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Side-Chain Dynamics Are Critical for Water Permeation
through Aquaporin-1

Nikolai Smolin, Bin Li, David A. C. Beck, and Valerie Daggett*

*Department of Bioengineering, University of Washington, Seattle, Washington

ABSTRACT Molecular dynamics simulations of aquaporin-1 embedded in a solvated lipid bilayer were carried out to investigate
the mechanism of water permeation. The 2.2 A resolution crystal structure of the bovine protein was used for five independent
trajectories. During the equilibration and preparatory steps in which the protein was held fixed, water molecules inside the water
channel adopted the same positions as observed in the crystal structure but they did not pass through the channel, suggesting that
the dynamic motion of the protein is critical for water permeation. When the protein atoms were allowed to move, the side chains of
the two asparagines in the two conserved Asn-Pro-Ala motifs near the center of the channel formed hydrogen bonds with water and
helped water molecules move through the channel by actively aligning them for transport. The main-chain oxygen atoms, which
were exposed to the pore surface in the crystal structure, also contributed to water transfer. Besides the constriction region
observed in the crystal structure (Arg'®”, Phe®®, His'®2, and Cys'®"), we found that His”® and Val'®® act as a valve by dynamically

blocking water permeation and helping control flow.

INTRODUCTION

The aquaporins are a family of integral membrane proteins
that control the movement of water molecules across lipid
membranes (1-5). They are widely distributed in various
organs in the human body, such as kidney, eye, and the brain.
Disruption of the function of aquaporins can cause diseases
such as diabetes insipidus, congenital cataracts, and hearing
impairment (6). At least 10 different aquaporins have been
identified and sequenced from humans. In addition to water
transport, some of these aquaporins also transport glycerol
and urea (5,7,8). All aquaporins select against the transport
of ions, particularly hydronium ion, and in this way they
maintain membrane potentials and intracellular pH. The
disease linkages, rapid permeation rate of ~1-2 waters per
nanosecond per aquaporin molecule, and the strict selectivity
for water make this family of proteins very interesting (9—11).

Sequence analysis of the aquaporin family shows high
homology among its members (11). The aquaporins possess
an NPA (Asn-Pro-Ala) motif that appears twice in the se-
quence (11). The sequence can be divided in half with one
motif per half. The sequence identity (28—49%) (12) suggests
some structural similarity. The structures of several aqua-
porins, at a range of resolutions, have been solved using
membrane crystals purified from red blood cells (13—18). The
four available aquaporin-1 structures have six transmem-
brane helices in addition to two shorter helices (13,14,19,20).
The NPA motifs, critical for transport, are located near the
N-termini of the short helices, which lie roughly perpendic-
ular to the plane of the membrane and approximately in the
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middle of the membrane-spanning region (Fig. 1). The
crystal structures provide insight into the structural details of
the water pore, and, in concert, with the high water perme-
ation rate (9,10) they provide a solid basis for using molec-
ular dynamics (MD) simulations to study the permeation
processes in ‘‘real time’’.

The Schulten group has carried out several simulation
studies of both human aquaporin-1 and the related Esche-
richia coli aquaglyceroporin GIpF (21-25) (with 3.80 and
2.20 A resolution, respectively). Their studies suggest that
the two conserved asparagines in the NPA motif force a
central water molecule to serve as a hydrogen bond donor to
its neighboring water molecules. In addition, waters inside
the channel form hydrogen bonding networks of opposite
orientations inside the two halves of the channel. They sug-
gested that this water network arrangement prevents the
formation of a ‘‘proton wire’’ (26) and consequently per-
meation of protons, while still allowing rapid diffusion of
water through the channel (24).

On the other hand, de Groot and Grubmuller observed
discontinuous water networks in the channel during simula-
tions of the same proteins (27). They proposed a two-stage
filtering mechanism whereby the NPA motif forms a selec-
tivity-determining region and another region composed of
aromatics and an arginine motif (ar/R) functions as a proton
filter (Fig. 1) (27). The different observations and implica-
tions of these two studies, as well as the subtle differences in
the channel structures of the aquaporin family members,
provide the impetus for further study.

The MD studies discussed above began with low-resolution
electron microscopy (EM) structures. However, more recently
there have been several simulation studies (up to 5 ns long)
beginning with the 2.2 A resolution x-ray crystal structure
of bovine aquaporin-1 (19,28-31). De Groot et al. (28)
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FIGURE 1 Schematic view of aquaporin-1 monomer in
the lipid bilayer. Residues lining the pore are shown in the
ball and stick representation: the arginine motif ar/R (red),
the NPA motifs (yellow), and valve H76 and V155 (blue).

Intracellular

compared the EM and crystal structures of aquaporin-1 and
found them to be very similar. The dynamics and energetics
of water permeation through the bovine aquaporin-1 mono-
mer embedded in a water/n-octane/water bilayer were studied
in 3 ns MD simulation run by Vidossich et al. (29) These
authors calculated the free energy profile associated with
water permeation and the electrostatic field along the channel
axis. Schulten et al. (30) studied the pressure-induced water
permeation in the bovine aquaporin-1 tetramer embedded in
a palmitoyl-oleoyl-phosphatidyl-ethanolamine (POPE) lipid
bilayer. Recently, Han et al. (31), using 3 ns MD simulation
run, compared free energies and rates of water permeation in
the bovine aquaporin-1 tetramer embedded in a POPE lipid
bilayer.

Here we carry out multiple, longer MD simulations start-
ing from the 2.2 A resolution crystal structure of bovine
aquaporin-1 (19) in a solvated palmitoyl-oleoyl-phosphatidyl-
choline (POPC) lipid bilayer. The constriction region, be-
lieved to be responsible for selectivity, in this structure is
much narrower than that of glycerol facilitator GIpF (21). Sui
et al. (19) suggest that the narrow hydrophobic pore prevents
the formation of significant hydrogen bonding networks of
water molecules inside the channel. This high-resolution
structure provides the ability to analyze the transport mech-
anism of water and to investigate whether a hydrogen bond
network forms. In addition, it also enables a more detailed
characterization of side-chain conformations of residues that
line the pore. Such characterization is essential if we are to
understand the relationship between pore function and
structure and whether dynamics play a role.

METHODS

System preparation

Aquaporin-1 forms a homotetrameric assembly in lipid membranes, but
previous experimental and simulation studies indicate that each monomer is a
functional channel whereas the pore central to the tetramer is not (12,17,18,
21-24,27,29,32-35). Therefore, we used one monomer of aquaporin-1 rather
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than its tetrameric form for our MD simulations. The crystal structure of
monomeric bovine aquaporin-1 (19) (/j4n) was obtained from the Protein Data
Bank (PDB) (36) with PDB code 1J4N (19). Hydrogen atoms were added to
the monomer with the ENCAD software program (37).

The protein was then placed into a POPC lipid bilayer consisting of 200
lipids, built in the Schulten group (38). The locations of tyrosine residues
(24), in conjunction with the position of solvent molecules in the crystal
structure (19), were used to adjust the position of the membrane relative to
the protein. The membrane thickness, measured as the average phosphorus-
phosphorus distance, was set to 33.2 A. Lipids overlapping with the protein
were identified via visual inspection in MIDAS (39) and they were removed.
This yielded a system with 165 POPC molecules (83 in the upper layer and
82 in the lower layer).

The resulting protein/bilayer system was solvated using the in lucem
Molecular Mechanics (ilmm) (40) software program. Flexible F3C waters
(41) were added to a distance of 15 A extending in all directions from the
protein. No waters were placed closer than 1.8 A to any protein or lipid atom.
Water molecules were placed both within and outside of the membrane if
there was adequate space, and the system density was set to 0.997 g/ml, the
experimental value for water at 298 K (42). In several previous simulations,
water molecules inside the hydrophobic portion of the membrane were re-
moved (21-24). In test systems, the water molecules inside this hydrophobic
portion quickly (sub 50 ps timescale) moved out and joined bulk water (Fig.
2). The total system size was 70,008 atoms, with 3,764 protein atoms, 165
POPC molecules, and 15,378 water molecules. The dimensions of the system
were 94.3 X 95.0 X 79.7 A.

The MD simulations were prepared and carried out with i#/mm (40). The
Levitt et al. (37) force field and parameter set were used. For all bonds,
angles, and dihedral angles in POPC molecules the parameters of the Levitt
et al. (37) force field were used with the additional parameters in Table 1. The
histidine residues were protonated in the 8 position. To complete preparation
of the system for simulation, the water potential energy was minimized with
steepest descent energy minimization for 200 steps, the protein alone was
minimized for 200 steps, and then the protein and water were minimized for
another 200 steps. A second trajectory was generated using a similar protocol
differing only in that 500 steps of each minimization set were carried out
rather than 200. These two simulations are referred to as MD1 and MD2. Post
minimization, these two systems were treated identically and 4 ns simulation
were carried out. Three additional simulations were carried out for 10 ns
each, postequilibration: MD3, MD4, and MDS5. In these cases nonbonded
interactions between atoms in charge groups separated by three bonds were
included and scaled by 0.4; these interactions were not included for MD1 and
MD2. The results were independent of whether these interactions were in-
cluded or not. When we began this study we did not include this term. We
modified our force field and now we use this scaling factor for all simulations.
We have checked hundreds of proteins and less than 12 of them were affected
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by change but showed improved behavior. Our new protocol for all simu-
lations is to use the scaling factor 0.4.

After the preparatory minimization steps, the systems were heated to 298 K
as described elsewhere (43). The average temperature during production
runs was 298 *+ 6 K. The microcanonical ensemble was used with a 2 fs time
step. The list of nonbonded interaction partners was updated every three steps
and a 10 A nonbonded cutoff range was used. Periodic boundary conditions
and a force-shifted spherical cutoff treatment were used (40). Previous

TABLE 1 Additions to our force field for POPC lipids: bond,
angle, and torsion angle parameters for carbon-to-carbon
double bond in the hydrocarbon chain; angle parameters for
cases when N or O is the middle atom; atomic partial charges
for charge groups

Ky, Ky
Code/group (kcal/mol - A?) (kcal/mol - rad®) by (A) 6, ()
Bond code
A’-A’ 250 - 1.340 -
Angle code
C-A’-H - 60 - 121.00
C-A’-A’ - 60 - 121.00
C-N-C - 60 - 119.50
C-02-C - 60 - 120.00
Ky (kcal/mol - rad?) N ®o (°)
Torsion code
C-A’-A'-C 40 1 0
H-A'-A’-H 40 1 0
H-A'-A’-C 40 1 180
Charge group Charge (in electron units, e)
q1 q2 q3 q4
CHHH —0.257 0.119 0.119  0.119
POO 0.550 —0.775 —0.775 -
N 0.7 - - -
(0] 0.0 - - -

We used the same atom codes as in our original force field paper (37).
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FIGURE 2 Side and top view of
aquaporin-1 MD systems during equili-
bration period. During the preparation/
equilibration runs, the protein atoms were
held fixed. The protein is shown from the
(A) side and (B) top in cartoon represen-
tation, colored in magenta. The POPC
lipid phosphorus atoms are depicted with
van der Waals spheres in yellow. Water
oxygens are similarly displayed in red.
Hydrogens included in the simulations
are omitted for clarity.

studies have shown that our nonbonded treatment is efficient, conserves
energy and provides better agreement with experiment than Ewald methods
(44). The starting structure from MD1 run was used as the starting config-
uration for the equilibration run of MDS5. During the first nanosecond of
simulation time, which was used to equilibrate the membrane and water, the
protein atoms were held fixed. After this time, 4 or 10 ns of production all-
atom molecular dynamics were conducted in which all atoms were allowed to
move. Structures were saved at 0.2 ps granularity for analyses, yielding 5,000
and 20,000 structures for the equilibration and production runs, respectively
for both MD1 and MD2. The equilibrated structures from MD1 and MD2
runs were used as starting configurations for the production runs of MD3 and
MD4, respectively. Structures were saved every ps for the MD3-MD5
production runs, yielding 10,000 configurations for each.

RESULTS AND DISCUSSION
Lipid-water equilibration runs

In the equilibration runs, we first constructed a protein/lipid
complex then solvated it by adding water (Fig. 2). There were
a small number of waters falling within the bilayer and they
were left there. This protocol is different from previous
studies conducted in other groups where waters in the hy-
drophobic region of the membrane were removed. Also dif-
ferent is our choice of ensemble. Previous studies have used
the NPT ensemble, in which the microscopic box dimensions
are adjusted in an attempt to mimic the macroscopic pressure
(23,24,45). In our work, using the microcanonical ensemble,
the solution density is an essential feature of the system and
we therefore left the water molecules inside the membrane.
We found that water molecules placed inside the membrane
by the solvation routines were quick (within 50 ps) to leave the
hydrophobic bilayer and join bulk water ‘‘above’’ and *‘be-
low’’ the membrane (Fig. 2). At the end of the equilibration
runs, few water molecules remained in the hydrophobic
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region. Any gaps between the protein side chains and lipid
molecules were largely filled and the bilayer appeared to have
equilibrated (Fig. 2).

Overall properties of the production simulations

After the 1 ns equilibration runs, we carried out 4 and 10 ns
production runs by letting all the atoms in the system move.
Fig. 3 shows waters in the crystal structure and waters inside
the pore after 1 ns equilibration runs. In MD1 and MDS5, the
solvation routine placed five water molecules in the pore.
Three of the five positions are populated in the crystal
structure (Fig. 3, Xray). In addition, the hydrogen bonding
pattern of these three waters (top three red spheres in Fig. 3,
Xray) matches that of the crystal structure (inferred from
logical placement of the water hydrogens). These waters re-
mained in the same position and kept the same hydrogen
bonding network for the duration of the equilibration. Two
more water molecules were found to enter and occupy the
bottom of the pore near His’®.

In MD2 no waters were placed inside the pore by the
solvation routine. With the protein atoms held fixed for the
equilibration run, waters did not penetrate the NPA motif
region of the pore from the top. As such, none of the crystal
hydration sites populated in MD1 and MDS5 were populated
in MD2. However, as in MD1 and MD35, two waters were
found to occupy the region just below His’® and Val'>
during the equilibration run (Fig. 3). MD3 behaved similarly
to MD1, and MD4 was like MD2.

The structure of bovine aquaporin-1, particularly the
transmembrane a-helices, and the lipid bilayer remained
stable throughout the simulations. The average Ca root
mean-square deviations (RMSD) for structured regions
(residues 6-33, 51-68, 79-88, 93—-117, 139-158, 170-184,
195-202, and 216-230) was 2.1 A, 1.4 A, 2.1 A, 1.3 A, and
1.1 A for MD1, MD2, MD3, MD4, and MD3, respectively
(Fig. 4 A). These values are similar to a recent simulation
study comparing several aquaporins (28) and MD simula-
tions carried out on the bovine aquaporin-1 monomeric
subunit immersed in a water-n-octane-water environment

MD1
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FIGURE 4 The C, RMSD as a function of simulation time. (A) The C,
RMSD is relative to the minimized crystal structure after matching the
helical residues: 6-33, 51-68, 7988, 93—117, 139158, 170-184, 195-202,
and 216-230. (B) Side and top views of final structures from MD1 (black)
and MD2 (red). The six transmembrane «a-helices are labeled H1, H2, H3,
H4, H5, and H6.

(29) and the tetramer embedded within a model POPE lipid
bilayer (31). The difference between the Caw RMSD values of
MD1 and MD2 is mostly due to slight shifting, twisting and
rotation of the H3, H4, and H5 transmembrane «a-helices
(Fig. 4 B). The five production runs were very similar: the

FIGURE 3 Water positions in crystal
structure and in three starting configura-
tions for production runs. Well resolved
water oxygen coordinates for the x-ray
crystal structure are shown with the
water oxygens in red and the protein
backbone in blue. Snapshots of configu-
rations for production runs: MD1, MD2,
and MDS5. The waters inside the pore are
depicted in van der Waals, oxygen in red
and hydrogen in white.
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C-terminal end and water-exposed loops on the extracellular
end of the molecule exhibited a range of dynamics to bring
the total Ca RMSD to ~3 A. These more dynamic regions
are also the regions with variable sequences, and they are
expected to undergo a conformational change based on
comparison of cryo EM and crystal structures (28). Another
important measure of the stability of the protein during MD is
the secondary structure content. The six transmembrane and
two short a-helices remained helical in all simulations.

The POPC lipid bilayer exhibited a small increase in its
top-to-bottom distance at the beginning of the equilibration
runs, but by the beginning of the production runs it had sta-
bilized at ~33-34 A in all simulations (Fig. 5). These results
are consistent with the 2 A fluctuations observed in a previ-
ous simulation of human aquaporin-1 (22).

POPC lipid molecules bent to provide a complementary
charge and van der Waals interface at the exposed surfaces of
the protein. Several salt bridges formed between positively
charged amino acids and the negatively charged lipid phos-
phate groups. Similarly, hydrogen bond networks similar to
those seen in a previous aquaporin simulation (28) formed
between lipid headgroups and protein residues in exposed
loop regions.

Mechanism of water transport

During production runs, water began to enter the channel
shortly after the protein atoms were permitted to move. Both
continuous and discontinuous chains of water were observed
in the pore over time. These waters occupied some of the
hydration sites observed in the crystal structure. Fig. 6 shows
two water networks inside the pore from MD3. The NPA
motifs flip waters as they move through the channel: above
the NPA motifs the dipole of water is oriented up and below it
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FIGURE 5 Lipid bilayer thickness as a function of equilibration and
production run time. The equilibration run (0 to 1 ns) is delineated from the
production run time (0 to 10 ns) by the vertical dash line. Bilayer thickness is
calculated as the difference between the mean coordinates of the planes
formed by the lipid layers.
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points down. These observations are in agreement with pre-
vious MD simulations (21,27).

To highlight the process by which water molecules diffuse
from the extracellular side of the protein to the cytoplasmic
matrix, Fig. 7 presents a selected example of permeation from
MD3. At 6.1 ns, a water molecule was at the edge of the
extracellular vestibule of the protein. It reached the outside of
the ar/R constriction region quite rapidly, traveling ~15 A in
300 ps. The water then spent 1.2 ns oscillating around the
outside of the ar/R constriction region near R197, F58, H182,
and C191. At ~7.6 ns, the water entered the channel. Once in
the channel, the water moved quickly to the center, forming
hydrogen bonds to the 62 nitrogens of both asparagines in the
two conserved NPA motifs. The water remained in this po-
sition for the next 400 ps of the simulation, shuttling among
the three hydrophilic nodes distributed along the length of
the selectivity filter, with the NPA motifs as one node in the
middle and hydration sites above and below the motif as the
other two nodes. The water then moved toward the intracel-
lular site of the channel and at ~8.0 ns interacted with His’®.
To highlight the significant interactions as a water molecule
moves along the pore, we calculated the average residence
time of water near residues inside the pore. Table 2 shows the
average residence time of water near the backbone and side-
chains of the aquaporin residues. The water molecule, moving
along the pore, interacts with the backbone atoms of the C191
and G192 and side-chain atoms of the R197 in the ar/R con-
striction region. In NPA motif water mostly interact with side
chain atoms. In the ‘‘valve’’ region the water interacted with
backbone and side-chain of the H76 and V155.

His’® moved in such a way that it helped the water to exit
the channel. First, water interacted with the main-chain
oxygen of His’® and then it moved to the closest side-chain
nitrogen. Next, the side chain moved, pulling water out of the
pore into the cytoplasmic vestibule. Finally, after exiting the
channel’s constricted regions, the water diffused to a region
external to the cytoplasmic vestibule of the protein. It is in-
teresting to note that His’® was often blocking the pore.

A detailed view of the NPA flipping is provided in Fig. 8.
During the water’s time in the channel, it was observed to
move down the chain of four hydration sites identified in the
crystal structure. At the first position (fop in Fig. 3, Xray), the
water formed a hydrogen bond with the backbone carbonyl
oxygen of G192. In the presence of other waters, water-water
hydrogen bonds formed (Fig. 8, 1.41 ns). The 62 nitrogens of
the two asparagines in the two conserved NPA motifs were
dynamic as the waters rapidly moved to the second water
position (Fig. 8, 1.48 ns). At this point, the Asn side chains,
rotating at Xl and Xz’ delivered the water from the second
hydration site to the third (Fig. 8, 1.49 ns). Of particular note
at this point in the water’s progress are the opposite orien-
tations of the side-chain nitrogens of the two asparagines and
the flipped orientation of the water molecules. As a result of
the strength of these protein-water hydrogen bonds, the water
spent the majority (1.14 ns) of the 1.2 ns passing these four

Biophysical Journal 95(3) 1089-1098
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FIGURE 6 Train of waters through
the pore. Snapshots from the MD3 sim-
ulation. Coloring as in Fig. 1.

sites. During the final movement from the third to the fourth  other waters through the channel as the simulation progressed
position, the backbone carbonyl oxygen of His’® formed a  as well as in the other independent simulations.

direct hydrogen bond with the water (Fig. 8, 2.53 ns). This The transport water through aquaporin-1 water channel
sequence of events was observed in subsequent passage of  can be described by the osmotic permeability (py) and the

FIGURE 7 Water moving from the
extracellular to cytoplasmic side of the
membrane through aquaporin-1. Snap-
shots from MD3 are shown with the
movement of a particular water high-
lighted.

Biophysical Journal 95(3) 1089—-1098
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TABLE 2 Average residence time of water near the residues
inside the pore

Average residence time of water (ps)

Residue Backbone Side-chain

Aromatics and an arginine

motif (ar/R)

F58 1.1 1.7

H182 0.0 4.2

C191 34.8 1.4

R197 33 15.0

G192 12.1 1.3
NPA motif

R19%4 4.6 43

R78 0.0 3.5
“Valve”’

H76 10.5 3.5

V155 8.8 1.1

Results shown for the backbone and side chains of residues.

diffusion permeability (pg), which water permeates through
aquaporin-1, which both can be calculated from MD simu-
lations. Equilibrium MD simulations yield the p4 and the py
can be calculated from simulations with induced hydrostatic
pressure differences across the membrane (30). The experi-
mentally observed osmotic permeability coefficient ps is in
the range of 5.43-11.7 X 10~'* cm?/s, which corresponds to
1.8 to 3.9 waters per ns per monomer (5,10,18). The diffusion
permeability was calculated using Eq. 1 (30):

Pda = Vwqo, (])

where vy, is the volume of the single water molecule, and g is
the unidirectional permeation rate. The water unidirectional
permeation rate was obtained by calculating the number of
events in which a water molecule completely passed through
the aquaporin channel over the simulation time. Our MD-
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derived average unidirectional permeation rate value is 0.39
waters per ns per monomer, which is in good agreement
with experiment and previous MD simulations of bovine
aquaporin-1 (29,31). The rapid permeation appears to be
partly due to the polar residues lining the extracellular side
that guide the waters into the channel and pass them along to
the constriction region. The time spent by waters inside the
constriction region is significantly longer than what is needed
for the water to pass the ~20 A distance from the edge to the
extracellular vestibule, highlighting this region’s role in
regulation.

Importance of protein dynamics to
water transport

It was interesting when the protein atoms were held fixed in
our lipid-water equilibration step that water transport did not
occur. In fact, MD1 and MDS5 had a majority of the crystal
hydration sites populated throughout the entire equilibration
run yet the waters did not move through the pore until the
protein was also allowed to move. Thus, there seems to be a
requirement for protein movement for water transport. In-
deed, the side-chain dynamics of the asparagines in the NPA
motifs played a crucial role in the exchange of water between
hydration sites, or water holding sites, during water perme-
ation and transport. Calculating the radius of the channel
along its axis by the program HOLE (46) shows that the ra-
dius of the channel’s narrowest region (ar/R) is 0.70 A for the
aquaporin crystal structure. The channel radius of the mini-
mized structures is equal to 0.83, 0.81, and 0.82 for MD1,
MD?2, and MDS5, respectively. It is noticeably smaller than
the size of the water molecule (usually considered as a sphere
of radius 1.4 or 1.5 A) (47-49). The average radius of the
same channel region during productions runs is 1.3 = 0.4 A.

1.41ns

1.48 ns

1.49 ns 2.53ns

FIGURE 8 Water interactions with both the protein main chain and side chain groups orient water to productively traverse the pore. The protein backbone of
residues 74—83 and 190—194 of snapshots from MD2 simulation are shown in ribbon with protein side chain atoms as sticks. The same water is shown in all

panels in space-filling mode.

Biophysical Journal 95(3) 1089-1098
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When protein atoms were allowed to move the size of the
channel’s narrowest region increased and water molecules
were able to permeate into the aquaporin pore. The residues in
the NPA motif also needs to move to shepherd the water
through the channel.

To check the dependence of water permeation on pore size,
we simulated the system with aquaporin rigid starting from
the 1 ns configuration of the MD3 production run. In this
structure the pore radius was 1.5 A. The protein atoms were
held fixed and water and lipids atoms were allowed to move;
this simulation tests whether the smaller pore size prevented
water transport or the lack of protein dynamics. During the
1 ns simulation we observed no transport of water through
aquaporin. For comparison, in the MD3 production run three
water molecules passed through the pore during this same
time period.

Although the NPA motif is clearly important to water
transport, we also found His’® important to the process. Just
before the cytoplasmic vestibule, at the final position, the
protein-water hydrogen bonding (water to main-chain oxy-
gen of His’®) serves to escort the water molecule out of the
channel. We hypothesize that this region of the channel,
particularly His’® and Val'>, act as a valve to control water
flow (Fig. 9, A and B). Namely, this valve can be open or
closed depending on the orientation of the side chain of His’®
(Fig. 9 B). Indeed, we observed that the His’® and Val'>
separation distance correlated with water permeation events.
As a typical example, Fig. 9 C shows the His’® and Val'>
separation distance as a function of simulation time together
with water permeation events from MD3 (indicated by a star).
When His’® swung out of the pore (separation distance
~5.5-6.0 A), water passed through. These observations are
consistent with the free energy profile associated with water

Smolin et al.

permeation along the channel axis of bovine aquaporin where
the water molecules have to cross a free-energy maximum at
the cytoplasmic side of the channel (29,31). The valve
identified here may be the source of that barrier. Additionally,
we have calculated diffusion coefficient of water inside the
pore near the valve and ar/R regions. The diffusion constant
was found to be 0.02 and 0.03 A%/ps in the valve and ar/R
regions, respectively. We would predict that mutation of
these valve residues would alter water flow. For example, the
Val — Ala would be predicted to increase water flow
through the valve due to enlargement of the maximal diam-
eter of the proposed constriction region.

This MD-identified valve has not been noted before and
appears to be a novel constriction site. In fact, Gonen and
Walz (4) state that unlike aquaporin-1, GlpF, and AqPz,
AQPO contain a novel constriction region involving a His in
this same region (H66, F76, and Y149 in AQPO0). Despite the
large number of structures available, the valve was not ob-
served previously in AQP1, and in fact it was said not to exist
(4), which shows that this is a dynamic cleft and that dy-
namics studies are needed and that static structures are not
always enough.

CONCLUSIONS

The dynamics and structure of aquaporin-1 from bovine red
blood cells in a solvated lipid bilayer have been studied by
MD simulations. The overall structure of the protein was
stable during the five simulations described here. As pre-
dicted from sequence analysis and previous theoretical
studies of aquaporin family members, the NPA motifs con-
tribute significantly to the mechanism of water permeation in
aquaporin-1. That is, the dynamic motions of the two side
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FIGURE 9 Valve on intracellular side of the aquaporin-1 channel. (A) The putative valve, comprised of H76 and V155. (B) Views looking up into the pore,
showing movement of the side chain of H76. (C) The separation distance between residues H76 and V155 as a function of production run time: stars indicate

time points of water passage through the valve.
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chains mediate the exchange of waters between the two
halves of the channel by flipping the water into a productive
orientation. The extracellular and cytoplasmic vestibules and
the solvent-accessible carbonyl oxygens that line them
(Gly', Cys'', Gly'?, 1le'”, Leu”’, His’®, Ala’®, and
Gly’*) aid in the formation of a network of water molecules
from the mouth of the channel in the extracellular case and
out to the cytoplasmic matrix on the intracellular side,
thereby keeping the channel primed and the exits clear. A
hydrogen bond network with other waters at the cusp of the
channel provide the push and pull required to move waters in
and out of the channel’s constriction/selectivity filter. Finally,
our simulations suggest that His’® and Val'>® act as a valve
and their movement leads to opening and closing of the in-
tracellular region of the pore thereby regulating flow.
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