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Abstract The structures of the mammalian water trans-
port protein Aqpl and of its bacterial homologue GIpF
enables us to test whether homology models can be used
to explore relationships between structure, dynamics
and function in mammalian transport proteins. Molec-
ular dynamics simulations (totalling almost 40 ns) were
performed starting from: the X-ray structure of Aqpl; a
homology model of Aqpl based on the GlpF structure;
and intermediate resolution structures of Aqpl derived
from electron microscopy. Comparisons of protein
RMSDs vs. time suggest that the homology models are
of comparable conformational stability to the X-ray
structure, whereas the intermediate resolution structures
exhibit significant conformation drift. For simulations
based on the X-ray structure and on homology models,
the flexibility profile vs. residue number correlates well
with the crystallographic B-values for each residue. In
the simulations based on intermediate resolution struc-
tures, mobility of the highly conserved NPA loops is
substantially higher than in the simulations based on the
X-ray structure or the homology models. Pore radius
profiles remained relatively constant in the X-ray and
homology model simulations but showed substantial
fluctuations (reflecting the higher NPA loop mobility) in
the intermediate resolution simulations. The orientation
of the dipoles of water molecules within the pore is of
key importance in maintaining low proton permeability
through Aqpl. This property seems to be quite robust to
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the starting model used in the simulation. These simu-
lations suggest that homology models based on bacterial
homologues may be used to derive functionally relevant
information on the structural dynamics of mammalian
transport proteins.

Keywords Aquaporin - Membrane protein -
Homology model - MD simulation

Introduction

The aquaporins (Aqps) are a family of integral mem-
brane proteins responsible for rapid (ca. 10’ molecules-s™)
passive transport of water across membranes (Borgnia
et al. 1999; Fujiyoshi et al. 2002). Over 200 aquaporin
sequences have been found from a wide range of
organisms (Hohmann et al. 2000). Phylogenetic analysis
allows these to be divided into the aquaporins, which are
strictly water selective, and the glyceroaquaporins,
which in addition to water are also permeable to small
neutral solutes, such as glycerol (Park and Saier 1996).
Water transport through aquaporins is highly selective.
Ions, including protons, cannot pass through the
aquaporin pore.

The Aqp sequence exhibits internal twofold symme-
try. This combined with topological analysis resulted in
the proposal of an ‘hourglass’ model (Heymann and
Engel 2000) for the Agqp monomer, which was subse-
quently confirmed by the X-ray structures of bovine
Aqpl (Sui et al. 2001) and of a bacterial glyceroaqu-
aporin GIpF (Fu et al. 2000). Agpl is functional as a
tetramer (Verbavatz et al. 1993) with a pore at the centre
of each monomer. The structure of the Aqp monomer
mirrors the twofold symmetry seen in its sequence—it is
composed of a repeated motif containing three trans-
membrane helices and a re-entrant loop that contains a
helix that half-spans the membrane plus a conserved
NPA motif. The conserved NPA motifs contribute to a
selectivity filter in the middle of the pore. A second



Fig. 1 Comparison of pore-lining surfaces (calculated using
HOLE; Smart et al. 1996) of bovine Aqp1 (1j4n) and E. coli GlpF
(1fx8). The extracellular end of the pore is uppermost. Arrows
indicate the restriction site, i.e. the narrowest region of each pore

region of the structure important for selectivity is the
restriction site (the narrowest section of the pore), lo-
cated in the upper (i.e. extracellular) half of the pore
(Fig. 1). This region is slightly wider in GIpF to allow
the passage of a glycerol molecule (de Groot and
Grubmuller 2001; Fu et al. 2000).

There are several entries for aquaporins in the protein
databank (Table 1; http://www.rcsb.org). These include
medium resolution models from electron microscopy
(EM) (lih5; 1fqy), EM structures refined by further
model building (1h6i) and high resolution X-ray struc-
tures for bovine Agpl (1j4n) and for its bacterial
homologue GIpF (1fx8). Having the structure of a
mammalian membrane protein by both X-ray diffrac-
tion and EM and high resolution structures of both a
mammalian membrane protein and one of its bacterial
homologues provides us with a nearly unique opportu-
nity to evaluate different approaches to membrane
protein structural biology. In particular, it provides a

Table 1 Aquaporin structures used in simulations

Protein Structure Reference Source Resolution
(A)

hAgpl 1ih5 Ren et al. (2001) EM 3.7

hAgpl lihSref* Ren et al. EM 3.7
(pers. comm.)

hAqpl 1fqy Murata EM 3.8
et al. (2000)

hAgpl 1h6i® de Groot EM/homology 3.8
et al. (2001)

bAgpl 1j4n Sui et al. (2001) X-ray 2.2

hAgpl hMod Law (this paper) Homology -

AgqpZ zMod Law (this paper) Homology -

#A refinement of the previous model (1ih5)
A refined version of 1fqy, including data from the GIpF (1fx8)
structure

test case to explore to what extent one may extrapolate
from the structure of bacterial homologues and/or low
resolution models from EM to a high resolution model
of a mammalian protein that can be employed in sim-
ulation studies. Such simulation studies have already
provided considerable insights into the functional
dynamics of Aqpl (de Groot et al. 2003; de Groot and
Grubmuller 2001). and GIpF (Jensen et al. 2001; Tajk-
horshid et al. 2002; Zhu et al. 2001).

The major aim of the current study is use molecular
dynamics (MD) simulations to compare the structural
stability of the different models of Aqpl and to deter-
mine the extent to which key functional aspects of the
simulation results are robust to changes in the protein
model. This is important in the context of using bacterial
transport protein and channel structures as templates for
homology models of mammalian proteins. For example,
the recent structures of lactose permease (Abramson
et al. 2003) and of the glycerol-3-phosphate transporter
GlpT (Huang et al. 2003) provide possible templates for
modelling mammalian sugar and related transporters,
and the structures of KirBac (Kuo et al. 2003) and of
KvAP (Jiang et al. 2003) provide templates for mam-
malian inward rectifier and voltage-gated potassium
channels, respectively. However, it remains an important
issue to determine the extent to which homology models
of mammalian transporters and channels may be used in
analysis of structure/function relationships. The aqu-
aporin family provides a good opportunity to further
explore this issue as high resolution structures are
known for both a bacterial (GlpT) and a mammalian
(Aqpl) homologue. In particular, we have focused on
the ability to explain key functional aspects of Aqp
function, namely the mechanisms of selection for water
permeation and against proton conduction, on the basis
of different structural models.

Materials and methods
System preparation

Homology modelling used Modeller v4.0 (Sali and
Blundell 1993; http://www.salilab.org/modeller/model-
ler.html) with the 2.2-A resolution structure of GIpF
(1fx8) (Fu et al. 2000) as a template. Fourfold symmetry
was imposed when modelling the tetramer structure.
Sequence alignments for input to modelling were gen-
erated using ClustalW in Jalview (http://www.ebi.a-
c.uk:80/jalview/index.html). Structures and models were
checked and compared using Procheck (Laskowski et al.
1993), Prove (Pontius et al. 1996) and Whatcheck
(Rodriguez et al. 1998). Prior to running simulations,
sidechain ionisation states were adjusted to match the
results of pK, calculations, performed as described in
(Adcock et al. 1998), using UHBD (Davis et al. 1991) to
calculate free energy differences between ionised and
unionised sidechains of the protein. Protonation states
were then checked manually to assure no inappropriate



results due to the approximations of the method (Niel-
sen 2003), and the H-bonding network was not opti-
mised prior to the calculation.

For the comparative simulations, each model/struc-
ture was embedded in a membrane mimetic octane slab
(Capener and Sansom 2002; Tieleman et al. 2001a) and
the system was then solvated with SPC (Hermans et al.
1984; van Gunsteren et al. 1996) waters. The MMC
method (Resat and Mezei 1996; http://inka.mssm.edu/
~mezei/mmc/) was used to place waters in the pores of
aquaporin models. This yielded ca. 12 water molecules
within the central 20 A section of each pore. Counter-
ions were added to yield an electroneutral system that
was energy minimized prior to starting simulations
(Fig. 2).

Simulations

Simulations were performed as described in earlier pa-
pers (Forrest et al. 2000; Law et al. 2000; Tieleman et al.
1999) using NPT and periodic boundary conditions. A
constant pressure of 1 bar was applied independently in
all three directions, using a coupling constant of
p=1.0 ps. Water, octane and protein were coupled
separately to a temperature bath at 300 K using a cou-
pling constant 7y =0.1 ps (Berendsen et al. 1984). Long-
range interactions were dealt with using a twin-range
cut-off: 10 A for van der Waals interactions; and 17 A
for electrostatic interactions. Electrostatics treatments
were compared by using particle-mesh Ewald (PME;
Darden et al. 1993) for some simulations. The time step
was 2 fs, using LINCS (Hess et al. 1997) to constrain
bond lengths, and the force field was based on GRO-
MOS 87 (Hermans et al. 1984). Prior to the production
run, for each system, a 0.5 ns equilibration simulation
was conducted, with the position of the non-hydrogen
protein atoms restrained with a force constant of

water

octane

}
-

Fig. 2 An example of a simulation system used in this study. The
protein (here the bXray, tetramer) is at the centre of the box with
the a-helices drawn as cylinders. It is embedded in a slab of octane
molecules with waters on either side. For this simulation (bXray,),
the box size is 140x140x100 A
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1,000 kJ'mol~! nm™2. This was to enable the water and
octane to pack around the protein.

Computational details

Simulations and analysis were carried out using GRO-
MACS v2.0 (Berendsen et al. 1995; http://www.gro-
macs.org). MD simulations were run on a linux cluster
of 64x750 Mhz, Pentium III processors. Simulation
times were ~10 days/ns on eight nodes, for the tetramer,
and 2 days/ns on eight nodes, for the monomer simu-
lations. Electrostatics calculations for pK 4 calculations
employed a modified version of UHBD v.5.1 (Davis
et al. 1991; http://chemcca51.ucsd.edu/uhbd.html). Pore
radius profiles were calculated using HOLE (Smart et al.
1993). Structures were examined using Quanta (Accel-
rys) and RasMol (Sayle and Milner-White 1995).
Molecular graphics images were prepared using VMD
(Humphrey et al. 1996), Molscript (Kraulis 1991) and
Povray (http://www.povray.org).

Results
Models used and simulations performed

A major aim of this study was to explore a range of
aquaporin models of differing levels of accuracy and
refinement with respect to their behaviour in 2-5 ns
duration MD simulations. To this end, we explored
models ranging from EM models based on_data at ca.
3.8 A resolution to X-ray structures at 2.2 A resolution
and also included homology models of human Agpl and
E. coli AqpZ based on the structure of the E. coli
homologue GIpF (Tables 1 and 2). Note that the EM
structures of hAqpl include one, deGMod, for which
the crystal structure of GlpF had been used to aid the
modelling and interpretation of the EM data. The
models were all quite similar—with their Co positions
not differing from each other, or the X-ray structure, by
more than 3 A.

A summary of the simulations performed is provided
in Table 2. Note that this corresponds to a total simu-
lation time of ca. 37 ns. All of the structures/models
have been used as the starting point for simulations of
the monomeric protein with longer-range electrostatics
approximated via a cut-off. The simulations of mono-
meric RenEM and hMod were also performed using
PME to treat long-range electrostatics. The intention
behind this was to explore the effect of cut-off vs. PME
on simulation stability as a number of studies of simpler
systems (Tieleman et al. 2002; Tobias 2001) have sug-
gested that the treatment of electrostatics may have a
significant effect. Three of the structures/models (Re-
nEM, bXray and hMod) were also selected to simulate
Agpl in the tetrameric form. Here, the intention was to
explore the relative conformational stability, on a
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Table 2 Simulations performed. Number of counterions=4 CI~
per monomer, except for bXray which needed 7 CI™ per monomer.
Number of waters=12,000 for monomer simulations; 42,000 for
tetramer simulations. Number of octanes =650 for monomer sim-
ulations; 2,100 for tetramer simulations

Simulation Structure  Long-range RMSD at  Total
electrostatics 2 ns (A)* duration
(ns)

Monomer

RenEM 1ih5 cut-off 3.1 2
RenEMpye  1ih5 PME 3.0 2
RenEMref lihSref cut-off 4.6 2
MurEM 1fqy cut-off 39 2
deGMod 1h6i cut-off 2.9 5
bXray 1j4n cut-off 1.8 5
hMod hMod cut-off 2.1 5
hMOdPME hMod PME 2.0 5
zMod zMod cut-off 3.0 2
Tetramer

RenEM, 1ih5 cut-off 3.5 2
bXray, 1j4n cut-off 2.4 3
hMod, hMod cut-off 3.1 2

# RMSD vs. starting structure of TM helix Co atoms at 2 ns

nanosecond timescale, of the monomer vs. the (more
physiologically relevant) tetramer.

Structural drift

One may use the drift from the initial conformation as a
simple measure of the relative ‘stability’ of a given
structure in a simulation. The drift may be measured as
the time-dependent Co atom root mean square deviation
(RMSD) from the initial structure (Fig. 3). In order to
focus on conformational drift involving possible
repacking of transmembrane (TM) o-helices, we have
restricted our RMSD calculations to those Co atoms in
the TM helices and in the NPA-loops, i.e. the extra-
membranous loops were excluded from the calculation,
as were the 12 residue C-terminal and 9 residue N-ter-
minal tails.

From previous experience with simulations of other
membrane proteins (Bond et al. 2002; Bond and Sansom
2003; Capener and Sansom 2002; Shrivastava and San-
som 2000), we anticipated that any substantial confor-
mational drifts (i.e. large jumps in RMSD) would occur
during the first couple of nanoseconds for a protein such
as Agp embedded in an octane slab. From the results of
the analysis shown in Fig. 3, it is evident that for a
number of the simulations the TM Co RMSD after 2 ns
is sufficiently high (i.e. 23 A) to indicate that these
models are conformationally unstable, at least in their
monomeric state. On this basis, only four of the nine
simulations (namely deGMod, hMod, hModpyg and
bXray) were extended to 5 ns.

A key finding emerges from this simple analysis,
namely that hMod seems to be significantly more con-
formationally stable than MurEM and RenEM, i.e. the
two ‘raw’ EM structures. Not surprisingly, the X-ray
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Fig. 3 RMSDs relative to the initial structures of TM helix Ca
atoms for simulations of A monomers and B tetramers

structure of bAqpl (bXray) is the most stable. Signifi-
cantly, both hMod and deGMod (which included
information from the GIpF structure) were of interme-
diate stability. Thus, it seems that a ~2 ns simulation is
sufficient to establish whether a model is unstable.
However, over this duration of simulation we did not
observe convergence (as measured by Ca RMSD
matrices, data not shown) of, e.g., the homology model
and intermediate resolution structures either with one
another or with the X-ray structure.

It is also of interest that at 2 ns there was no major
difference between the RMSDs of the RenEM and Re-
nEMppme  simulations, nor between hMod and
hModppg. This suggested that the simulation results
were not overly sensitive to the simulation conditions,
even though Aqpl has a significant molecular dipole (de
Groot and Grubmuller 2001) and thus might be ex-
pected to be influenced by longer range electrostatics
(Tieleman et al. 2002). On this basis, most of the longer
simulations used a cut-off, although hModpyg was also
extended to 5 ns for completeness of comparison.

Secondary structure analysis (using DSSP; Kabsch
and Sander 1983) of all of the simulated structures/



models showed that the initial secondary structure was
largely retained throughout the simulations (results not
shown). There was some limited loss of a-helical struc-
ture at the termini of the less stable models (RenEM and
MurEM). Thus, the majority of the differences in TM
Coa RMSDs discussed above lie in differences in the
stability of inter-helix packing, rather than in differences
in intra-helix stability.

Tetramer vs. monomer

Comparison of the structural drift for the three tetra-
meric models simulated (Fig. 3B) suggests that bXray
(the X-ray structure) is more stable than both RenEM
and the homology GlpF-based model hMod. The final
Coa RMSD for the bXray tetramer is comparable to that
seen for other ca. 2 A resolution membrane protein
structures simulated under similar conditions, e.g. the K
channel KcsA (Charlotte Capener, personal communi-
cation) or the bacterial outer membrane protein OmpA
(Bond et al. 2002).

Although the unit for water conduction is the
monomer, aquaporin is functional only as a tetramer
(Verbavatz et al. 1993). Thus, it was of interest to
examine the degree of stabilization of a structure that
resulted occurs from placement of each monomer within
a tetrameric assembly. This was measured in terms of:

1
ACaRMSD = (ZZ CocRMSD,») — CaRMSD ,one

where the summation across i is for each monomer in the
tetramer simulation. It was found that the RenEM model
is slightly more stable as a tetramer than a monomer. In
contrast, neither hMod or bXray (the X-ray structure)
was any more stable as a tetramer than as a monomer.
This suggests that assessment of structural stability based
on monomer simulations is a reasonable criterion for
selecting between the different aquaporins models.

Structural fluctuations

A more detailed comparison of the location of mobile vs.
static regions within the aquaporin fold can be provided
by the root mean square fluctuations (RMSFs) of Cu
atoms as a function of residue number. Such a compar-
ison of the hMod and bXray simulations is informative
(Fig. 4) as both of these simulations yielded low con-
formational drift over the course of 5-ns simulations.
Inspection of the RMSF profiles reveals that the
more substantial motions seen in the monomer simula-
tions occur mainly in the extra-membranous loops. The
fluctuation profiles for the homology model, hMod, and
for the X-ray crystal structure, bXray, are very similar.
Noticeably, the magnitude of the TM helix and of the
NPA loop fluctuations are very similar in these two
simulations. Furthermore, the mobility profile in the
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bXray simulation correlates well with the corresponding
profile of crystallographic B-values of the X-ray struc-
ture. The major differences between the simulation
RMSFs and the B-values are for the loop between M4
and M35. Interestingly, in both simulations the mobility
of this loop is high relative to the crystallographic B-
value. The stability of this loop could be affected by
being packed within the tetramer, as it contacts the
adjacent subunits on the intracellular side of the mem-
brane as well as the structure possibly being affected by
the packing within the crystal.

The loop between the TM helices M1 and M2 is very
mobile in both of the models and has high B-values in
the crystal structure. The long M3-M4 loop, that spans
the “top” of the channel, is also reasonably mobile, al-
though, in the case of the homology model, it seems to
have a more stable region at the centre where it contacts
the top of transmembrane helix M5 and the HE as it
crosses the top of the channel. It is noticeably more
stable in the bXray simulation. Residues at the top of
the HE loop form one side of the restriction site, which is
different between GlpF and Aqgpl, and also form part of
the pore lining in both structures. The structure of this
long M3-M4 loop is therefore vital in the functional
stability of this region. Neither for the EM models nor
for the homology model is this loop accurately defined,
as demonstrated by its high mobility in simulations.

An extra-membranous tail segment is seen at the C-
terminus of the X-ray crystal structure (1j4n) (Sui et al.
2001). This segment contains a series of lysine residues
and forms a short helix. It is very mobile in simulation
bXray, again matching the B-values. There are a further
22 residues in the C-terminus of the Aqpl sequence that
were not resolved in the X-ray structure.

NPA loop motions

From the perspective of using simulations and models to
understand biological function, the conformational sta-
bility of the structures/models is important because it
relates directly to the geometry and electrostatics of the
water permeable pore. Of especial importance in this
respect are the NPA loops, both of which make major
contributions to the lining of the pore. These loops lie
adjacent to the pore, and their residues may have several
roles in the water selection and transport process.

For each of the simulations, the structural drift of the
NPA loops (HB and HE) was determined as a function
of time (Fig. 5). In previously published simulations
based on the EM structures (Zhu et al. 2001), the NPA
loops had to be restrained to prevent their motion from
blocking the pore-to-water passage, yet for comparable
simulations of GlpF (de Groot and Grubmuller 2001;
Tajkhorshid et al. 2002), the NPA loops appeared to be
much less flexible. The structural drift in the NPA loops
broadly followed the patterns in RMSDs seen for the
whole TM structures. In particular, the NPA loops in
the medium resolution EM structures (RenEM and
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Fig. 4 Root mean square
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MurEM) underwent a substantial (RMSD ~3 A) con-
formational change within ca. 0.5 ns and appeared to be
too mobile to allow a stable column of water to remain
in the channel, the loop mobility having the effect of
closing the pore (Fig. 6). In the simulations of the
homology model (hMod), the EM model refined against
GIpF (deGMod) and the X-ray structure (bXray), these
NPA loops were seen to be much more stable, even on a
5 ns timescale. Indeed, the magnitude of the fluctuations
in NPA loop conformation in these simulations was
similar to that of the TM helices. The relative rigidity of
the selectivity loops in e.g. deGMod (Fig. 6) was mir-
rored in the stability of the pore geometry (see below).

Pore and water properties

Having compared the conformational stabilities of the
different models we examined some of the functionally

relevant properties of the pore and the water molecules
within it, and explored how robust these properties are
to changes in model and simulation conditions.

Pore radius profiles

The pore radius profiles of the various aquaporin
structures/models are remarkably similar prior to sim-
ulation. All of the structures/models have a pore radius
profile capable of accommodating only a single file
column of water. The restriction sites, lined by R195 and
F56, were seen to be very similar in each initial model.
Of course, this site is different in the GIpF structure
where it is slightly wider to allow the passage of a
glycerol molecule.

In contrast, the dynamic fluctuations in the pore ra-
dius profiles during the simulations revealed significant
differences in behaviour between the different models



deGMod

time (ns)

Fig. 5 RMSDs of Co atoms of the NPA loops (defined as residues
S73-L86 and T184-S202, and fitted to the NPA loops prior to
calculation of RMSDs) for monomer simulations using cut-off
electrostatics

(Fig. 7). The differences in pore radius profiles parallel
the differences in structural drift and in mobility of the
NPA loops. The less stable models (i.e. RenEM,
RenEMref, and MurEM) exhibit much larger fluctua-
tions in their pore radii, especially at the location of the

deGMod RenEM

0 04 08 12 16 2.0
time (ns)

Fig. 6 NPA loop motion compared in monomer simulations:
deGMod (similar in behaviour to simulations bXray and hMod)
and RenEM (similar in behaviour to simulations RenEMref and
MurEM). The upper diagrams are viewed perpendicular to the pore
axis (extracellular mouth uppermost); the lower diagrams are
viewed down the pore axis from the intracellular mouth. Snapshots
of the loops every 0.4 ns during a 2-ns period are coloured on a
blue to red scale
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Fig. 7 Pore radius profiles for A tetramer simulation bXray, B
monomer simulation bXray, and C tetramer simulation RenEM,.
In each plot, the line represents the radius averaged over the whole
simulation (error bars are +SD). The vertical lines represent the
boundaries of the pore at the extracellular mouth (z ca. —=12 A) and
the intracellular mouth (z ca. +7 A). Filled circles show the
position of the NPA motifs at the centre of the pore, and the bar
show the restriction site (R)

two NPA motifs, and these fluctuations generally serve
to constrict and block the pore. In contrast, bXray, de
GMod, and hMod exhibit relatively small fluctuations in
pore radius, allowing a stable column of water molecules
to remain within the pore. The average pore radius is
only reduced below the radius of a water molecule at the
restriction site. However, dynamic fluctuations are such
as to allow a single water molecule to pass this apparent
barrier. A comparable effect is seen in the selectivity
filter of K channels (Bernéche and Roux 2001). In all the
models, the channel is too narrow in the vicinity of
restriction site to accommodate a CI” ion (radius
1.81 A), even though the positive potential at the centre
of the pore might suggest that this would be possible.
A comparison of the pore radius profile dynamics
results for the bXray tetramer (Fig. 7A) and bXray
monomer (Fig. 7B) simulations confirms that there is
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little difference in the channel geometry between the
simulations of the two oligomeric forms of the protein.

Water trajectories

A key biological function of aquaporins is to enable
rapid passage of water through the pore without
allowing the transport of protons (or hydroxonium
ions). Recent structural (Sui et al. 2001) and simulation
(de Groot and Grubmuller 2001) studies have focused
attention on two sites, the constriction site (Fig. 1) and
the centre of the pore where the paired NPA motifs are
located. The constriction site can generate transient
breaks in the single file column of waters within the pore
(Fig. 8), i.e. the H-bonded chain of waters is broken at
this point. During the bXray, deGMod, hMod, bXray,,
and hMod, simulations, the waters in the aquaporin
pore show mostly single filing activity, yet several
crossing events were also observed, reflecting the small
fluctuations in geometry of the pore.

Most of the residues lining the aquaporin pore are
hydrophobic. However, the backbone carbonyls ex-
posed to the pore provide up to eight H-bond accepters,
and the central asparagine side chains of the NPA motifs
provide two H-bond donors to a central water molecule
(Fig. 9). At the restriction site, the H-bonding between
waters is often broken. This requires an extra H-bond
donor and acceptor. The histidine residue, H180 (which
is completely conserved amongst water selective aqu-
aporins; Heymann and Engel 2000), seems to provide
the role of the acceptor. On the other side of the
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Fig. 8 Trajectories of eight water molecules, present within the
pore for greater than 1.5 ns, for one of the pores in the 1jn4,
simulation. The positions of the water molecules are projected onto
the pore (z) axis. The arrow shows the approximate position of the
restriction site. Note the break in the single column of water
molecules that occurs in the vicinity of the restriction site. This
break is quite long-lived. Similar behaviour is seen in the bXray,
deGMod, hMod, bXray,, and hMod, simulations

restriction site, R197 is in position to act as the extra H-
bond donor.

The carbonyl oxygens and the two asparagines from
the NPA loops all occupy the same side of a helical
pathway through the pore. The other side of the path-
way is lined by hydrophobic residues, such as F26
(opposite the central asparagines), F58 (at the restriction
site), [174, L151, and Y229 (both in the cytoplasmic half
of the channel). The arrangement of all these pore-lining
residues remains reasonably stable throughout the
course of the simulations. However, they do fluctuate in
position, and this dynamic behaviour is mirrored in the
dynamic nature of the H-bonding network of the pore
waters, i.e. not all of the single-file water H-bonds are
satisfied at all times.

Another functionally important aspect of water
within the aquaporins pore, already stressed by a num-
ber of authors (e.g. de Groot and Grubmuller 2001;
Tajkhorshid et al. 2002), is the reversal of water dipole
orientations as the water molecules move past the cen-
tral NPA motif site. This is thought to play a central role
in preventing proton permeability. This behaviour is
illustrated in Fig. 9. A more quantitative comparison of
this behaviour in different simulations is provided
below.

Water dipole reorientation

As mentioned above, control of the dipole orientation
of the single file waters in the pore may play a role
in preventing the movement of protons through the

V

Fig. 9 Snapshot from the bXray simulation at =/ ns. It illustrates
part of the H-bonding network that solvates the single-file column
of water in the Aqpl pore. The side chains of N78 and N194 define
the centre of the pore. The restriction site (horizontal arrow) and the
side chains of H180 and R197 are also indicated



channel (de Groot and Grubmuller 2001; Tajkhorshid
et al. 2002). The dipole orientation can be measured as
the cosine of the angle (0) between the water dipole
relative and the z-axis, the latter being approximately
equivalent to the pore axis. Plotting the simulation
average of cosf as a function of z, we obtain a water
dipole profile along the pore (Fig. 10) that reveals quite
clearly the reversal in dipole orientation of waters be-
tween the extracellular and cytoplasmic halves of the
pore. Significantly, if we compare the water dipole
profiles for the three simulations (deGMod, hMod, and
bXray) for which the structural drift was relatively low,
we observe conservation of the overall shape of the
water dipole profile. This suggests that this functionally
important aspect of water behaviour in aquaporins
simulations is robust to small changes in the structure of
the model, provided that the model is sufficiently con-
formationally stable to retain the integrity of the pore.

Recent simulations of e.g. alamethicin channels
(Tieleman et al. 2002) have suggested a degree of
sensitivity of the dipolar ordering of pore waters to the
treatment of long-range electrostatics in the simula-
tions. In particular, significantly different behaviour
was seen between those simulations employing a cut-
off and those employing PME. However, comparison

Fig. 10 Water dipole
orientations. The average

EC
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of the profiles for hMod and hModpyg, whilst
revealing some differences in detail, especially at the
mouth of the pore and near the water/octane interface,
suggest that the treatment of long-range electrostatics
in the simulation does not significantly alter the water
dipole profile in the current system. In the pore, the
water orientation is not significantly different for
hMod (cut-offs) and hModpmg as the cut-off lengths
are long enough (13 A) that waters at each mouth of
the pore can see the pore-helix dipole at the centre.
This difference between aquaporins and alamethicin
may relate to the rather wider pores (radius 2.5-3 A)
in the latter system. The use of different water force-
fields was not investigated here, but previous studies
have suggested that SPC water is capable of accurately
representing the behaviour investigated in this study
(Tieleman, 2002).

Overall, it can be seen that a key functionally
important feature of the behaviour of water in aqu-
aporin is conserved between simulations of:

1. a model combining data from EM and from homol-
ogy modelling (deGMod);

2. a homology model (hMod); and

3. a high resolution X-ray structure (bXray) of Aqpl.

cyto EC cyto

projection of the water dipole +1
onto the pore axis (shown as the
average cosine of the angle
between the water dipoles and
the z axis) is shown as a
function of position along the z
axis. Results are shown for
simulations: deGMod; bXray;
hMod (all with cut-off for long-
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Water diffusion

Water diffusion is generally seen to be lower in biolog-
ical pores than in bulk (Breed et al. 1996; Law et al.
2003; Tieleman et al. 1999; Tieleman et al. 2001b), al-
though there is some evidence (Beckstein and Sansom
2003) that in very hydrophobic pores water self-diffusion
rates may be slightly elevated relative to bulk. Given that
aquaporin is a water channel and conducts water at near
diffusion rates and as its pores are moderately hydro-
phobic, it was of some interest to investigate water self-
diffusion profiles (Fig. 11). It can be seen that within the
narrowest central region of the pore the self-diffusion
rate along the pore axis is perhaps an order of magni-
tude lower than in bulk water. The profile shown is for
simulation bXray,, but similar profiles were seen for
simulations bXray, hMod, hMod,, hModpyg, and
deGMod, i.e. for those models which were sufficiently
conformationally stable for the pore integrity to be
maintained during the simulation. Thus, this function-
ally important property is also robust to changes in the
structural model and can be derived from a simulation
based on a homology model.

It is noticeable that the water self diffusion coefficient
is lower than bulk at some distance from the pore sur-
face. We suspect (based on simple model simulations,
Beckstein and Sansom, unpublished results) that this
may reflect a degree of ordering of the SPC water at the
octane surface. Further studies are needed to elucidate
the detailed effects of water model (e.g. SPC vs. SPC/E)
and membrane model (e.g. octane vs. phosphatidylcho-
line) on water dynamics.

6 - . .
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Pore
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Fig. 11 Average self diffusion coefficients (D) for water molecules
in simulation against position along the z axis. The broken
horizontal line indicates the diffusion coefficient of bulk water in
this simulation. The inner pair of vertical lines indicates the extent
of the single file of water molecules; the outer pair of vertical lines
indicates the approximate width of the octane slab

Discussion
Model comparisons

A significant finding of this study was that a homology
model of Agpl (based on GlpF) was more stable in an
extended simulation than were the corresponding med-
ium resolution (~3.8 A) EM structures. Though this is
based on a single class of proteins, it provides some
encouragement for the use of homology models in sim-
ulations designed to explore the role of the conforma-
tional dynamics of membrane transport proteins in their
physiological function. There have been considerable
recent successes in solving X-ray structures of bacterial
homologues of mammalian channel and transport pro-
teins (Bass et al. 2002; Chang and Roth 2001; Chang
et al. 1998; Doyle et al. 1998; Dutzler et al. 2002; Fu
et al. 2000; Jiang et al. 2002; Jiang et al. 2003; Kuo et al.
2003; Locher et al. 2002; Zhou et al. 2001), whereas
over-expression of mammalian membrane proteins at a
level suitable for X-ray diffraction studies remains
somewhat challenging (Tate 2001). Thus, the current
demonstration of the value of homology model-based
simulations is of particular importance. Whether such
homology models will be superior to medium resolution
EM-based models for all membrane proteins is less
clear. Further studies on a wider range of membrane
transport proteins will be required before we can be
certain of this.

Methodological aspects: limitations and future
directions

Homology modelling is heavily dependent on the quality
of the alignment between target and template sequences.
Extra-membranous loop regions are often the sites of
significant variation in sequences within a family, fre-
quently containing insertions and deletions, thus making
the alignment of these regions difficult to optimize (Hein
et al. 2000). Furthermore, the conformations of such
loops are more difficult to predict than those of the
transmembrane segments, and often loops are amongst
the least defined regions of a template structure. There
are several methods available for more accurate loop
modelling (Oliva et al. 1997, Tosatto et al. 2002)
including those in newer versions of Modeller (Fiser
et al. 2000). The determination of more membrane
protein structures should, in due course, provide us with
better empirical methods for prediction of loop confor-
mations for this class of protein.

A further limitation of the current study is the use
of an approximation to the lipid bilayer environment.
An octane slab was used in the current study as a
membrane mimetic because its lower viscosity, com-
pared to lipid, allows protein motions to be better
sampled over the relatively short timescale of the
current MD simulations. However, although octane



may adequately simulate the hydrophobic core of a
lipid bilayer, it does not allow for potential interac-
tions of e.g. protein side chains with the polar head-
groups of the lipid molecules in a bilayer. In the case
of aquaporins, inclusion of lipid head-groups might be
anticipated to alter the electrical potential in the
interfacial region of the bilayer and, thus, might alter
the orientation of water molecules in the mouths of the
aquaporin pore (Saiz and Klein 2002).

There are two further limitations to the current study,
which may also be of relevance to other modelling and
simulation studies of transport proteins. The first is the
absence of a transmembrane voltage difference. Such a
voltage difference is invariably present across cell
membranes but remains difficult to implement in simu-
lations (Roux 1997, 1999). In the context of simulations
of Aqpl, it would be of some interest to know whether
the transmembrane voltage had any significant effect on
the orientation of the water dipoles as they passed
through the pore. A further limitation, of key impor-
tance to Aqpl and the question of how H™ permeation
is prevented but also of more general interest to trans-
port protein simulations, is the use of a purely classical
model for water and its interactions with the protein.
There have been a few ab initio studies of ion channels
(e.g. Carloni et al. 2002; Guidoni and Carloni 2002), and
empirical models have been used to treat reversible
protonation of water molecules (Pomes and Roux 1996,
2002; Schmitt and Voth 1998; Wu and Voth 2002), but
further studies are needed in both of these areas.

Biological implications

An important aim of the current study was to further
examine the method of selectivity for water of Aqpl and
especially how proton conduction is prevented. Firstly,
size selection of water molecules occurs at a constriction
site near the extracellular end of the narrow pore, which
has a radius of just 1.4 A. This constriction is ca. 1 A
wider in the equivalent region in GlpF, thus helping to
explain how large polar molecules such as glycerol can
pass through the GIpF pore but not through Aqpl.
Two of the mechanisms proposed for the prevention
of proton wire formation (Murata et al. 2000; Sui et al.
2001) involve specific arrangements of the H-bonding
patterns between the waters and the pore lining residues,
i.e. H-bonding configurations around the central NPA
asparagines and H-bonding of waters to backbone car-
bonyl atoms of the NPA loop residues (as seen in the
bXray structure). Although H-bonding is seen between
waters and the NPA loop asparagines, it does not pre-
vent H-bond formation between the waters in the pore.
The mutation of several residues, including these as-
paragines, causes loss or reduction in water transporting
capacity of the aquaporins. These mutations are not
seen to give rise to the conduction of protons (Jung et al.
1994; Preston et al. 1993). It is therefore likely that these
asparagines form part of a network of side chains that
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provide the exact H-bonding network necessary for the
‘solvation’ of a fast moving column of water molecules.

The X-ray structure revealed many backbone car-
bonyl atoms from the NPA loops to point into the pore,
and also revealed four electron density peaks assigned to
waters. This led to the proposal of a water binding
mechanism involving the formation of three ‘hydrophilic
nodes’ (Sui et al. 2001). However, we find little evidence
from any of the current simulations that these ‘hydro-
philic nodes’ form preferential binding sites for water.
The backbone carbonyls do play a role in satisfaction of
water—hydrogen bonds throughout the pore (Fig. 10).
The other two structures that were investigated in detail
in the current study, 1ih6 and hMod, also had a regular
arrangement of backbone carbonyls facing into the pore,
which remained available for hydrogen bond acceptance
throughout the duration of the simulations.

In those pore-like systems that conduct protons, such
as the peptide channel gramicidin (Akeson and Deamer
1991; Pomes and Roux 1996) and the proton pump
bacteriorhodopsin (Luecke et al. 1999), ‘proton wires’
are thought to form so that protons can exchange rap-
idly via the Grotthuss mechanism. As in the current
study, both (de Groot et al. 2003; de Groot and Grub-
muller 2001; Tajkhorshid et al. 2002) showed that water
molecules in the Aqpl pore are oriented such that their
dipoles point one way in one half of the channel and
then have their direction reversed in the other half of the
channel due to the the positive electrical field generated
by the re-entrant pore helices. As a result of this positive
electrostatic potential at the centre of the pore, water
dipole orientation constrains the motion of the water
molecules to the extent that they cannot re-orientate
during a Groétthuss mechanism (Agmon 1995), then
proton conduction is unlikely to occur. However, this
may not be the sole mechanism preventing proton con-
duction, as suggested by recent studies (Burykin and
Warshel 2003) which favour a simpler electrostatic
mechanism of selectivity.

Importantly, the current study shows that several
biologically significant observations, such as the role of
the NPA loops, of the carbonyl oxygens in the pore and
especially of the water dipole orientation, could be ob-
served in a homology model (hMod) and in a low reso-
lution model refined by homology (1ih6), as well as in the
high resolution X-ray structure of the channel. Therefore,
homology modelling and simulation based on a bacterial
transport protein structure can provide meaningful
information on the structural dynamics and physiological
function of the corresponding mammalian protein.
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