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Water diffusion through membrane proteins is a key aspect of cellular function. Essential processes of cellular
metabolism are driven by osmotic pressure, which depends on water channels. Membrane proteins such as
aquaporins (AQPs) are responsible for enabling water permeation through the cell membrane. AQPs are
highly selective, allowing only water and relatively small polar molecules to cross the membrane. Experimen-
tally, estimation of water flux through membrane proteins is still a challenge, and hence accurate simulations
of water permeation are of particular importance. We present a numerical study of water diffusion through
AQP1 comparing three water models: TIP3P, OPC and TIP4P/2005. Bulk diffusion, diffusion permeability
and osmotic permeability are computed and compared among all models. The results show that there are
significant differences between TIP3P (a particularly widespread model for simulations of biological systems),
and the more recently developed TIP4P/2005 and OPC models. We demonstrate that OPC and TIP4P/2005
reproduce protein-water interactions and dynamics in very good agreement with experimental data. From
this study, we find that the choice of the water model has a significant effect on the computed water dynamics
as well as its molecular behaviour within a biological nanopore.

I. INTRODUCTION

Water is the most abundant molecule in cells. Even
though water is able to diffuse slowly through a lipid
bilayer, for essential physiological processes a high wa-
ter flux is required. This can be achieved making use
of protein membranes such as aquaporins (AQPs) which
allow for a high selectivity for water permeation across
biological membranes1,2. AQPs are located in several
cells found in the brain, kidneys, skin, blood vessels,
liver and connective tissue.3,4 The lack of functionality
of such cells might induce several diseases, such as glau-
coma, brain edema or congestive heart failure.3,5,6 Al-
though evidence of the existence of water channels had
been reported several years earlier, the aquaporin struc-
ture was not described until 19927. All members of the
AQP family are small (∼ 30 kDa) intrinsic membrane
proteins with a strongly hydrophobic character, and con-
sist of four monomers. Each monomer is a functional
water channel having a hourglass shape8 with an am-
phiphilic interior and a selectivity filter. The primary
sequence of those proteins shows six trans-membrane he-
lices (I-VI) linked by five loops. The water flux inside the
channel depends on an asparagine-proline-alanine (NPA)
motif, found in two loops located approximately in the
middle of the membrane protein channel. The interac-
tion between these motifs not only confers a particular
shape to the channel but it is also responsible for the
orientation of water molecules inside the channel. In
combination with the NPA motif, water permeation is
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also modulated by the aromatic/arginine selectivity filter
which is situated next to the extracellular exit/entrance
of the channel.9,10 The topology of the pore is extremely
important as it enables selected small polar molecules
to cross the membrane (e.g. H2O, NH3, glycerol) whilst
preventing the passage of others (e.g. ions and larger
molecules). Based on its permeability, AQPs can be clas-
sified in two subfamilies: classical aquaporins (permeable
to water) and aquaglyceroporins (permeable to both wa-
ter and glycerol).

AQP1 is a classical aquaporin with a high water per-
meability as described in detail in Ref.11 and confirmed in
several numerical studies9,10,12–15. There are three differ-
ent approaches presented in the literature to study water
through aquaporins: 1) a continuum hydrodynamic ap-
proach16 that performs surprisingly well for a nanopore
of molecular dimensions, capturing key steric effects; 2)
a potential of mean force approach, to study the en-
ergetics of water transport14,17; 3) “a continuous-time
random-walk model” approach of water transport across
the channel18.

As suggested by De Groot et al. in Ref.19, approaches
2 and 3) are in a quantitative agreement. Thus, we will
follow approach 3 throughout our study (extracting equa-
tions from Ref.20). Numerous molecular dynamics stud-
ies have been conducted on the water permeation mecha-
nism through aquaporins11,12,21–29. As discussed by Ozu
et al.30, many AQP simulations have been carried out
using different force fields (GROMOS or CHARMM) for
the protein and the standard older TIP3P or SPC wa-
ter models. De Groot and Grubmüller21 demonstrated
that proton translocation across AQPs was prevented by
an electrostatic barrier. However Jensen et al.27, using a
different force field to simulate AQP and water (TIP3P),
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concluded that the proton induced an interruption of the
hydrogen bond chain network built into the channel, pre-
venting the proton from crossing the pore. Thus, it is
reasonable to suggest that models of water permeation
might be affected by the force field used to simulate wa-
ter molecules.

When dealing with pure water, both Vega et al.31

and Onufriev et al.32 carried out a detailed comparison
between experimental and numerical values of thermo-
dynamic and dynamic properties, simulating water by
means of several interaction potentials. Even though
they clearly demonstrated that TIP3P was not one of
the best performing potentials for pure water, TIP3P re-
mains a widely used water model in biomolecular simula-
tions, in combination with CHARMM (the most widely
used protein force field). With this in mind, we pro-
pose to study the molecular mechanism of water per-
meation of AQP1 (1H6I code PDB)12 simulated with
CHARMM36m33, in combination with the TIP3P, OPC
and TIP4P/2005 water models. Even though the latter
two water models are less frequently used in biomolecular
simulations, they are known to give very reliable thermo-
dynamic and dynamic properties for bulk water. To our
knowledge, TIP4P/2005 has been already implemented
with the AMBER ff03w34 force field as a default water
model but has not been employed in simulations of AQP,
where the microscopic behaviour of water clearly plays a
vital role. It is important to note that we have chosen to
focus our study on rigid non-polarizable water models.
There is a range of potentially more accurate polarizable
and flexible water models, however the use of these comes
at significant computational cost35. It is therefore ben-
eficial to first assess the consistency and accuracy of a
range of rigid non-polarizable models in order to estab-
lish whether the use of polarizable water models is needed
for the study of water behaviour in aquaporins. Sim-
ilar comparisons of non-polarizable water models have
been conducted for the 5-HT3 receptor channel36 and
Cucurbit[7]uril-guest systems37. In this article, we have
studied several properties of human AQP1 (water diffu-
sion across the pore, diffusion permeability and osmotic
permeability) taking into account the molecular mecha-
nism characteristic of AQP. In this way we have selected
to simulate a range of representative (non-polarizable)
models of water, comparing two more recent water po-
tentials to what is still the “standard model”. This allows
us to capture the likely range of behaviours for this class
of model.

II. METHODS

A. Simulation details

We have carried out molecular dynamics simulations
for AQP1 embedded in a palmitoyloleoylphosphatidyl-
choline (POPC) bilayer membrane using the GROMACS
2016.4 software package38. Human AQP1 (1H6I code

a) b)

FIG. 1: a) Rendered image of the simulated system
(from top/bottom towards the middle): bulk water
molecules (in brown), interfacial water molecules (in

red), lipids (in blue) and AQP1 (in purple). b)
Rendered image of the AQP1 channel, showing water

molecules passing through, while changing their dipolar
moment when crossing the center. The water molecules

are plotted in red/white.

PDB)12 is simulated via the CHARMM36m force field33,
whilst the water molecules are simulated using TIP3P39,
OPC40, and TIP4P/200541 potentials. In order to main-
tain the protein fold, the simulations were carried out
with backbone restraints. Figure 1 a) shows an image
of the system under study, representing the different re-
gions where water molecules can be found: bulk water
molecules (in brown), interfacial water molecules (in red),
lipids (in blue) and AQP1 (in purple). Panel b) repre-
sents a rendered image of the AQP1 channel, showing
water molecules (in red/white) passing through, while
changing their orientation when crossing the center.

Considering the three models of water, we have set
up three initial configurations with the AQP1 tetramer
embedded in a lipid bilayer of 209 POPC molecules and
solvated with approx. 20000 water molecules. In order
to prepare a neutral configuration, we have added 4 Cl−

ions. Each AQP1-water system was simulated for 100 ns,
and simulations were repeated four times with different
random initial velocities. We set a time step of 1 fs keep-
ing the temperature constant at 298 K using a velocity
rescale thermostat42 with a relaxation time set to 0.67 ps.
The Parrinello-Rahman barostat43 was applied to main-
tain the pressure constant at 1 bar using a 2.57 ps re-
laxation time. When dealing with water, the Lennard-
Jones (LJ) potential was truncated at 1.2 nm, adding
standard long-range corrections to the LJ energy. Ewald
sums44 were considered to compute long-range electro-
static forces with a real space cut-off at 1.2 nm. In or-
der to compare the behaviour of the three water models
and their interactions with AQP1, we have selected the
most relevant properties that allow us to establish the
influence of water potentials on water dynamics through
protein channels.
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B. Diffusion, diffusion permeability, rate of water
molecules and average dipole moment across the channel

Water diffusion through a cell membrane is considered
as a subdiffusive process45–49. Also, Yamamoto et al.50

demonstrated that the water diffusion near a lipid mem-
brane is lower than the bulk due to two mechanisms. On
the one hand, there is a divergent mean trapping time
induced by the lipid-water interaction which can be de-
scribed by a continuous-time random walk. On the other
hand, the viscoelasticity of the lipid membrane induces a
long-time correlated noise described by fractional Brow-
nian motion. In order to compute water diffusion, we
distinguished four regions depending on the distance (d)
between the lipid headgroup and the position of the wa-
ter molecule. As in Ref. 48, the criteria applied to create
those regions are the following: we identify a 1) bulk re-
gion whenever d > 0.6 nm, an 2) interface region when-
ever 0.3 nm < d < 0.6 nm, a 3) contact region whenever
d < 0.3 nm) and an 4) AQP region defined as the region
inside the lipid headgroups (corresponding to waters in
the pore). The long time diffusion coefficient (D) is then
computed using Einstein’s relation based on the water
mean square displacement:

D =

〈
|r(t0 + t)− r(t0)|2

〉
2 · dim · t

(1)

where r(t) is the position of the water molecule centre of
mass, t is the time, and dim the dimension that depends
on the geometry of the system that the molecules are
moving through, with dim = 1 for 1D geometries such
as carbon nanotubes CNT or AQP1 and dim = 3 for
bulk51.

Another approach to calculate water diffusion inside
the protein channel (AQP region) is based on a single-
water molecule column18. In this case, water diffusion
(Dz) is computed according to the relation52:

Dz =
k0z

2

2
=
z2pf
2νw

(2)

where k0, z, pf and νw are the rate of water molecules
across the channel, the average distance between two wa-
ter molecules inside the channel, the osmotic permeabil-
ity (see below for more details) and the volume of a single
molecule, respectively.

Water permeability can be divided into osmotic per-
meability (pf ) and diffusion permeability (pd) depending
on the system’s conditions. Osmotic pressure drives the
movement of water molecules through the membrane pro-
tein when there is a solute gradient across the membrane.
Hence in these conditions water permeability would be
given by the osmotic permeability of the system.

As employed in previous studies,19,20,53 osmotic per-
meability is defined as the proportionality constant be-
tween the net water flux (jw) across the protein channel
and the solute concentration difference (∆Cs),

jw = pf∆Cs. (3)

Taking into account the rate of water molecules across
the membrane protein, k0, the osmotic permeability is
also defined as

pf = νwk0. (4)

At equilibrium and in the absence of solute or solute gra-
dient, there is still net water moving through the channel
that could be attributed to diffusion of water molecules
due to temperature. Thus, the diffusion permeability, pd,
allows us to study the water flux across the protein under
these conditions:

jtr = pd∆Ctr (5)

where ∆Ctr corresponds to the difference in the tracer’s
concentration between the two sides of the membrane
and jtr is the net tracer’s flux (where a tracer is defined
as a labelled water molecule that can be distinguished
from similar molecules, i.e. a molecule of heavy water
is a tracer for water). At equilibrium, the rate of water
molecules crossing the channel is computed by q0, which
is related to pd via

pd = (Vw/Na)q0 = νwq0. (6)

Note that the centre used to decide if a water molecule
crossed the channel is the average of Z position of N
atoms for ASN residue inside the channel. One molecule
has been considered that it crossed the AQP when its
Z coordinate is 1.5 nm from this point. This centre is
updated each single time step during the analysis.

Molecular simulations become an essential tool for
computing pd as they allow us to label individual wa-
ter molecules and therefore distinguish them from one
another. Both properties, pd and pf , are proportional
to the number of water molecules, N , taking part in the
translocation following the continuous-time random-walk
process18 based on Ref.54. For AQP1, Zhu et al.20 pre-
sented a value for pf/pd = N + 1 = 11.9. This is in good
agreement to the experimental value of pf/pd = 13.255.
However, these values are higher than the average num-
ber of molecules inside the protein channel, since there
are molecules of water outside the channel that partici-
pate in the permeation across the membrane.

In order to compute the flux in Eq. 5 we need to
compute pd and ∆Ctr. The latter is computed by sim-
ple counting whereas the former is computed via Eq. 6.
To compute q0 in Eq. 6 we count the number of water
molecules that cross the membrane through the AQP1.
Thus, we define the centre of the protein and a typical
distance from which a molecule is considered to be out-
side the channel. The channel centre is identified in the
following way: two nitrogen atoms inside the channel are
bound to water via hydrogen bonds and their orientation
is essential to describe the AQP1 permeability. Thus, we
compute the channel centre as the average of these nitro-
gen atom positions. The channel length is set at 1.5 nm
from the centre.
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Water molecules in bulk are characterised by an av-
erage dipole moment equal to zero. However, in nano-
confined structures such as a CNT51 or membrane chan-
nels11, there is a particular orientation of the molecules
due to the hydrogen bond network. Thus, the dipole mo-
ment is an important parameter to study the molecular
orientations inside the channel, both artificial and nat-
ural. In our work, we have computed the water dipole
moment µ according to ~µ =

∑
i qi~ri, where qi and ri are

the charge and the position vector for molecule i, respec-
tively. We focus on the z component of ~µ, since in our
simulations the orientation of the water molecule inside
the channels is mainly projected onto this axis. Hence,
we calculate the average dipole moment of slabs, having
a thickness of 0.025 nm, across the z axis to compare the
molecular orientation between the channel and molecules.

III. RESULTS AND DISCUSSION

A. Water molecule orientations inside AQP1

As suggested in Ref.11, water molecules arrange inside
the channel forming a single-molecule chain with a spe-
cific orientation. In our work we demonstrate that this
mechanism is reproduced by the three water models.

As shown in Fig. 2, the water molecule orientation can
be illustrated by computing the average of the z compo-
nent of the dipole moment inside the channel. Although
there is a dynamic permeation across the channel, it is
possible to distinguish the positions of water molecules,
described by the slightly ragged shape of the water dipole
moment inside the protein (see Fig. 2 ). These results
demonstrate that there are two stable orientations inside
the channel as described by Ref.11.

There are no major differences between the dipole mo-
ment profiles for the three water models, although the
degree of water dipole orientation is less for the OPC
model in the second (i.e. z > 0) half of the pore than
for the other two water models. This implies that, even
though TIP3P is the only water model fully “tuned” with
CHARMM36, both OPC and TIP4P/2005 are capable
of capturing a qualitatively similar behaviour inside the
AQP. Therefore, one could deduce that the similarity
between the dipole moments computed with the differ-
ent water models is due to water interacting in a similar
way with AQP1. Water interacts with AQP via hydro-
gen bonds that can be only formed when water is close
enough to the asparagines located at the middle of the
pore. Our results on the dipolar moment suggest that
water interacts with asparagine in a similar way inde-
pendently of the model used to mimic its behaviour.

B. Water molecule diffusion through the protein channel

As in Ref. 48, we identify interfacial, pore and contact
regions, depending on the position of the water molecule

FIG. 2: z component of the average dipole moment µz

for the three water models. The red line is for TIP3P,
the blue line for TIP4P/2005, and the black line for

OPC. Error bars have been added taking into account
the standard deviation of µz. The vertical dashed lines
indicate the approximate locations of the Asn residue of
the NPA motifs. Note that the centre of the bilayer is

at z = 0 nm, and the pore runs from approximately z =
-1 to +0.8 nm.

with respect to the bilayer and the AQP1 pore. To com-
pute the water diffusion constant (D) we use Eq. 1 with
dim = 3 for the bulk (Dbulk), interface (Dinter), and
contact (Dcontact) regions, and dim = 1 for the AQP
(DAQP ) region (AQP1 being almost cylindrical). More-
over, we compare the value of the diffusion computed in
the bulk region at d > 0.6 nm (Dbulk) to the one com-
puted for each model in bulk (Dmodel), since the presence
of the lipid membrane reduces the value of D in nearby
regions (even at distances higher than 2 nm50). All mean
square displacements (msd) for each region are reported
in Fig. 3. Two groups of data could be distinguished for
each model (although in the case of TIP3P it is more
evident). The bulk, interface and contact regions have
similar slopes, while the slope for the AQP region is lower
than the rest. The diffusion coefficient (D) values for all
water models in bulk and in the various regions are pre-
sented in Table I (as calculated from the mean square
displacement in Fig. 3).

When dealing with bulk water, the literature values
of Dliterature at 298K and 1 bar are 5.5x10−5 cm2/s56

for TIP3P, 2.06x10−5 cm2/s for TIP4P/200541 and
2.3x10−5 cm2/s40 for OPC Dliterature. These data are
higher than the Dbulk computed from the mean square
displacement in our simulations (see Fig. 3), reflecting
the phenomena of subdiffusion of water close to the lipid
membrane, explained in Ref.50, and in addition it might
be due to differences in the simulation conditions, such
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TABLE I: Diffusion coefficient values computed using Eq. 1 with dim = 3 in the bulk, interface and contact region,
with dim = 1 in the AQP region for TIP3P, TIP4P/2005 and OPC water models. The values in parenthesis are the

standard deviations. All diffusion coefficients are expressed in 10−5 (cm2/s).

Water model Dbulk Dinter Dcontact DPORE

TIP3P 4.60 (0.01) 3.74 (0.02) 2.93 (0.02) 0.10 (0.01)
TIP4P/2005 1.87 (0.04) 1.24 (0.1) 0.77 (0.04) 0.05 (0.02)
OPC 1.94 (0.04) 1.26 (0.08) 0.72 (0.09) 0.02 (0.02)
Exp. 2.3031 0.04

as the value of the cut-off and/or the thermostat ap-
plied during the simulation. However, the value of water
diffusion given in this article is reliable. However, it is
clear that TIP4P/2005 and OPC water models reproduce
the experimental bulk water diffusion better than TIP3P.
Concerning the hydrogen bonds formed in bulk water, a
recent paper57 has shown that the TIP3P water model
yields a higher rotational relaxation time and a lower
network complexity parameter. This results in a higher
diffusion coefficient for TIP3P water in bulk. In contrast,
TIP4P/2005 (a water model very similar to OPC) yields
a lower rotational relaxation time and a higher network
complexity parameter. This results in a lower diffusion
coefficient for TIP4P/2005 (and by extension for OPC)
water in bulk. TIP3P bulk water has a higher diffusion
coefficient than both OPC and TIP4P/2005, due to its
higher rotational relaxation time and lower network com-
plexity parameter. This effect is enhanced when water is
confined within the single file pore AQP, as already sug-
gested in Ref51.

On the one hand, although it is possible to con-
sider TIP3P water subdiffusing as D is compared to
Dliterature, TIP3P overestimates bulk water diffusion in
comparison to the experimental data of 2.3x10−5 cm2/s
in all regions. On the other hand, TIP4P/2005 and OPC
show a consistent subdiffusion of water molecules close
to the membrane, as expected50 both with respect to
their Dliterature and in comparison to the experimen-
tal value. Focusing on the AQP region, i.e. inside the
membrane protein, the experimental data of water diffu-
sion is 0.04x10−5 cm2/s52. TIP3P gives 0.10x10−5 cm2/s
for DPORE , which is dramatically higher than the ex-
perimental value and also higher than the other wa-
ter models, 0.05x10−5 cm2/s and 0.02x10−5 cm2/s for
TIP4P/2005 and OPC, respectively. When comparing
the diffusion coefficient of water inside the pore with re-
spect to its bulk counterpart, we get a comparable ratio
independent of the model. The reason is that TIP3P wa-
ter diffuses more than the other water models not only
in bulk but also when confined in a nanopore. In addi-
tion, note that the diffusion of water inside the channel
is different with respect to the experimental value de-
pending on the chosen model. In the case of TIP3P the
diffusion is 2.5 times higher than the experimental one.
OPC also shows a significant discrepancy, although in
this case the model presents a diffusion that is 2 times
lower than the experimental one. However, the diffusion

of the TIP4P/2005 model is in optimal agreement with
the experimental value.

In order to visualise the values of D across the four
regions, a diffusion profile has been plotted for each water
model, see Fig. 4. This shows the diffusion profiles for the
three models by considering only the molecules that have
crossed the membrane through the protein channel, as
these molecules allow us to compute the water diffusion
through the channel.

It can be observed that D decreases from the bulk re-
gion to the AQP region, starting from a value of D lower
than Dliterature. Each region displays a distinct diffusion
profile, although there is a slight overlap between regions.
This is due to the criteria used to define the regions, i.e.
an average of the phosphorus atoms position in z. As a
consequence, it is possible to find a water molecule having
a lower value of D than the one expected in that region.
As shown in Fig. 4, the AQP region is not symmetric and
there are higher values of DPORE at negative distances,
d, from the membrane centre than at positive ones. This
is because the membrane protein is not symmetric and
the diffusion around the protein is asymmetric as a con-
sequence.

C. Diffusion permeability and osmotic permeability

To compute the water permeability, both the diffusion
(pd) and osmotic permeability (pf ), we have calculated
the rate at which molecules are able to cross the mem-
brane (q0 and k0) and the diffusion of those molecules
through the AQP (Dz). The results have been collected
in Table II, where we compare numerical and experimen-
tal data.

Diffusion permeability (pd) has been computed using
Eq. 4, which is based on the number of water molecules
that crossed the membrane through the membrane pro-
tein (q0) and the volume of a single water molecule
(νw = 2.989x10−23 cm3). From molecular dynamics
simulations q0 is a parameter that is easily accessible.
For TIP3P q0 = 4.0x108 s−1 whereas for TIP4P/2005
(q0 = 0.65x108 s−1) and OPC (q0 = 0.5x108 s−1) the
number of molecules per second is lower, by almost an
order of magnitude. Therefore, we find 1) on the one
hand an overestimation of the TIP3P diffusion perme-
ability and 2) on the other hand a good performance of
both TIP4P/2005 and OPC diffusion permeability (see
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TABLE II: Number of molecules per second (q0, multiplied by 108 (s−1) ; diffusion permeability pd, by 10−14

(cm3/s) ; osmotic permeability pf , by 10−14 (cm3/s) ([*] via pf/pd = 11.9); number of molecules per second for an
osmotic process k0, by 109 (s−1); water diffusion inside the AQP Dz, by 10−5 (cm2/s) ([**] via Eq. 2) and DPORE ,

by 10−5 (cm2/s)

Water model q0 pd pf
∗ k0

∗∗ Dz
∗∗ DPORE

TIP3P 4.0 (0.3) 1.20 (0.09) 14.2 (1.1) 4.85 0.190 0.10 (0.01)
TIP4P/2005 0.65 (0.2) 0.194 (0.07) 2.31 (0.8) 0.77 0.03 0.05 (0.02)
OPC 0.5 (0.1) 0.149 (0.04) 1.78 (0.4) 0.59 0.02 0.02 (0.02)
Exp. 5.4358 0.04

Table II).
The osmotic permeability pf has been computed from

the diffusion permeability using the ratio pf/pd = N +
1 = 11.9 proposed by Zhu et al.20 for AQP1 and the val-
ues are reported in Table II. The experimental data for
pf is pf = 5.43x 10−14 cm3/s58, which is in very good
agreement with the TIP4P/2005 (2.31x10−14cm3/s) and
OPC (1.78x10−14cm3/s) values. The TIP3P value,
14.2x10−14cm3/s, is dramatically higher than the exper-
imental value.

Having calculated the osmotic permeability, the rate
of water crossing the AQP (q0) can be calculated by ap-
plying Eq. 2 with a value of z = 0.28 nm 52. From the
same Eq. 2, we calculated Dz for the different water mod-
els, obtaining 19.0x10−7 cm2/s, 3.03x10−7 cm2/s, and
2.33x10−7 cm2/s for TIP3P, TIP4P/2005 and OPC, re-
spectively. TIP4P/2005 and OPC compare well with the
experimental data, 4.0 x10−7 cm2/s. However, TIP3P
shows a value higher with respect to the experimental
one than the other water models.

It is worth nothing that Dz could be compared to
DPORE using Eq. 1 as dim = 1. This fact allows us to
test the consistency of our diffusion results, since DPORE

is calculated via Eq. 1 and Dz is computed via an inde-
pendent method (via Eq. 2) based on the number of water
molecules that crossed the membrane through AQP (q0)
and its ratio with respect to the water permeability. As
it can be observed, the results for water diffusion inside
the AQP are in excellent agreement independently of the
method used to compute it, either using Eq. 1 on the
AQP region or applying Eq. 2.

In summary, our results provide compelling evidence
that the TIP3P water model shows a higher diffusion
rate than the other water models studied. Inside the
channel, the TIP4P/2005 model produces results in ex-
cellent agreement with experiment. Focusing on the dif-
fusion through the AQP protein using two independent
methods, we demonstrate that there is an overestima-
tion of the diffusion, resulting in overestimated values of
water permeability for TIP3P. However, for TIP4P/2005
and OPC, which have bulk diffusion values close to the
experimental one, their calculated values of water perme-
ability are comparable to the experimental value. This
implies that TIP4P/2005 and OPC are capable of pro-
ducing reliable estimates of water diffusion through the
AQP1 channel.

IV. CONCLUSION

In this work, water diffusion and permeability have
been studied using molecular dynamics for three sys-
tems, consisting of AQP1 embedded in a POPC lipid
membrane and three water models, TIP3P, TIP4P/2005
and OPC. TIP3P is the standard water model used for
CHARMM36m, whereas TIP4P/2005 and OPC are wa-
ter models not frequently used in biomolecular simula-
tions but known to better reproduce bulk water proper-
ties31,40.

Recently a number of studies have addressed the rel-
evance of water models in e.g. protein aggregation and
host-guest recognition systems37,59. Our main purpose
was to compare among the behaviour of different wa-
ter models and shed light on AQP1 water permeability.
This enabled us to obtain reliable results for the molecu-
lar mechanism of water diffusion as well as both diffusion
and permeability values, near the membrane and through
the AQP1. First of all, the well-known molecular mecha-
nism of water permeation through AQP1 has been tested
for the three models, giving similar and excellent results.
All of them show a specific orientation of water molecules
inside the AQP1 as demonstrated in Ref.11. Hence, using
any of these water models, the water-protein interaction
is reliable and AQP1 keeps its high-selectivity permeation
of water across the membrane.

The obvious difference among water models can be de-
tected in the transport properties. Diffusion inside the
protein has been computed using two methods, one based
on the mean square displacement considering the geom-
etry of the channel and another one from the water per-
meability, giving consistent results for the three models.
TIP3P has a diffusion constant twice that of the exper-
imental value, whereas TIP4P/2005 and OPC produce
values remarkably close to experiment. The overestima-
tion of TIP3P is consistent in the whole process of water
permeation across the membrane. The most relevant re-
gion is inside the membrane protein, i.e., the AQP re-
gion, where the TIP3P diffusion is higher than the exper-
iments. On the other hand, OPC presents a lower diffu-
sion rate. When comparing to experiments, we conclude
that TIP4P/2005 is the model that best resembles water
diffusivity inside the channel. It is worth noting that the
ratios of TIP3P/TIP4P/2005 and TIP3P/OPC increase
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when moving from bulk to the interfacial region to the
AQP region. Therefore, the difference between the mod-
els seems to be more pronounced within the nanopore
environment.

Focusing on water permeability, we have computed the
number of water molecules able to cross the membrane
through the AQP1, q0. By means of this parameter we
calculated the diffusion permeability, which allowed us
to obtain the value of osmotic permeability. As in the
diffusion case, TIP3P gives a diffusion permeability be-
tween 6 and 8 times higher than TIP4P/2005 and OPC,
respectively.

The overestimation of TIP3P is observed also in the
calculation of the osmotic permeability (being almost 3
times higher than the experimental counterpart) and in
the water diffusion inside the AQP1 (being 5 times higher
than the experimental counterpart). However the calcu-
lated values obtained with the OPC and TIP4P/2005
water models are in much better agreement with the ex-
periments. It is difficult to compute the osmotic perme-
ability in experiments and there are several values of pf .
However, in this work reliable values of water diffusion
and water permeability are reported, which demonstrate
the clear differences between the behaviour of TIP3P and
the results of TIP4P/2005 and OPC. We believe that this
observation can be relevant not only for the AQP channel
but also for numerical studies of transport properties of
water and ions within nanopores and ion channels.

Simulating polarizable models require a considerable
increase in computational effort, and to date their ap-
plication has generally been limited to somewhat sim-
pler membrane60 and channel systems36,61. We therefore
have decided to first understand the basic features of wa-
ter transport through AQP1, using only non-polarizable
models. However, in the future it will be important to
consider systematically polarizable models for water, pro-
teins and lipids61,62.

This study has focused on the dynamical properties
of the water model in AQP simulations. However, it
should be noted that the protein and lipid parameters
have been optimized for use with e.g. TIP3P. The ques-
tion therefore remains whether in the future one should
re-optimize these parameters for improved water models
or switch to polarizable models. The latter are being ex-
tended to lipids as well as to water and proteins and are
now feasible, if computationally expensive, for membrane
channel protein systems.63 An interim compromise may
be the use of charge scaling (via the electronic contin-
uum correction approach) to mimic electronic polariza-
tion, which has been used with some success for biological
membranes.64

SUPPLEMENTARY MATERIAL

See the supplementary material is available free of
charge at

• Dipole moment for TIP4P/2005. (Figure S1)
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FIG. 3: Mean square displacement (nm2) for TIP3P (left), TIP4P/2005 (centre), and OPC (right). The coloured
lines denote the following regions: bulk (red), interface (blue), lipid-water contact region (green), and AQP (black).

FIG. 4: Diffusion profiles for TIP3P (left), TIP4P/2005 (centre), and OPC (right) water models. The profiles have
been split into four regions: bulk (red crosses), interface (blue crosses), lipid-water contact (green crosses), and AQP

region (black crosses).
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