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ABSTRACT Single-channel osmotic water permeability (pf) is a key quantity for investigating the transport capability of the
water channel protein, aquaporin. However, the direct connection between the single scalar quantity pf and the channel
structure remains unclear. In this study, based on molecular dynamics simulations, we propose a pf-matrix method, in which
pf is decomposed into contributions from each local region of the channel. Diagonal elements of the pf matrix are equivalent to
the local permeability at each region of the channel, and off-diagonal elements represent correlated motions of water molecules
in different regions. Averaging both diagonal and off-diagonal elements of the pf matrix recovers pf for the entire channel; this
implies that correlated motions between distantly-separated water molecules, as well as adjacent water molecules, influence
the osmotic permeability. The pf matrices from molecular dynamics simulations of five aquaporins (AQP0, AQP1, AQP4, AqpZ,
and GlpF) indicated that the reduction in the water correlation across the Asn-Pro-Ala region, and the small local permeability
around the ar/R region, characterize the transport efficiency of water. These structural determinants in water permeation were
confirmed in molecular dynamics simulations of three mutants of AqpZ, which mimic AQP1.

INTRODUCTION

Aquaporin (AQP) is a membrane channel protein that se-

lectively transports water (aquaporin), or water and small

neutral molecules such as glycerol (aquaglyceroporin), in re-

sponse to the osmotic pressure between the two sides of the

membrane (1). Since the structures of AQP1 and GlpF were

solved (2,3), the unique transport characteristics of three-

dimensional structures of various proteins in the AQP family

have been clarified (2–12). At the same time, molecular

dynamics (MD) simulations have made substantial contribu-

tions toward understanding the permeation mechanisms for

water (12–20), glycerol (21–23), gases (24), and ions (25), as

well as the inhibition of proton transduction (12–14,26–30).

Here, we focus on water permeability of AQP as character-

ized by the osmotic water permeability of a single channel

pf [cm
3/s], which is defined by

pf ¼ jw=DCs; (1)

where jw is the molar water flux of a channel [mol/s] and DCs

is the concentration difference of impermeable molecules be-

tween the two sides of the membrane [mol/cm3] (31). In MD

simulations, osmotic water permeability has been estimated

by imposing driving forces (16,17). However, large driving

forces are required to observe significant water permeation

within the timescale of MD simulations. Recently, to over-

come this problem, Zhu et al. proposed a theory for esti-

mating the osmotic permeability, pf, from equilibrium MD

simulations in the absence of a driving force (32).

As shown in Fig. 1, a and b, members of the AQP family

show high sequence similarity: sequence identity ranges from

26% to 49%, increasing to 45–60% in the channel region. The

three-dimensional structures of the proteins are very similar.

The root mean-square displacements for Ca atoms are 1.6–

2.3 Å for the whole chain, and 0.6–1.3 Å for the membrane

spanning helices (Fig. 1 c). Notwithstanding the close simi-

larity among these AQPs, they show a rather wide range of

pf values (33–39). Therefore, subtle differences in side-chain
structures of channel residues probably determine water per-

meability.

In a previous letter (18), we reported pf values of four mem-

bers of the AQP family (AQP1, AQP0, AqpZ, and GlpF) from

equilibrium MD simulations in an explicit membrane envi-

ronment using the theory of Zhu et al. (32). The calculated

pf values varied widely among the AQPs. Recently, Jensen

and Mouritsen used the same theory to calculate the pf values
of AqpZ and GlpF (19).

Although pf values calculated from simulations can be

directly compared with the experimental value, the direct

connection between a single quantity pf and structural details
of the channel remains unclear. In this study, to better under-

stand the structural determinants of water permeability in

AQP, we propose a pf-matrix method that explicitly de-

scribes contributions from local regions of the channel to the

pf value for the entire channel. Using the trajectories from the

previous simulations together with new MD simulations for

AQP4 (9), the pf matrix clarifies the detailed relationship be-

tween water permeation and the channel structures.

In addition to the simulations of the five AQPs, we con-

firmed the conclusions obtained in the wild-type AQPs by per-

forming another series of MD simulations for three mutants:

L170V, N182G, and L170V/N182G of AqpZ, mimicking
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AQP1, which has a similar structure to AqpZ but shows a

different pf value. The pf matrices of these mutants demon-

strate that even a single mutation significantly changes the

permeation behavior of water through the channel.

THEORY AND METHODS

pf matrix

Here, we present the theory underlying the pf matrix. Because the pf matrix

is an extension of the theory of Zhu et al. (32), we first briefly review their

theory before describing the pf matrix.

The approach described by Zhu et al. provides estimates of the single-

channel osmotic permeability pf from the equilibrium simulation performed

in the absence of osmotic pressure. In the theory, the configuration of chan-

nel water molecules is treated by the collective coordinate n, defined in dif-

ferential form as

dn ¼ +
k2SðtÞ

dzk=L; (2)

where dzk is the displacement of water k along the channel (aligned in the z
direction), S(t) is the set of water molecules in the channel, and L is the

length of the channel. By this definition, the net amount of water permeation

can be calculated by the time average of n. Every water molecule crossing

the membrane through the channel from one side to the other increases n by

11 (upward) or �1 (downward).

The molar water flux of a channel jw in Eq. 1 is simply related to the

collective variable n by

jw ¼ Ævnæ1=NA; (3)

where vn is the velocity of n, Æ. . .æ1 denotes the average under osmotic pres-

sure, andNA is Avogadro’s number. According to the linear response theory,

the average vn in the perturbed state under osmotic pressure is related to

averages and fluctuations in the unperturbed state under no osmotic pressure

as follows. The average velocity, Ævnæ1, is approximated to the first-order by

Ævnæ1 ¼ Ævnæ0 �
1

kBT
ðÆvnUæ0 � Ævnæ0ÆUæ0Þ; (4)

where Æ. . .æ0 denotes the average in the absence of osmotic pressure, U is the

perturbing potential, kB is the Boltzmann constant, and T is the absolute

temperature. The perturbing potential originates from the difference in the

chemical potential of water, Dm, between the two sides of the membrane.

Thus, in a dilute solution, U is given by

U ¼ Dmn ¼ �kBTVwDCsn; (5)

FIGURE 1 (a) Phylogenetic tree of the human and E. coli aquaporin family, drawn using Molphy (54). Aquaporins and aquaglyceroporins are colored blue

and red, respectively. The molecules considered in the present study are shaded. (b) A multiple alignment of members of the aquaporin family. Residues on the

channel surface are enclosed in a frame. The NPAmotifs and ar/R region are shaded in yellow and blue, respectively. Magenta corresponds to Tyr23 and Tyr149

of AQP0, which occlude the channel. The mutation sites, Leu170 and Asn182, of AqpZ are shaded in green and cyan, respectively. Asterisks indicate the

residues whose main-chain oxygens protrude into the pore and form hydrogen-bonding sites for channel waters. (c) Superimposition of the aquaporins: AQP1

(green), AQP4 (pink), AqpZ (blue), GlpF (yellow), and AQP0 (magenta). This picture was prepared using PyMol (55). (d) Side view of the simulation system.

The AQP1 tetramer was rendered as a cartoon representation in rainbow colors; for clarity, some helices are transparent. POPC molecules were rendered as

gray sticks for aliphatic chains and as colored spheres for the headgroups: nitrogen (blue), phosphorus (orange), and oxygen (red). Water oxygen atoms are

represented by cyan spheres. These diagrams were drawn using Molscript (56) with Raster3D (57). (e) Top view of the simulation system.
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where Vw is the molar volume of water. Introducing Eq. 5 to Eq. 4, we have

Ævnæ1 ¼ Ævnnæ0VwDCs: (6)

Here, we used Ævnæ0 ¼ 0. Since the average quantity Ævnnæ0 can be related
to the diffusion coefficient of n, Dn, by

Dn ¼
Z N

0

Ævnð0ÞvnðtÞæ0 dt ¼ Ævnnæ0; (7)

we obtain with the help of Eqs. 1, 3, 6, and 7,

pf ¼ vwDn; (8)

where vw ¼ Vw/NA. This is Zhu et al.’s formula for pf (32). The diffusion co-

efficient is calculated from the simulation through the mean-square dis-

placement of n as

Æn2ðtÞæ0 ’ 2Dnt1C; (9)

where C is a constant.

Although the pf value calculated from simulations can be directly com-

pared with the experimental value, a single quantity pf does not explain in

detail the contributions of each local channel region to water permeability.

Therefore, we extended the theory to a form that explicitly describes the

contributions from the local regions. The channel is subdivided into N parts,

or N subchannels, with length LN (L ¼ NLN). The collective coordinate, ni,

for subchannel i is defined as

dni ¼ +
k2SiðtÞ

dzk=LN; (10)

where Si(t) is the set of water molecules in subchannel i (¼ 1, . . . , N). Since

n ¼ Sini/N, the mean-square displacement of n becomes

Æn2ðtÞæ0 ¼ +
i;j

ÆniðtÞnjðtÞæ0=N2
; (11)

where Æni(t)nj(t)æ0 is written in a similar manner to Eq. 9, as

ÆniðtÞnjðtÞæ0 ’ 2Dijt1C: (12)

Moreover, Dij is also written in terms of the velocity correlation function

as

Dij ¼ 1

2

Z N

0

Ævið0ÞvjðtÞ1 vjð0ÞviðtÞæ0dt; (13)

where vi(t) is the velocity of ni(t). The value of pf is thus divided into the

local contribution pij as

pf ¼ +
i;j

pij=N
2
; (14)

with

pij ¼ vwDij: (15)

We refer to the matrix of pij as the pf-matrix. Note that the diagonal element

pii is the water permeability of subchannel i, and the off-diagonal element pij
(i 6¼ j) denotes the covariance between the water molecules in i and those in j.

It is convenient to convert the diagonal and off-diagonal elements pij into the
correlation coefficient cij, defined as

cij ¼ pij=ðpiipjjÞ1=2: (16)

We refer to the matrix of cij as the pf-correlation matrix.

Modeling and simulations of aquaporins

For AQP1, AQP0, AqpZ and GlpF, the trajectories from MD simulations in

our previous letter (18) were used for the pf matrix analyses. In addition, we

carried out MD simulations of AQP4 and three mutants of AqpZ: L170V

(at the Asn-Pro-Ala, i.e., NPA region), N182G (outside the ar/R region), and

L170V/N182G, mimicking AQP1. Here, we describe the modeling and sim-

ulation protocols for AQPs.

Fig. 1, d and e, shows a representative system of our simulation setup,

which contains the AQP tetramer, a lipid bilayer consisting of palmitoy-

loleoylphosphatidylcholine (POPC), waters, and counterions. The crystal

structures of the AQPs were obtained from the Protein Data Bank (PDB):

AQP1 (PDBID: 1J4N (5)), AQP4 (2D57 (9)), AqpZ (Chain A of 1RC2 (6)),

GlpF (1LDI (12)), and AQP0 (1YMG (7)). A missing residue, PRO36 in

1YMG, was added using MODELLER (40) and was optimized by energy

minimization. The other missing residues at the N- and C-termini were

simply truncated. The coordinates of the AqpZ mutants, L170V, N182G,

and L170V/N182G, were modeled manually by removing or adding several

atoms, followed by energy minimization.

The POPC lipid bilayer was prepared as follows. First, 256 POPC lipid

molecules were placed randomly in each leaflet, for a total of 512 POPC

molecules. After the addition of waters, the system was equilibrated for 1 ns

under NPAT conditions (constant surface area and constant pressure) at 300

K and 1 atm. The tetrameric form of AQP was then embedded in the POPC

bilayer after removing a suitable number of lipid molecules overlapping with

the protein. The position and orientation of the lipid molecules surrounding

the protein were optimized by the Monte Carlo method. The system contains

;390 lipid molecules and 30,000 waters (150,000 atoms in total), with a box

size of 128.203 128.203 94.85 Å. Two copies of the system for each AQP

were made, each with different lipid configurations.

All the simulations were carried out with the MD program MARBLE

(41) using the CHARMM22 (42) force field corrected by CMAP (43) for

proteins, CHARMM27 (44) for lipids, and TIP3P (45) for water. Electro-

static calculations were performed without a cutoff operation using the par-

ticle mesh Ewald method with periodic boundary conditions (46). The

Lennard-Jones interactions were switched to zero over a range of 8–10 Å. In

this study, the symplectic integrator for rigid bodies was used, treating CHx,

NHx, SH, and OH groups and water molecules as rigid bodies (41). The time

step was 2 fs.

The whole system was equilibrated for 400 ps, constraining the protein co-

ordinates under NPT ensemble (300.15 K and 1 atm) conditions with a har-

monic force constant of 1 kcal/mol/Å2. Subsequently, the force constant was

gradually decreased to zero over 100 ps. A product run was performed under

NPT ensemble conditions for 5 ns without any additional constraints. This run

was repeated twice for two copies of the simulation system for each AQP. The

total simulation time analyzed in this study was 80 ns (5 ns 3 2 3 8).

The pf values were evaluated using Eq. 8 from the diffusion coefficient

Dn calculated from the linear slope of the mean-square value of n for the time

interval between 30 ps and 100 ps. The channel region was defined as �13

# z # 3 (i.e., channel length L ¼ 16 Å), which is the same as the definition

used in our previous letter (18). The origin of the z-axis was set to be the

position of main-chain oxygen atoms corresponding to G192 of AQP1. For

the pf matrices, Dij values in Eq. 12 were calculated from the linear slope of

Æni(t)nj(t)æ0 for the time interval between 30 ps and 100 ps.

Simulation of water permeation through
a carbon nanotube

To examine the ideal single-file permeation of water, we performedMD sim-

ulations of a carbon nanotube (CNT) embedded in the bilayer. A CNT 16 Å

in length and 3.5 Å in radius was modeled with a chirality of (8,2) and bond

lengths of 1.42 Å. The lipid bilayer was mimicked by two flat layers com-

posed of carbon atoms. The positions of all atoms in the CNT and the bilayer

were completely fixed in the simulation. The simulation system contained

806 carbon atoms, 1238 water molecules, and had the dimensions 33.0 Å3
30.9 Å 3 56.0 Å. The protocol used in these simulations was the same as

that described above (300.15 K, 1 atm), but instead of the NPT ensemble, the

NPAT ensemble, giving a constant x-y plane surface area, was used for com-

patibility with the rigid CNT and bilayer. For the product run, the 2.5-ns

simulation was repeated four times.

Water Permeability Matrix in Aquaporins 375
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RESULTS

The pf matrices of wild-type aquaporins

For AQP4, the pf value was evaluated to be 76 3 from theMD

simulations performed in this study. For AQP1, AqpZ, GlpF,

and AQP0, we reported the pf values (in units of 10
�14 cm3/s)

to be 106 4, 166 5, 166 3, and 0.26 0.2, respectively, in

our previous letter (18). The diffusive permeability (pd) and
the effects of the channel definitions on pf and pd for these
proteins are given in the Discussion. The AQPs showed a

wide range of pf values, and it is expected that differences in

the channel structures would determine the pf values. How-
ever, the direct connection between the pf value and struc-

tural properties of the channel (Fig. 2) remains unclear. The

pf matrix method proposed in this study facilitates under-

standing the contributions of the local regions to the pf value.
The pf matrices fpijg defined in Eq. 15 for the five AQPs

are shown in Fig. 3. Here, the size of subchannel LN was set

to 2 Å. The expansion of a single scalar quantity, pf, into a

matrix form (the pf matrix) clearly reveals details in the per-

meation behavior of the AQPs. The most important feature

of the pf matrix is that the average of all the elements cor-

responding to the channel region, including both diagonal

and off-diagonal elements, equals pf (see Eq. 14). Unlike

previous analyses of the correlated motion of adjacent water

molecules (13,14,18,19), the formulation of the pf matrix

indicates that the correlated motions of widely-separated water

molecules influence osmotic permeability, as do adjacent

water molecules.

In common among the AQPs, the cytoplasmic region

(z,�5; see Fig. 2) makes a large contribution to pf compared

with the NPA (z ; �4) and ar/R (z ; 3) regions. The off-

diagonal element pij becomes smaller when subchannels i
and j are separated by the NPA region. This indicates that the

NPA region hinders the collective motion of the water chain:

water motion at one end of the channel does not propagate to

the other end. AqpZ does not show a clear interruption at the

NPA region; the correlation extends beyond the NPA region,

which is more like single-file permeation.

The trend in the correlation is more clearly observed in the

pf correlation matrices fcijg (Fig. 4, b–f). AqpZ has the

strongest correlation among the AQPs (Fig. 4 d). For com-

parison, an example of the ideal single-file permeation of

a carbon nanotube is shown in Fig. 5. In the nanotube, all

the elements of the pf correlation matrices are close to unity

(Fig. 5 c). The strong correlations of the water motions in

the carbon nanotube were also observed by Berezhkovskii and

Hummer (47). Compared with the ideal single-file perme-

ation of the nanotube, even in AqpZ, cij between both ends of

FIGURE 2 (a) The channel region of an AQP monomer drawn using the

coordinates of AQP1. The pore is represented by light-blue meshes. The

NPA motifs and the ar/R region are drawn in yellow and cyan sticks,

respectively. Val178 (AQP1) and Leu170 (AqpZ) are indicated by green and

red sticks, respectively. The hemihelices (HB and HE) are colored orange.

The z-axis is aligned to the bilayer normal with the extracellular side on the

right. (b) Channel radius rc(z), AQP1 (red), AQP4 (green), AqpZ (blue),

GlpF (cyan), and AQP0 (magenta), calculated by the method proposed by

Smart et al. (58), which uses Monte Carlo simulated annealing to search the

vacant area with a probe sphere in the x-y plane for a given z value. The
radius profiles are averages over the eight monomers in the two independent

5-ns simulations. The NPA motifs and ar/R region are indicated by

semitransparent yellow and cyan areas, respectively. The horizontal axis

represents the z-axis. (c) Number density of channel waters. (d) Orientation

of channel waters represented by the order parameter P1(z) ¼ Æcosuæ, where
u is the angle between the dipole moment of water and the z-axis.
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the channel are less than unity. In the other AQPs, clear re-

ductions in cij for subchannels i and j separated by the NPA

region are observed. In particular, AQP0 has almost no cor-

relation across the NPA region (Fig. 4 f) due to no water

density around the NPA region (Fig. 2 c). The elimination of

water around the NPA region is caused by the occluding side

chain of Tyr23 in AQP0.

Although AqpZ and GlpF have almost the same pf value
in our simulations, the pf matrix demonstrates that the same

pf value was attained by different permeation mechanisms. In

AqpZ, the strong correlation (i.e., the off-diagonal elements)

largely contributes to the pf value as discussed above. In

contrast, GlpF has weaker correlations than AqpZ (Fig. 4 e).
Instead of the correlation, the diagonal elements pii of GlpF
are larger than those of AqpZ by 1.67 3 10�14 cm3/s on

average (Fig. 4 a). The large pore size in GlpF (Fig. 2 b)
seems to increase the local permeability (i.e., the diagonal

elements pii) (Fig. 4 a) and to decrease the correlation in

water motion (Fig. 4 e). Additional water molecules in a

large pore appear to break one-dimensional hydrogen-bond

networks to reduce the correlation between the two ends of

the channel.

A surprising feature of the pf correlation matrices is that no

significant reduction in correlation around the ar/R region

is observed in any AQP, even in the narrowest region in the

channel (Fig. 2 b). Instead of reducing correlation, the

diagonal elements are small around the ar/R region com-

pared with those of other regions (Fig. 4 a), indicating that

the local permeability around the ar/R region is low. This

may be due to the strong interaction between water and the

protein in the ar/R region. Water-water and water-protein

interactions in the ar/R region are discussed in the section

describing studies on mutants of AqpZ.

In the single-file-like water permeation, it is reasonable

to assume that there is a critical region that determines the

pf values for the entire channel. Interestingly, the net pf values
were close to the minimum values of the diagonal elements of

the pf matrices, 10, 7, 15, 16, and 0.2 (in units of 10�14 cm3/s)

for AQP1, AQP4, AqpZ, GlpF, and AQP0, respectively. In

AQP1, AQP4, and AqpZ, the minimum points of the diag-

onal elements are located around the ar/R region, which is

considered to be a critical region of those AQPs. In contrast,

GlpF has a minimum at the NPA region (z;�4), suggesting

that the critical region of GlpF is different from those of other

AQPs.

The remarkable differences in the pf matrices, i.e., the

reduction in the correlation across the NPA region and the

small local permeability around the ar/R region, were exam-

ined in terms of the relationship with their sequences and

structures. As described above, AQP1 and AQP4 have weaker

correlations across the NPA region than AqpZ. Although

these AQPs have very similar pore sizes on average, a

FIGURE 3 The pf matrices for the five AQPs: (a) AQP1, (b) AQP4, (c) AqpZ, (d) GlpF, and (e) AQP0. The vertical and horizontal axes are the z-axis of the
channels. The same color scheme was used for all the AQPs except for AQP0. The broken lines indicate the position of the NPA motif.
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significant difference is found in the NPA region (Fig. 2 b).
As shown in Figs. 1 b and 2 a, Leu170 in AqpZ, which pro-

trudes into the NPA region, is replaced with smaller Val178 in

AQP1 or Val197 in AQP4. As a result, the radius of this re-

gion becomes larger in AQP1 and AQP4 than in AqpZ (Fig.

2 b). Broadening of the NPA region is a possible cause of the

reduction in correlation across the NPA region. Another

factor that may be responsible for the differences in the pf

matrices is outside the ar/R region. Asn182 of AqpZ in the

extracellular region (z ; 6.5) is replaced by Gly190 in AQP1

or Gly209 in AQP4. As shown in Fig. 6 a, the side chain of

Asn182 narrows the extracellular end of the channel. Substi-

tution of Asn by Gly makes the channel end much wider. This

broadening of the channel in AQP1 and AQP4, compared to

AqpZ, may be the cause of the change in water permeability

around the ar/R region. To examine these observations

FIGURE 4 (a) Diagonal elements pii of the pf matrix: AQP1 (red), AQP4 (green), AqpZ (blue), GlpF (cyan), and AQP0 (magenta). The pf correlation
matrices: (b) AQP1, (c) AQP4, (d) AqpZ, (e) GlpF, and (f) AQP0. The vertical and horizontal axes are the z-axis of the channels. The broken lines indicate

the position of the NPA motif.

FIGURE 5 (a) A side view of a car-

bon nanotube (CNT) system. The car-

bon nanotube and the carbon sheets

mimicking the lipid bilayer are repre-

sented by gray sticks. Water molecules

are rendered in red and white sticks. The

water molecules inside the CNT form

a continuous single-file, and are con-

nected to each other by hydrogen bonds.

(b) Diagonal elements pii of the pf
matrix. The pf matrix for the CNT was

calculated using the 10-ns trajectory.

The diagonal terms pii of the pf matrix

show a flat profile. (c) The pf correlation

matrix fcijg. All the cij elements of the

correlation matrix are ;1.0. These fea-

tures clearly indicate the prototypical

characteristics of single-file permeation.
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further, we performed in silico mutation studies by carrying

out another series of MD simulations for AqpZ mutants.

In silico mutation study of AqpZ

To confirm the observations of the pf matrices of the wild-

type AQPs, in silico point mutation studies were carried out.

As described above, two residues in AqpZ, L170 in the NPA

region and N182 outside the ar/R region, are considered to be

responsible for the differences in the pf matrices among the

AQPs. L170 and N182 in AqpZ correspond to V178 and

G190 in AQP1 (or V197 and G209 in AQP4), respectively.

The role of these two residues in water permeation was inves-

tigated through MD simulations of three mutants of AqpZ:

L170V, N182G, and L170V/N182G, mimicking AQP1. The

simulation methods were the same as those for the wild-

types, i.e., 5 ns3 2 simulations in the POPC bilayer. Fig. 6 b
shows the average profile of the channel radii in the mutants.

The mutation of L170V and N182G widened the channel

radius at the NPA region and the extracellular region, re-

spectively, and succeeded in making the structures of these

regions closer to the corresponding regions of AQP1. Fig. 6 c
exhibits a larger density at the NPA and extracellular regions

for the mutants than for the wild-type. The simulation results

for pf values are given in Fig. 7 a. The mutants have smaller

pf values than does AqpZ. The decrease in pf caused by chan-
nel broadening was successfully reproduced at a qualitative

level. Details of the pf matrices of the mutants are described

below.

L170V

This mutation was intended to broaden the channel radius at

the NPA region as in AQP1 by mutating Leu170 to Val (see

Fig. 2 a). As is clearly shown in Fig. 7 c, the correlation cij
across the NPA region was reduced to that similar in AQP1

(Fig. 4 b). Because the mutation caused an unexpectedly

larger pore in the NPA region compared with that of AQP1

(Figs. 2 b and 6 b), the interruption of the correlation is

stronger in L170V than in AQP1. The profile of diagonal

elements pii in L170V is totally different from that of wild-

type AqpZ and AQP1 (Fig. 7 b). The values of pii are com-

parable to those of the wild-type on the cytoplasmic side of

the NPA region (z,�6) but show a sudden drop in the NPA

region (�6 , z , �2). In the extracellular region (z . �2),

including the ar/R region, the values are almost flat and as

small as those of AQP1. Consequently, in L170V, the two

regions separated by the NPA region have largely different

local permeabilities caused by interruption of the correlation

between the two regions, as shown in the pf correlation

matrix (Fig. 7 c).
The rotation of the water dipole shown in Figs. 2 d and 6 d

is considered to be one reason for this mutational effect.

When a water molecule intrudes into the channel from the

bulk water region in the cytoplasm, single-file permeation

FIGURE 6 (a) Close-up viewof the extracellular side ofAqpZ showing the

Asn182 mutation site. Green sticks and surface dots represent the side chain

and the molecular surface of Asn182, respectively. Mutation of this residue to

glycine removes the side chain. (b) Channel radius rc, wild-type (red), L170V

(green), N182G (blue), and L170V/N182G (cyan), calculated by the average
of the eight monomers in the two independent 5-ns simulations. The NPA

motifs and ar/R region are indicated in semitransparent yellow and cyan,

respectively. The horizontal axis represents the z-axis. (c) Number density of

channel waters. (d) The order parameter P1(z) ¼ Æcosuæ, where u is the angle
between the dipole moment of water and the z-axis.
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occurs as the motion of the entire water chain in the channel

proceeds in the extracellular direction. During this transla-

tional motion, however, each of the water molecules has to

change its direction by almost 180� when passing through

the NPA region. Therefore, the translational motion has to be

tightly coupled with the rotational motion. In L170V, the en-

larged volume increases the degree of freedom in the channel

waters, and in turn weakens the coupling between transla-

tional and rotational motions. This may be a cause of the de-

crease in water permeability in L170V and may explain the

differences observed between AqpZ and AQP1. Actually, as

shown in Fig. 6 d, the values of P1(z) indicate some inter-

ruption of the smooth rotation of waters in L170V.

N182G

This mutation enlarges the pore size at the entrance of the

channel outside the ar/R region by trimming the Asn182 side

chain (Fig. 6 a). The single-file-like correlation cij appearing
in AqpZ was similar to that of N182G (Fig. 7 d). On the other
hand, the diagonal elements pii shown in Fig. 7 b indicate an
almost constant decrease by 3–5 3 10�14 cm3/s. These

results suggest that the unperturbed NPA region maintained

its single-file nature, and the lack of the Asn182 side chain

influenced the local permeability. The effect on local perme-

ability is discussed below in terms of water-water and water-

protein interactions.

L170V/N182G

It was expected that the influence of the L170V and N182G

mutations would be simply additive. However, the double

mutation resulted in almost the same pf matrix (Fig. 7, b and e)
as that of L170V (Fig. 7, b and c). This implies that additivity

did not hold for water permeation in AQP because the single-

file permeation, despite being distorted, contained compli-

cated long-range correlations. These results show that, at

least in this case, the influence of the mutation in the NPA

region was dominant.

In these mutants, as in the wild-types, the net pf values were
close to the minimum values of the diagonal elements pii (Fig.
7, a and b). The minimum points were located around the ar/R

region, suggesting that the decrease in pf values in the mu-

tants is due to decrease in the local permeability around the

ar/R region. In the following, the mutation effects on the

FIGURE 7 (a) Single-channel water permeability pf of AQP1, AqpZ wild-type, and its mutants, L170V, N182G, and L170V/N182G. (b) Diagonal terms

pii of the pf matrix: AQP1 (magenta), AqpZ wild-type (red), L170V (green), N182G (blue), and L170V/N182G (cyan). The pf correlation matrices of

AqpZ mutants: (c) L170V, (d) N182G, and (e) L170V/N182G.
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local permeability around the ar/R region were analyzed in

terms of hydrogen bonds of waters and proteins.

Details of the hydrogen bonds between the channel waters

are summarized in Fig. 8, a–d. Fig. 8 a plots the average

distance between a water located at position z and its neigh-

boring waters, and Fig. 8, b–d, gives the average number of

hydrogen bonds between a water molecule and channel wa-

ters, nitrogen atoms, or oxygen atoms in AQP, respectively.

In the ar/R region, the water-water distance is maximum

(Fig. 8 a) and each water molecule has only one hydrogen-

bonded water partner, but forms many hydrogen bonds with

protein atoms (Fig. 8, b–d). In the ar/R region, therefore, the

water-protein interactions are stronger than the water-water

interactions, as pointed out previously (19). This is one rea-

son why the local permeabilities around the ar/R region are

small compared with those of other regions, as shown in

Figs. 3 and 4.

L170V has more water-water hydrogen bonds (�7, z, 2;

Fig. 8 b) and fewer hydrogen bonds with N atoms in the NPA

region (�5 , z , �2; Fig. 8 c) due to the increase in pore

size. Since the water-water interactions are more flexible

than the water-protein interactions, L170V has a more flex-

ible water structure than the wild-type, resulting in the de-

crease in water permeability. In N182G, because of the

absence of the N182 side chain, we can observe the increase

in water-water interactions outside the ar/R region (z . 6)

and the decrease at the ar/R region (Fig. 8 b). A more im-

portant change in N182G is the increase in the distance of

water-water hydrogen bonds at z ; 4 (i.e., the ar/R region),

as shown in Fig. 8 a. This occurs as a result of the shift in

optimal position of water-O hydrogen bonds from z; 6.5 to

;7.5 (Fig. 8 d). This shift occurs because the removal of the

N182 side chain diminishes the peak at z ¼ 6.5, and the

main-chain oxygen atoms of N182, A117, and S118,

originally masked by the N182 side chain, appear to form

hydrogen bonds with water at z¼ 7.5. Therefore, the N182G

mutation weakens water-water interactions in the ar/R region

and may be a cause of the decrease in water permeability in

N182G. The hydrogen-bond structure in the double mutant

L170V/N182G was reproduced perfectly by the addition of

the influences from the L170V and N182G mutations.

However, this additivity in the structure was not necessarily

reflected in the additivity in water permeability, as shown

above.

FIGURE 8 (a) Average distances between a water located at position z and its adjacent channel waters in AqpZ wild-type and mutants: AqpZ wild-type (red),

L170V (green), N182G (blue), and L170V/N182G (cyan). (b) The average number of hydrogen bonds of a water molecule with channel waters. (c) Same as panel

b, but with the nitrogen atoms of the protein. (d) With the oxygen atoms of the protein. Hydrogen-bonded pairs were defined as being within 3.5 Å of each other.
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DISCUSSION

Experimental values of pf (in units of 10
�14 cm3/s) have been

reported as 4.6 (33), 5.43 (34), 6 (35), and 11.7 (36) for

AQP1, 24 (35) and 3.5–9 (estimated from membrane perme-

ability) (48) for AQP4, 0.25 for AQP0 (35), 2 (37), and over

10 (38) for AqpZ, and 0.7 (39) and ;2 (estimated from

membrane permeability) (49) for GlpF. Taking into account

the large errors in the calculated values, and the wide variety

of experimental data, the amount of discrepancy between

simulations and experiments is satisfactory except for GlpF.

The experimental value of GlpF is nearly one order-of-

magnitude smaller than the simulation values. The agreement

between pf values calculated by independent MD simula-

tions for GlpF (16,19) suggests a certain discrepancy be-

tween the condition of simulations and that of experiments. It

should be noted that experimental pf values of AQPs can

have large errors depending on the accuracy of the estimated

number of channels in the sample. It is still challenging and

difficult to determine pf values experimentally.

One of the possible limitations of the linear response

formula for pf is in the presence of correlated water reentry

after apparent translocation events. This is associated with

the definition of the channel region, because the permeation

is measured for a predefined channel region in the linear

response formula. Thus, we compared the results for two

channel definitions: �13 # z # 3 and �13 # z # 5 (i.e., a

channel length L ¼ 16 and 18 Å, respectively) (Table 1).

The pf values calculated using the two definitions are close

to each other. It is reasonable if the net pf value is determined

by the minimum value of the diagonal elements of the pf
matrix, as described above. Thus, the linear response ex-

pression for the pf values appears to be robust against chan-

nel definitions.

In addition to the osmotic permeability pf, we calculated

the diffusive permeability pd, which is calculated using the

total number of water molecules completely permeating the

channel in either direction, N6, by

pd ¼ vwN6=2nmtsim; (17)

where nm is the number of channels, and tsim is the simulation

time. The pd values are also summarized in Table 1. In con-

trast to pf, pd largely depends on the channel definition and

length, because a longer channel would require a longer time

for water molecules to pass through the channel completely.

Our pf and pd are consistent with previous MD studies

imposing explicit hydrostatic pressure for GlpF (pf ¼14.0 6
0.4) (16) and AQP1 (pf ¼ 7.1 6 0.9) (17), and with

equilibrium MD studies for GlpF by Jensen et al. (pd ¼ 1.7)

(12,13) and by Jensen and Mouritsen (pf ¼ 8.6–13.1, pd ¼
2.7–3.2) (19). On the other hand, for AqpZ, Jensen and

Mouritsen (19) reported significantly smaller values of pf and
pd (pf ¼ 3.2–4.4, pd ¼ 0.4–1.3) than the corresponding

values in Table 1. This may be due to multiple conformations

of the R189 side chain in the ar/R region (6,10,19,21). They

reported a gating motion for R189, and the closed state of

R189 was significantly populated during their simulations. In

our simulations, however, only the open conformation of

R189 was observed. The side-chain conformation of R189

was stabilized by the hydrogen bond between Nh of R189

and the backbone oxygen of A117, located in an extracel-

lular loop between a-helices M4 and M5. Backbone dihedral

angles (f, f) of F116 and A117 in the loop are in the aL

conformation, which is crucial for stabilizing the position of

the backbone oxygen in A117. Because we employed the

CHARMM22 force field with map-based correction of the

backbone dihedral cross terms (called CMAP) (50,51),

instead of the original CHARMM22, the aL conformations

of F116 and A117 were kept stable, and thus the hydrogen

bond between Nh of R189 and O of A117 was maintained

during the entire simulation. Therefore, the difference in the

stability of the open conformation of R189 is a possible rea-

son for the discrepancy between the two sets of pf and pd
values.

For idealized single-file water transport, the continuous-

time random-walk model (17,47,52) predicts that

pf=pd ¼ �N1 1; (18)

where �N is the average number of water molecules in the

channel. The pf/pd ratios and �N in our simulations are

summarized in Table 1. The pf/pd ratios for AqpZ, AQP1,

and AQP4 are comparable to �N; while pf/pd for GlpF is sig-

nificantly smaller than �N; These results suggest that AqpZ,

TABLE 1 Single-channel osmotic and diffusive water

permeability constants pf, pd

L pf pd pf / pd �N

AqpZ 16 15.9 6 5.1 2.7 6 1.2 5.8 6 3.1 5.8 6 0.3

18 15.6 6 5.0 2.0 6 1.0 7.7 6 4.6 6.6 6 0.2

GlpF 16 16.0 6 2.9 4.6 6 1.5 3.5 6 1.3 6.9 6 0.2

18 15.8 6 2.8 3.5 6 1.4 4.6 6 2.0 7.8 6 0.2

AQP1 16 10.3 6 4.1 2.0 6 1.3 5.3 6 4.0 6.2 6 0.2

18 10.1 6 4.0 1.4 6 1.0 7.1 6 5.9 6.9 6 0.4

AQP4 16 7.4 6 2.6 1.5 6 0.9 5.0 6 3.7 6.1 6 0.3

18 7.0 6 2.8 1.0 6 0.6 6.9 6 5.0 6.9 6 0.5

AQP0 16 0.2 6 0.2 0.0 6 0.0 N/A 5.1 6 0.2

18 0.2 6 0.2 0.0 6 0.0 N/A 5.9 6 0.3

L170V 16 13.1 6 1.3 3.3 6 0.6 4.0 6 0.9 6.5 6 0.2

18 12.4 6 1.4 2.7 6 0.6 4.7 6 1.1 7.4 6 0.2

N182G 16 12.2 6 3.1 2.0 6 0.8 6.1 6 3.0 5.7 6 0.2

18 12.0 6 3.0 1.5 6 0.7 7.8 6 3.8 6.6 6 0.2

L170V/N182G 16 14.4 6 1.8 2.4 6 0.9 5.9 6 2.2 6.5 6 0.2

18 13.7 6 1.7 2.0 6 1.0 7.0 6 3.6 7.4 6 0.3

L170V, N1822G, and L170V/N182G are mutants of AqpZ. Values of pf
and pd are in units of 10�14 cm3/s. �N is the average number of water

molecules in the channel region. L is the channel length in Å. The channel

definitions are �13 # z # 3 (L ¼ 16) and �13 # z # 5 (L ¼ 18). Values

after ‘‘6’’ are standard deviations from eight monomers in two independent

simulations.
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AQP1, and AQP4 provide nearly idealized single-file water

transport, and that GlpF deviates from the ideal situation.

These are consistent with the pf matrix analyses. Jensen and

Mouritsen also showed pf=pd ffi �N for AqpZ but not for GlpF

(19), despite each of their pf and pd values for AqpZ being

significantly smaller than ours, as described above. Zhu et al.

estimated pf/pd ¼ 11.9 for AQP1 from MD simulations im-

posing explicit driving forces (17), and Mathai et al. reported

pf/pd ¼ 13.2 for AQP1 based on experimental data (53).

Because of the large dependence of pd on channel definition,
as well as large errors in pf and pd, the agreement between

our values and those reported previously is satisfactory.

For the mutants of AqpZ, pf, pd, pf/pd, and �N were also

listed in Table 1. The L170V mutant shows significantly

smaller pf/pd than �N; indicating that the L170V mutation

distorted the single-file-like water transport observed in the

AqpZ wild-type. In contrast, pf/pd for the N182G mutant are

close to those of the wild-type, suggesting that the N182G

mutation does not alter the single-file nature, although both

pf and pd are smaller than those of the wild-type. These obser-

vations are in good agreement with the pf matrix analyses

described above.

CONCLUSION

The present study proposes a pf matrix method that directly

describes contributions from local regions of a water channel

to the osmotic permeability pf. In the pf matrix method, the

channel region is subdivided into N local regions, or N
subchannels. Contributions of the local regions to pf consist
of both the local permeability of the subchannels and the

correlated motion of water molecules in different subchan-

nels. The local permeability and the correlated motion cor-

respond to diagonal and off-diagonal elements of the pf
matrix, respectively. The average of all elements of the pf
matrix recovers the original pf value. We emphasize that the

pf matrix is different from previous analyses of the correlated

motions of adjacent water molecules (13,14,18,19). The pf
matrix is formulated based on the linear response theory

using the collective variables ni of subchannel i. According
to the formulation of the pf matrix, not only the correlations

of adjacent water molecules, but also those of well-separated

water molecules, contribute to the pf value for the entire

channel.

We applied this method to trajectories of molecular

dynamics simulations of five aquaporins: AQP1, AQP4,

AQP0, AqpZ, and GlpF. The expansion of a single scalar

quantity pf into matrix form clearly revealed detailed dif-

ferences in the permeation behavior of aquaporins. In the pf
matrices of these five aquaporins, compared with the ideal

single-file permeation of a carbon nanotube, reduction in the

correlated motions of water across the NPA region were ob-

served, although the degree of reduction was different for

each aquaporin. Among the five aquaporins, AqpZ had the

strongest correlation and thus facilitates the single-file-like

permeation of water. In contrast, GlpF had weak correlation

due to its large pore size. Nevertheless, GlpF attained a large

pf with high local permeability. It is interesting that no sig-

nificant reduction in correlation around the ar/R region was

observed in any aquaporin, despite this being the narrowest

region in the channel. Instead, the local permeability around

the ar/R region was low due to strong interactions between

water and the protein.

Comparison of AqpZ and AQP1 (or AQP4) indicated that

L170 (V178) and N182 (G190) of AqpZ (AQP1) are pri-

marily responsible for the differences in pf values. The

former is located in the NPA region, and the latter is outside

the ar/R region. Three mutants of AqpZ (L170V, N182G,

and L170V/N182G) were modeled and molecular dynamics

simulations were carried out. The pf matrices of the mutants

indicated that broadening the channel at the NPA region and

outside the ar/R region consistently reduces pf, which con-

firms the results of the wild-type pf matrices.

The pf matrix method is an efficient and general way

to analyze the osmotic permeation of water channels. This

method will be applicable to other channel proteins, or to arti-

ficial channels such as those in designed carbon nanotubes.
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