the free energy, and that the total free energy change is proportional
to the net amount of water transported. The free energy can be expressed then
as a linear function in n:

U (n) = �µn. (21)

Consequently, the trajectory of n can be described as a one-dimensional
diffusion in a linear potential. Therefore, on average n is drifting with a
constant velocity [23]:

〈n(t)〉 =−�µ

kBT
Dnt, (22)

which corresponds to a stationary water flow through the channel. According
to Eq. (19), the water flux is given by

jn =−�µ

kBT
Dn. (23)

From Eqs. (1), (10), (19) and (23) one obtains then for the osmotic permeabil-
ity of the channel

pf = vW Dn. (24)
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Equation (24) shows that one can determine pf using the Dn value obtained
from equilibrium MD simulations (cf. Eq. (20)) [23].

The CTRW model proposed for single-file water channels assumes that
the whole water file moves in discrete hops simultaneously and concertedly,
with rightward and leftward hopping rates kr and kl, respectively. k0, defined
as the value of kr or kl at equilibrium, is the major kinetic parameter in the
model. Since each hop changes the collective coordinate, n, by +1 or −1, it
holds n(t)= mr(t)−m l(t), where mr(t) and m l(t) are the number of rightward
and leftward hops during time t , respectively. Because mr(t) and m l(t) obey a
Poisson distribution (see also above) whose mean and variance are both k0t at
equilibrium [5], one obtains

〈
n2(t)

〉
= 2k0t . Comparison with Eq. (20) yields

Dn = k0. Therefore, for the discrete water movement described by the CTRW
model, Dn is identical to the hopping rate k0, and the expression derived from
the CTRW model, namely, pf = vWk0 [5], is actually equivalent to Eq. (24) in
the collective diffusion model [23]. However, while the CTRW model is only
valid for single-file channels, the collective diffusion model is applicable to
any water channel since it makes no assumption regarding water configuration
or water movement inside the channel.

In the CTRW model, in order to determine the net water flux ( jn = kr − kl)
as a function of �µ, the rate theory expression kr/kl = exp(−�µ/kBT ) was
exploited [5, 25], along with the linear response approach which assumes that
�µ is much smaller than kBT [5]. The model, however, is not able to predict
how jn relates to �µ when �µ is comparable or larger than kBT . In contrast,
the collective diffusion model (Eq. (23)) predicts a linear relationship between
jn and �µ even when �µ exceeds kBT [23].

6. Simulation of Water Transport
and Calculation of pd and pf

Equilibrium MD simulations provide an ideal tool to study free water
diffusion through channels, since all water molecules can be easily traced in
the simulations, and q0 counted [3, 23]. pd can then be calculated according to
Eq. (3) from the simulations. In order to determine pf in a fashion similar to
experiments, one needs to produce different osmotic or hydrostatic pressures
on the two sides of the membrane.

Figure 3 illustrates a scheme to induce a hydrostatic pressure difference
in MD simulations [4, 5]. In order to avoid inaccuracies at the boundaries,
applying periodic boundary conditions has become a common practice in MD
simulation of molecular systems, particularly those that involve a considerable
amount of solvents like water. In a periodic system, the unit cell is replicated
in three dimensions; therefore, water layers and membranes alternate along
the z-direction, defined as the membrane normal. Figure 3 shows a water layer



Kinetic theory and simulation of single-channel water transport 1809

membrane

region II
(P2)

region III

region I
(P1)

membrane

unit
cell

f

Figure 3. Illustration of the method to produce a pressuredifference in MD simulations.
The two membranes shown in the figure are “images” of each other under periodic boundary
conditions. A constant force f is applied only to water molecules in region III.

sandwiched by adjacent membranes. We define three regions (I, II, III) in the
water layer, as shown in the figure. Region III is isolated from the two sides of
the membrane by regions I and II, respectively. A constant force f along the
z-direction is exerted on all water molecules in region III, generating a pres-
sure gradient in this region that, consequently, results in a pressure difference
between regions I and II, i.e., on the two sides of the membrane [4]

�P = P1− P2 =
n f

A
, (25)

where n is the number of water molecules in region III, and A the area of the
membrane. Consequently, a net water flux jW through the membrane chan-
nels embedded in the membrane can be induced, and pf calculated from jW
and �P . We note that the membrane needs to be held in its position, e.g.,
by constraints, to prevent an overall translation of the whole system along the
direction of the applied forces.

Assuming that the thickness of region III is d, the number of water
molecules in this region is n = Ad/vW. Substituting this into Eq. (25) and the
result into Eq. (14), we obtain for the chemical potential difference of water
between regions I and II:

�µ = f d. (26)

The external force field generates a mechanical potential difference of f d
between regions I and II, which must be exactly balanced by the chemical
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potential difference �µ under a stationary population distribution of water,
therefore also giving Eq. (26).

In an earlier approach [4], all water molecules in the bulk region, including
those adjacent to the entrances of the channels, were subject to external forces,
a setup which might artificially affect the number of water molecules permeat-
ing the channel. This shortcoming was overcome later [5] through application
of external forces only to water molecules in region III (Fig. 3), which leaves
regions I and II under uniform hydrostatic pressures, and, hence, represents
experimental conditions more closely.

In order to keep the membrane in place, one can either apply constant
counter forces on the membrane to balance the effect of hydrostatic pressure
gradients experienced by the membrane [4], or constrain the membrane in the
z-direction to prevent an overall translation of the system. The latter is supe-
rior, because the number of water molecules (n) in region III, and, therefore,
the total external force to water (n f ), experience slight fluctuations during the
simulation, and application of a fixed counter force on the membrane may not
always exactly balance n f . Moreover, for very long simulations, applying con-
straints can also eliminate drifting of the membrane along the z-direction that
may happen due to thermal motion. Too strong constraints, however, may re-
strict the dynamics of channel lining groups, which might, particularly in pro-
teins, influence the kinetics of water transport, and one must carefully choose
the constraints as to minimize this undesired effect.

An interesting method, which we refer to as the “two-chamber setup”, has
also been used to study osmotically driven water flow in MD simulations [25],
where the unit cell consists of two membranes and two water layers containing
different concentrations of solutes. We chose our proposed method rather than
the two-chamber setup for two reasons. First, in order to observe on the ns
time scale a statistically significant water flux through channels, one has to
induce in the two-chamber setup a large chemical potential difference (�µ) of
water. However, it is noteworthy that Eq. (10) is valid only for dilute solutions;
when the solute concentration is high, �µ is no longer linearly proportional
to the concentration difference. In contrast, in our method, �µ can be linearly
controlled (see Eq. (26)). Second, the osmotic water flux in the two-chamber
setup will decrease with time and eventually stop [25], while application of a
hydrostatic pressure gradient maintains a stationary flux that permits sampling
for as long as one can afford.

7. Calculation of Water Permeability of Aquaporins

As discussed earlier, using the CTRW model [24], one can demonstrate that
pf and pd of a single-file water channel are related, but differ in value. Equi-
librium MD simulations yield the pd value, and applying hydrostatic pressure
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differences across the membrane allows one to determine pf of membrane
channels from MD simulations. We will now present the application of the
described method to the example of a real biological channel, namely AQP1.
Pressure-induced water permeation will be used to determine the channel’s
pf value, which, as we will see, is found to agree well with experimental
measurements. The simulations presented in this section are taken from [5].

The AQP1 [9] tetramer was embedded in a POPE lipid bilayer and solvated
by adding layers of water molecules on both sides of the membrane. The whole
system (shown in Fig. 4) contains 81 065 atoms. The system was first equili-
brated for 500 ps with the protein fixed, under constant temperature (310 K)
and constant pressure (1 atm) conditions. Then the protein was released and
another 450 ps equilibration performed.

Starting from the last frame of the equilibration, four simulations were
initiated. In these simulations (sim1, sim2, sim3 and sim4), a constant force
( f ) was applied to the oxygen atoms of water molecules in region III, defined
as a 7.7 Å-thick layer (shown in Fig. 4) in our system, to induce a pressure
difference across the membrane. In principle, the position and thickness of
region III can be arbitrarily defined and should not affect the results, as long
as the induced pressure difference is set to the same value (by choosing a
proper f ); in practice, one would partition the bulk water in such a way that

I

II

III

III

Figure 4. Side view of the unit cell including the AQP1 tetramer (tuberepresentation), and
lipid and water molecules (line representation). Hydrogen atoms of lipids are not shown and
the phosphorus atoms are drawn as vdW spheres. Water molecules in region III (see Fig. 3) are
drawn in a slightly darker shade.
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each of the three regions (I, II, III) has a sufficiently large thickness (relative
to the diameter of a water molecule). The constant forces used in the four
simulations differ in their direction or magnitude, generating four pressure
differences, as summarized in Table 1. The simulations were performed under
constant temperature (310 K) and constant volume conditions.

As mentioned earlier, the membrane needs to be constrained to prevent the
overall translocation of the system under the external forces. This was done
by applying harmonic constraints to the Cα atoms of the protein and the phos-
phorus atoms of the lipid molecules, with spring constants of 0.12 kcal/mol/Å2

and 0.8 kcal/mol/Å2, respectively. These spring constants are chosen to fully
balance the external forces when the whole membrane is displaced by about Å
along z from its reference position under a pressure difference of 200 MPa (as
in sim1 and sim4). The constraints are applied only in the z-direction, and all
atoms are free to move in the x- and y-directions. Note that the constraints on
the protein are fairly weak and act only on the backbone Cα atoms; therefore,
significant flexibility of protein side chains, which may influence the kinetics
of water permeation, was maintained during the simulations.

All simulations were performed using the CHARMM27 force field [26],
the TIP3P water model, and the MD program NAMD2 [27]. Full electrostatics
was employed using the Particle Mesh Ewald (PME) method [28]. Simulations
sim1, sim2, sim3 and sim4 were each run for 5 ns, with the first 1 ns discarded
and the remaining 4 ns used for analysis. 1 ns of simulation took 22.4 h on 128
1-GHz Alpha processors.

During the simulations, the water density distribution in regions I, II, and
III exhibited different patterns, as shown in Fig. 5, where the dashed lines
are the boundaries separating these regions. In region III, where the exter-
nal forces are applied, a gradient of water density is observed; in regions I
and II, the density of water is roughly constant, indicating that the hydrostatic
pressure in these regions is uniform. The water density gradient in region III
and, hence, the density difference between regions I and II, differ in the four

Table 1. Summary of the four simulations reported in this studya

f (pN) �P (MPa) �µ (kcal/mol)

sim1 −7.36 −195 −0.814
sim2 −3.68 −97 −0.407
sim3 3.68 97 0.407
sim4 7.36 195 0.814

aThe thickness of region III is d = 7.68 Å, containing on average
2470 water molecules. f is the constant force applied on individ-
ual water molecules. The area of the membrane in the unit cell is
A = 9.35× 10−17m2. The induced pressure difference �P and chem-
ical potential difference �µ of water are calculated according to
Eqs. (25) and (26), respectively.
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Figure 5. Water density distribution along the z-direction in region III (bracketed by the
dashed lines) and part of regions I and II. Data points marked by circles, diamonds, stars,
and squares represent sim1, sim2, sim3, and sim4, respectively. The density is measured by
averaging the number of water molecules within a 1 Å-thick slab over the last 4 ns of each
trajectory.

simulations. From the observed water density difference and the calculated
pressure difference (see Table 1) in these simulations, the compressibility of
water is estimated to be 4.9× 10−5 atm, which is in satisfactory agreement
with its experimental value of 4.5× 10−5 atm [19].

Water molecules in the channels were usually found in the single-file con-
figuration (as shown in Fig. 6a) and moved concertedly during the simulations
(Fig. 6b). Occasionally, larger number of water molecules were accommodated
in the channel, or the water file appeared broken in part of the channel. Nev-
ertheless, the CTRW model can be used to provide a simplified quantitative
description of water movement in AQP1 channels, as demonstrated in [5].

The net water fluxes, directly determined from the simulations, are shown
in Table 2. These values are plotted vs. the applied pressure difference in Fig. 7.
From their best-fit slope, and according to Eqs. (1) and (15), the
osmotic permeability was determined to be pf = (7.1± 0.9)× 10−14 cm3/s. Dif-
ferent experiments have reported pf values for AQP1 monomers in the range
of 1–16× 10−14 cm 3/s, the variation being probably due to uncertainties in the
numberofchannelsperunit membranearea; typically referenced pf values range
from 5.43× 10−14 cm3/s [29] to 11.7×10−14cm3/s [21]. In light of this, the pf

value calculated from our simulations agrees satisfactorily with experiments.
In equilibrium MD simulations of AQP1, a total of 16 permeation events

(in four AQP1 monomers in either direction) were observed in 10 ns [11].
Therefore, the rate of uni-directional permeation events in a monomer is
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Figure 6. (a) An AQP1 monomer with channel water and nearby bulk water. Water molecules
in the constriction (single-file) region, the vestibules of the channel, and in the bulk are rendered
in vdW, CPK and line representations, respectively. (b) Trajectories (from sim1) of seven water
molecules in the constriction region during 500 ps.

Table 2. Water flux observed in the four simulationsa

Water count/4 ns Flux (# /ns)

M1 M2 M3 M4 Mean SD

sim1 −13.5 −14.5 −15 −17.5 −3.8 0.4
sim2 −9.5 −6 −1 −12.5 −1.8 1.2
sim3 11.5 8.5 5 8 2.1 0.7
sim4 11.5 9 10.5 7 2.4 0.5
aTo obtain the net water transfer through a channel, a plane normal to its axis is defined, and
when a water molecule crosses the plane, a count of +1 or −1 is accumulated, depending on
its crossing direction. Two such planes were defined in the central part of the channel, and the
average of their net counts is listed as the water count of the channel. The mean and standard
deviation (SD) of the flux were calculated from the water counts of the four AQP1 monomers
(M1 to M4) during 4 ns.

q0 = 0.2 H2O/ns. According to Eq. (3), this q0 value translates into a diffusion
permeability of pd = 6.0× 10−15 cm3/s. Using this pd value and the calculated
pf value of this study, one obtains a pf/pd ratio of 11.9, in good agreement
with the experimentally measured ratio of 13.2 for AQP1 [20]. The ratio cor-
responds to the number of effective steps in which a water molecule needs to
participate to cross AQP1.

The number (∼12) of effective steps in a complete permeation event should
be interpreted as follows. In the bulk, water conduction is essentially unc-
orrelated, i.e., the bulk phase does not contribute to the pf/pd ratio. In the
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Figure 7. Relation of water flux and the applied pressure gradient. Values of pressure differ-
ences and water fluxes are taken from Tables 1 and 2, respectively. A line with the best-fit slope
for the four data points is also shown in the figure.

constriction region of the channel, however, on average N = 7 water molecules
move essentially in single file, i.e., in a correlated and concerted fashion, such
that N + 1 = 8 steps are needed to transport a water molecule through. Water
molecules in the vestibules (also shown in Fig. 6a) at the termini of the channel
are not forming a single file, but nevertheless move in a somewhat concerted
fashion, accounting for the remainder of the pf/pd ratio.

For AQP1, the average number of water molecules in the single-file region
is about 7 corresponding to a pt/pd ratio of 8, but the experimentally mea-
sured ratio of pf/pd is 13.2 [20]. In order to understand the difference, we
note that water molecules in an AQP1 channel may occasionally deviate from
the single-file configuration due to conformational fluctuation of the protein.
Furthermore, the behavior of water in the vestibule regions of AQP channels
[3, 13, 30] suggests that the single-file model is too simple and that water
transport effectively involves vestibular water at the channel entrances, such
that the latter water cannot be counted as bulk water (see Fig. 6a).

8. Nanotube Simulations and the Collective
Diffusion Model

In order to illustrate the validity of the collective diffusion model we con-
sider MD simulations performed on two channels [23], denoted as a and b, and
shown in Fig. 8. The simulations and systems results presented in this section
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a b

Figure 8. Side view of the unit cells in systems a andb, with dimensions of 18.0 Å×
18.0 Å× 41.4 Å and 46.0 Å× 46.0 Å× 42.1 Å, respectively. Half of the CNT channels and the
membranes are removed in order to reveal water molecules in the channels. The dashed lines
and the bars indicate the layers where constant forces were applied to the water molecules in
nonequilibrium simulations (see text).

are taken from [23]. In each system, two layers of carbon atoms mimicking
a membrane partition the bulk water and a CNT serves as a water channel.
The CNT in system a is of (6,6) armchair type with a C–C diameter of ∼8 Å.
Previous simulations [17, 18] showed that this CNT conducts water strictly
in single-file manner. The CNT in system b is of (15,15) armchair type with
a C–C diameter of ∼20 Å, and with disordered, bulk-like water molecules in
it. Systems a and b contain 276 (∼5 in pore) and 1923 (∼90 in pore) wa-
ter molecules, respectively. The length of the channel is L = 13.2 Å in both
systems.

All nanotube simulations were performed under periodic boundary condi-
tions with constant volume. The temperature was kept constant (T = 300 K)
by Langevin dynamics with a damping coefficient of 5/ps. The CNT and the
membrane were fixed in all simulations. The TIP3P model was used for water
molecules. We employed the MD program NAMD2 [27] for the simulations,
with full electrostatics calculated by the PME method. The channels were fixed
and kept rigid throughout the simulations. This ensured that the channel main-
tains its structure under the large pressure from bulk water molecules.

Equilibrium MD simulations of 40 ns and 20 ns were performed on systems
a and b, respectively, with coordinates recorded every picosecond. We took the
sum of one-dimensional displacements of all water molecules in the channel,
divided by L , as the displacement �n in each picosecond (cf. Eq. (18)). If a
water molecule enters or exits the channel within a picosecond, only the por-
tion of its displacement within the channel contributes to the sum. The trajec-
tories of n(t), as shown in Fig. 9, were obtained by summing up (integrating)
the �n values as explained above. The mean square deviation (MSD) of n(t)
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Figure 9. Trajectories of n for equilibrium MD simulations of systems a and b.

for each system is presented in Fig. 10. According to Eq. (20), the diffusion
coefficient Dn is one-half of the slope of the MSD–t curve. From the best-fit
slopes, the Dn values were determined to be (16.5± 2.1)/ns and (524± 40)/ns
for systems a and b, respectively.

In order to test the key aspect of the collective diffusion model, namely,
Eq. (23), we need to perform nonequilibrium simulations in the presence of
a chemical potential difference (�µ) of water across the membrane. This
was achieved by application of a hydrostatic pressure difference, which corre-
sponds to a chemical potential difference �µ= f d across the membrane. The
defined layers in systems a and b are shown in Fig. 8, with thicknesses d = 7.4
and 8.1 Å, respectively. By choosing a proper f , one can select any desired
value for �µ. For each system, we performed six nonequilibrium simulations,
with �µ set to 0.2 kBT , 0.5 kBT , 1 kBT , 2 kBT , 5 kBT , and 10 kBT . The simu-
lation times (1–40 ns) varied in different simulations, but were long enough to
observe a net transport of at least 100 water molecules in each case.

Figure 11 shows both the predicted water fluxes (solid lines) from Eq. (23)
and the observed water fluxes (squares) in the simulations, from which one can
discern excellent agreements between predictions and simulations. The results
demonstrate the validity of the collective diffusion model. It is remarkable that
the water flux induced by a �µ as large as 10 kBT can still be predicted by the
Dn value determined from equilibrium simulations. In light of this, one is not
surprised that the calculated osmotic permeability (pf) of AQP1 obtained from
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Figure 10. Mean square deviations (MSDs) of n for systems a and b. For each system, the
trajectory n(t) shown in Fig. 9 was evenly divided into M (400 for system a, 1000 for system
b) short time-periods. n(t) in each period was treated as an independent sub-trajectory n2

i (t),
and was shifted so that ni (t)|t=0 = 0. The average over ni (t) (i = 1, . . . , M) was then taken as
MSD(t). A line with the best-fit slope was superimposed on each MSD curve.
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Figure 11. The dependence of water flux ( jn) on the chemical potential difference (�µ) of
water. Each data point (marked as a square) represents the jn value obtained from a nonequi-
librium simulation, by dividing the total displacement of n in the simulation by the simulation
time (cf. Eq. (19)). The solid lines show the jn–�µ relations predicted from Eq. (23), with
Dn = 16.5 / ns for system a and Dn = 524 / ns for system b, both values being determined from
the equilibrium simulations.
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nonequilibrium simulations [5], which were reported in the previous section,
agrees with the experimental data despite the fact that the �µ values (∼1 kBT )
in the simulations were much larger than experimental values (e.g., a solute
concentration difference of 200 mM, as is typical in actual measurements,
corresponds to a �µ of 0.0036 kBT ).

In this section we have mainly focused on the collective movement of
water inside the channel. The movement of individual water molecules also
deserves attention. In particular, some water molecules may permeate all the
way through the channel, an event described as a full permeation event. One
can count the number of such permeation events in each direction in unit time,
denoted as q0, from equilibrium simulations. We observed q0 values of about
3 and 110/ns from our equilibrium simulations for systems a and b, respec-
tively. While the Dn value, which quantifies the collective water movement,
determines the osmotic permeability pf (see Eq. (24)), the q0 value deter-
mines another experimental quantity for water channels, namely, the diffusion
permeability pd [5]. The ratio pf/pd is actually equal to Dn/q0. We obtained
Dn/q0 ratios of 5.5 and 4.8 for systems a and b, respectively. The pf/pd ratio
for a single-file channel can be interpreted as the number of effective steps a
water molecule needs to take to completely cross the channel, i.e., the num-
ber of water molecules inside the channel plus 1 [5]; interestingly, despite the
much larger number of water molecules in the pore region of system b, the
pf/pd values for the two channels turned out to be similar. It is of interest to
determine this ratio for different types of water channels in future studies.

The collective diffusion model establishes a quantitative relationship bet-
ween the spontaneous water transport at equilibrium and the stationary water
flux under nonequilibrium conditions. Using this model, pf can be determined
readily from equilibrium MD simulations. Since the model does not make
specific assumptions on water channels, it can be used to characterize water
permeation in any channel.

9. Outlook

Biological water channels, even though only recently discovered, have
evolved rapidly to a level of rather complete characterization, both through
observation and theory. A key reason for the successful investigations was the
fact that the structure of the channel has been solved for key members of the
AQP family. Other reasons for the success are the relatively simple function,
water transport, the lack of significant motion needed for function, and the
related very rigid structure of water channel proteins.

Yet, there are still fascinating research problems connected with water
channels. Most pressing is an understanding of the mechanism of proton exc-
lusion that is vital for the biological function, since the channels must not
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dissipate cell membrane potentials. Much success has been achieved recently
[3, 31–34].

Another interesting aspect of water channel research is to develop an
understanding of the diversity of water channels in the whole kingdom of life.
Humans have 11 different AQPs [34] in various tissues, some being pure water
channels, others being water as well as glycerol channels. The differences in
the human AQPs might be related to their function, e.g., possibly to their dif-
ferent ability to gate the channel, but more likely connected with the transport,
storage, and deployment of the channels in cells, e.g., as controlled through
the antidiuretic hormone. Likewise, existence of many different AQPs in other
species, such as plants, yeast, and bacteria, and their involvement in mem-
brane transport of materials ranging from O2 and CO2 gases to substrates like
nitrate pose important questions in terms of their selectivity that need to be
understood.

A fascinating opportunity for the study of AQPs has been opened up
recently through the solvation of the structures of both an aqualglyceroprin
(GlpF) and a pure water channel (AqpZ) for a single organism, namely, E. coli
[10, 36]. A comparison of the two structures provides a fundamental chance to
understand the design of this important class of membrane channels in terms
of selectivity, transport rates, and role in the survival of cells.
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