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Abstract

In the present study, an equilibrated system for the Aqyl tetramer was developed, and
molecular biophysics modeling showed that the Aqy| channel was blocked by Tyr-31 in the
N-terminus, which was also supported by the free energy profiles. However, bioinformatics
analysis of the amino acid sequence of Aqy| indicated this Tyr-31 is not conserved across all
fungi. Analysis of the equilibrated structure showed that the central pore along the four-fold
axis of the tetramers is formed with hydrophobic amino acid residues. In particular, Phe-90,
Trp-198, and Phe-202 form the narrowest part of the pore. Therefore, water molecules are
not expected to translocate through the central pore, a hypothesis that we confirmed by
molecular dynamics simulations. Each monomer of the Aqyl tetramers forms a channel
whose walls consist mostly of hydrophilic residues, transporting through the selectivity filter
containing Arg-227, His-212, Phe-92, and Ala-221, and the two conserved Asn-Pro-Ala (NPA)
motifs containing asparagines 224 and | 12. In summary, not all fungal aquaporins share the
same gating mechanism by a tyrosine residue in the N-terminus, and the structural analysis in
the present study should aid our understanding of aquaporin structure and its functional
implications.
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Introduction

Water is indispensable for cells and organisms,
and must be able not only to flow into and out of the

fied in plants, microorganisms, various animals, and
humans, most of which are less than 300 amino acids

cells but also pass through subcellular compartments.
The presence of biological membranes separating the
internal and external environments of a cell led to the
hypothesis that proteins embedded in lipid bilayers
facilitate the conduction of water across biological
membranes. Indeed, water channels, later called ag-
uaporins (AQPs), are transmembrane proteins with a
specific three-dimensional structure forming a chan-
nel to facilitate the flow of water through cellular
membranes [1,2]. Over 450 AQPs have been identi-

in length [1,2]. These proteins comprise two highly
conserved NPA motifs containing three amino acid
residues (asparagine-proline-alanine or Asn-Pro-Ala)
and several surrounding amino acids.

Many AQPs in yeast and filamentous fungi have
been shown to correlate strongly with freeze toler-
ance. For example, in S. cerevisize, two aqua-
porin-encoding genes, Aqyl and Aqy2, have been
identified and characterized. Deletion of these two
genes in a laboratory strain increased the cells’ sensi-
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tivity to freezing, while over-expression of the genes
improved freeze tolerance [3,4,5]. A similar protective
effect has been found in C. albicans, S. pombe, and P.
pastoris [3,4,5]. It is hypothesized that this effect is
associated with a reduced occurrence of intracellular
ice crystals. When freezing cells are put in an aqueous
medium, extracellular water should freeze faster than
intracellular water due to higher osmolarity of the cell
contents. AQPs facilitate the rapid flux of water out of
the cell, thus less intracellular ice forms in the organ-
ism [3,4,5].

Genetic studies of Aqy1 have provided more in-
sight to the channel. Interestingly, Laizé ef al. (1999)
reported that the C-terminal-truncated Aqy1 variant
of S. cerevisine produced a 3-fold higher water per-
meability than full-length Aqy1; thus, the C-terminus
is important for regulating water flux through the
channel [6]. In contrast, deletion of the Aqyl-encoding
gene from P. pastoris resulted in a freeze-sensitive
phenotype, an effect reversed by reintroduction of the
gene or N-terminal-truncated form of Aqyl. Further,
overproduction of the N-terminal-truncated Aqyl in a
wild-type strain negatively altered freeze/thaw sur-
vival [6]. Therefore, the physiological functions of
fungal AQPs, especially the transport of water mole-
cules, may be regulated by various mechanisms.

Recently, high-resolution atomic structures of
AQPs—determined by NMR spectroscopy and X-ray
diffraction—have offered new insight to the molecu-
lar mechanisms of these proteins. All known AQPs
form tetramers, and each monomer has a central
channel surrounded by six membrane-spanning seg-
ments (TM1-6) and five connecting loops (A-E). In-
terestingly, the first and second halves of AQPs are
quite similar, with each half containing three trans-
membrane domains; the two halves integrate in the
membrane in opposite orientations [7, 8]. Addition-
ally, the loops between helices 2 and 3 (H2,3; loop B)
and H5 and H6 (loop E), which have a highly con-
served NPA motif, meet in the center of the mem-
brane to form the channel [7,8].

While structural information guides our under-
standing of the molecular mechanisms of AQPs, ex-
perimental studies are needed. Currently, no experi-
mental method offers sufficient spatial and temporal
resolution to monitor permeation through AQPs on a
molecular level. Recently, molecular dynamics (MD)
simulations have served as a surrogate for experi-
mental approaches. These simulations model the
progression of a bimolecular system at atomic resolu-
tion, revealing the molecular mechanisms underlying
the remarkable efficiency and selectivity of these
channels. For instance, both human aquaporin-1
(AQP1) and the bacterial glycerol facilitator GlpF act

as two-stage filters at NPA motifs and aro-
matic/arginine (ar/R) constriction regions. MD sim-
ulations revealed that AQP selectivity is controlled by
a hydrophobic effect and steric restraints [9].

Although AQPs have been identified in many
different fungi species, only Aqy1l from P. pastoris has
been selected for crystal structure determination. This
structure revealed that the channel is closed by the
N-terminus, where a unique conformation caps the
water channel entrance and thereby closes the channel
[10]. In the present study, using the atomic coordi-
nates of Aqyl from P. pastoris, we conducted MD
simulations and free energy calculation to explore its
gating phenotype and mechanism. Our results indi-
cate that Tyr-31 in the N-terminus controls the chan-
nel entrance, consistent with the observed crystal
structure. However, further bioinformatics analysis in
this study shows that this Tyr-31 is not a conserved
residue in homologous fungal AQPs, so we argue that
not all fungal AQPs are gated in the same manner as
Aqy1 of P. pastoris.

Materials and methods

Building a structural model of Aqyl

The crystal structure of Aqyl was obtained from
the Protein Data Bank (PDB code 2W1P). The mono-
meric coordinates were replicated using VMD soft-
ware [11]. Aqyl tetramers were generated using the
transformation matrices provided with the PDB file.
The protein structure file (PSF) and Protein Data Bank
(PDB) file for the Aqyl tetramer, the crystallographic
water molecules, and the ions were generated using
the AutoPSF plugin of VMD. To solvate the protein,
Helmut Grubmiiller's SOLVATE program [12] was
used to fill any empty space inside the pores, as well
as to surround it with water.

Placing Aqyl tetramer in a membrane

Using the Membrane Builder program provided
within VMD, a palmitoyl-oleoyl-phosphatidyl-
choline (POPC) lipid bilayer was generated with X
length and Y length initially set to 120 A. The con-
structed membrane patch and the partially-solvated
protein were aligned, moved, and assembled proper-
ly. To make room for Aqy1 in the membrane layer and
avoid overlap with any lipid molecules, atoms of the
“bad lipids” were marked by VMD using the beta
field of the PDB files; thus, the majority of the lipids
overlapping with Aqyl were removed. After meas-
uring the water layer using a minmax option, the
system was placed in a water box slightly smaller in
the XY-plane using VMD’s Solvate plugin, since
non-equilibrated membranes tend to shrink. Lastly,
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K+ and Cl- ions with a concentration of 0.4 mmol/L
were created for the entire system using VMD’s au-
toionize plugin, which transmutes water molecules
into ions. The system consisted of 105,912 atoms total

(Fig. 1).

Fig. |. Snapshot for the last frame of the MD simulation of Aqy| with
lipids in lines, water in lines, protein in cartoon and ions in VDW.

Running simulations for Aqy| tetramer-lipids
complex system

Simulations were performed in four phases. In
the first phase, melting of lipid tails, lipid tails and
bulk water were minimized and equilibrated for 0.74
ns; the protein, crystallographic waters, ions, and li-
pid head groups were fixed. In the second phase,
minimization and equilibration, with protein con-
strained, the system was minimized and equilibrated
for 0.50 ns. Because our system was assembled man-
ually, it has many unnatural atomic positions. A dy-
namics run would immediately fail from many atoms
moving at very a high velocity. Thus, a “minimiza-
tion” with NAMD software [13] was performed to
introduce the system to the nearest local energy
minimum in the configuration space, followed by an
equilibration with the protein constrained to permit
lipids, water, and ions to adapt to the protein in its
crystal form. In the third phase, equilibration with
protein released, the system was minimized and
equilibrated for 0.50 ns. Minimization and equilibra-
tion with the protein constrained should cause the
lipids to be well packed around the protein, while
excluding water from forbidden regions between the
protein and lipids. In this phase, we released the
harmonic constraints placed on the protein in the se-
cond phase and further equilibrated the whole sys-
tem. In the fourth phase, production runs, simulations
were run for 14.24 ns. The protein was equilibrated in

previous phases and has been packed well, thus sim-
ulations should be run with the XY-plane remaining
constant. This approach differed from previous sim-
ulations in which the XY-plane fluctuated to permit
packing of lipids against the protein. All simulations
were performed using the CHARMM?22 force field
[14,15], the TIP3P water model, and the MD program
NAMD?2 [16], with periodic boundary conditions at
constant temperature of 310K and constant pressure
of 1 atm (NpT ensemble). The Langevin dynamics and
Langevin piston methods were used to keep temper-
ature and pressure constant. Full electrostatics were
employed using the Particle Mesh Ewald (PME)
method [16].

Free energy computation

After simulations, we performed steered molec-
ular dynamics (SMD) to simultaneously pull water
through four Aqyl channels. We pulled 45A length
with start position near -10A (extra-cellular) to the
end near 35 A (intracellular). Two sets of pulling
paths were sampled: each set had five forward paths
(from extracellular to intracellular) and five reverse
paths (from intracellular to extracellular). The order
parameter was chosen as the center-of-mass
z-coordinate of one pulled water molecule, and the
pulling speed was 0.05 A/ps. Subsequently, the
Brownian dynamics fluctuation-dissipation-theorem
(BD-FDT) was used to accurately compute the
free-energy profiles for each set of the five forward
and five reverse paths [17,18].

Bioinformatics Analysis

The amino acid sequence of Aqyl was obtained
from PDB file 2W1P; sequences for other AQPs were
obtained from PDB as follows: Aqp0 from entry 2B6P;
Aqpl from entry 1J4N; Aqp4 from entry 3GD8; and
Agp5 from entry 3D9S. Sequence alignment was
conducted with Espript software. Amino acid se-
quences of other fungal AQPs were obtained by
BLASTp search in the NCBI database. The phyloge-
netic tree was constructed with a neighbor-joining
method in Molecular Evolutionary Genetics Analysis
(MEGA) software version 4.0.

Results

Equilibrium molecular dynamic simulations

By calculating the root mean square deviation
(RMSD) values of the backbone heavy atoms relative
to the coordinates of the initial (energy-minimized)
structures, the overall changes in the model atomic
coordinates were monitored during MD simulations.
After an initial fast-rise region ultimately leveling off
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after about 2ns, the RMSD values changed little and ~ The pore along the central four-fold axis

reached a more constant value in the last 1 ns, indi- The tetramer was made of four monomers,
cating that the model structure had reached a con-  \ hich formed a pore along the central four-fold axis.
formational steady state (Fig. 2). During simulations, no water was observed in the
pore along the four-fold axis (Fig. 3A and B); howev-

18 ' ‘ ' " "Backbonaidatu 1z — er, water flowed into each of the four channels of the

Aqyl tetramer. Cross-sectional analysis of the pro-

. 16 ]
) tein-membrane complex 40 A in length along the
c 14 1 central four-fold axis revealed that the amino acid
En i2 ] residues forming the central pore were Pro-82, Ala-83,
é Ile-86, Met-87, Phe-90, Phe-94, Met-97, Phe-101,
5’ 1 . Trp-198, Phe-199, Phe-202, Val-203, Ile-206, and
2} Leu-209, all of which are hydrophobic. Phe-90,
E 08 ] Trp-198, and Phe-202 formed the narrowest part of the
08 1 pore, smaller than the diameter of a water molecule
(Fig. 3C-F), which would create a hydrophobic block.
04 o 3 4 o . 0 12 18 18 There although the tetramers were solvated in water,
there are not any water molecules in this center hole
Times (ns) throughout our simulations as long as 14.24 nano-

seconds.

Fig. 2. The RMSD values of the protein backbone in one of the
monomers during MD simulations.

Fig. 3. The pore along the central four-fold axis among the four Aqyl monomers. (A) Top view, the protein is shown in drawing methods of
Licorice and waters in VDWV; (B) Side view, the protein is shown in drawing methods of Cartoon and Material of Transparent, and water in VDW;
(C) Side view, the protein is shown in drawing methods of NewCartoon and the important residues in Licorice. (D) Residue Phe-90 is present in
the pore along the central four-fold axis; the protein is shown in drawing method of NewCartoon and residue Phe-90 in drawing method of CPK;
(E) Residue Phe-202 is present in the pore along the central four-fold axis; the protein is shown in drawing method of NewCartoon and residue
Phe-202 in drawing method of CPK; (F) Residue Phe-198 is present in the pore along the central four-fold axis; the protein is shown in drawing
method of NewCartoon and residue Phe-198 in drawing method of CPK.
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Fig. 4. Structural analysis of the conducting channel of one Aqyl monomer. (A) One channel of the last frame from the MD simulations of the
Aqy| tetramer. There were eight water molecules in single file in the channel. Phe-92 in tan, Asn-112 in green, Pro-1 13, Ala-114 in pink, Asn-224
in orange, Pro-225 and Ala-226 in yellow, Arg-227 in blue; these residues are shown in drawing methods of VDW, and the other parts of the
protein in drawing methods of Surf and white color. (B) The main pathway through the channel. (C) The selectivity filter residues Arg-227,
His-212, Phe-92, and Ala-221 shown in drawing method of VDW. (D) One of the NPA motifs’ residues Asn-224, which is positioned with Leu-208,
Leu-223, and Phe-58, all of which are shown in Licorice drawing method and water in VDW; (E) One of NPA motifs’ residues Asn-112, which is
positioned with Val-96, Leu-182, Leu-111, all of which are shown in Licorice drawing method and water in VDW; (F) The residue Asn-110, which
is positioned with Val-100, lle-204, Val-109, and Val-186, all of which are shown in Licorice drawing method and water in VDW; (G) The end of
the conduction pore, which is stopped by Tyr-31, and Pro-29, Tyr-104, Gly-108, and Ala-190, all of which are shown in Licorice drawing method
and water in VDW; (H) The extracellular vestibule of the channel made from Gly-220, lle-216, Asn-160, lle-88, Ala-66, and Phe-158, all of which
are shown in Licorice drawing method and water in VDW.

Asniiz L Phei58

4B-G and Fig 5). Before water enters the channel, the
molecules remain in the extracellular vestibule, which
comprises Gly-220, Ile-216, Asn-160, Ile-88, Ala-66,
and Phe-158 (Fig. 4H).

The conduction channel, selectivity filter, NPA
motifs, and extracellular vestibule

We investigated the structure of Aqyl tetramers

in the protein-lipids complex system of the last frame 5 .

after simulation and observed eight water molecules 45 _\\ //
in single file in the channel. These molecules were ol N Extra. SF NPA Intea!
stopped by Tyr-31 (Fig. 4A, B, and G). Due to a selec- i — /
tivity filter containing Arg-227, His-212, Phe-92, and ESad I

Ala-221 (Fig. 4C), the channel diameter became small, z i \\\

sterically excluding the passage of glycerol, with the E 257 \_\ )
narrowest diameter of the channel computed by 2 2 \\ PUWAN /{
hole2.0 software (Fig. 5). Asparagines 224 and 112 of ~ 15 \ \\

the two most conserved NPA motifs form the canon- 1} \j oy j
ical “fireman’s grip-like” structure in the center of the 05| V4
channel (Fig. 4A, B, D, and E). In addition to Asn-224

and Asn-112, other amino acids line the inner surface ) ‘1° 18
of the channel, including Leu-208, Leu-223, Phe-58, Pore Position (1
Val-96, Leu-182, Leu-111, Asn-110, Val-100, Ile-204,
Val-109, Val-186, Tyr-31, Gly-108, Gly-108, Ala-190,
Tyr-104, and Pro-29, although it is closed by Tyr-31,

where the pore diameter measures about 0.8A (Fig.

Fig. 5. The channel radius versus position. The regions of the channel
comprising the extracellular vestibule (Extra-), selectivity filter (SF-),
NPA motif region, and intracellular vestibule (Intra-) are labeled. The
calculation of pore dimensions was done with the program Hole2.0
software.
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Free energy computation

We performed SMD to simultaneously pull wa-
ter molecules through four channels of Aqyl. The
free-energy profile computed by BD-FDT showed an
energy barrier near Tyr-31 (Fig. 6), which is consistent
with the results of MD simulations.

80 T T 1 | | T 1
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Comparison of Aqyl with mammalian aqua-
porins

We compared the atomic structure and amino
acid sequence of Aqyl with mammalian aquaporins
AQPO, AQP1, AQP4, and AQP5. The amino acid se-
quences of these aquaporins are quite similar. Inter-
estingly, however, the N-terminus is longer in Aqyl
than in other AQPs (Fig. 7 A and B).

'u'mijmé.our u2:3 B

\ A
WAL N
v,

Free energy (keal/mol)
w
3

10 -5 0 5 0 15 20 25 30 35 40

Z ( Angstroms)

Fig. 6. The free-energy profile of water permeation through the channels of Aqy|l. (A) Work done along the forward (dragwater-f) and reverse
(dragwater-r) pulling paths. Using the last frame, four water molecules were pulled from the start position at -104 through Aqgy| channels, one
water molecule through each channel; five forward and five reverse paths were performed. (B) The free-energy profile of Aqy| was computed
using the Brownian dynamics fluctuation-dissipation-theorem (BD-FDT) method according to the mmechanical work done in the above pulling
paths.

Fig. 7. Comparison of Aqy| with mammalian aquaporins. (A) Comparison of the structure of Aqy| (in green) monomer with those of Aqp0 (PDB
entry 2B6P, in blue), Aqp| (PDB entry 1J4N, in red), Aqp4 (PDB entry 3GDS, in yellow) and Aqp5 (PDB entry 3D9S, in tan). Each structure is
depicted with drawing method of NewCartoon. (B) The amino acid sequence alignment results for Aqyl, Aqpl, Aqp4, and Aqp5 with Espript
software.

http://www.biolsci.org




Int. J. Biol. Sci. 2012, 8

1032

Amino acid sequence homology search, mo-
lecular evolution, and alignment

Based on our BLASTp search in the NCBI data-
base, amino acid sequences of similar fungal aqua-
porins were obtained. We divided these into two
groups: one group was clustered with Aqy1, and the
other was not (Fig. 8). Amino acid sequence align-
ments indicated that Tyr-31 in Aqy1l of P. pastoris is
not a conserved residue: while present in Candida

—

—

—
L

—
—

dubliniensis, C. albicans, Lodderomyces elongisporus,
Clavispora lusitaniae, Yarrowia lipolytica, and Debary-
omyces hansenii, Tyr-31 was not found in S. cerevisiae, S.
chevalieri, Scheffersomyces stipitis, Kluyveromyces lactis,
or C. glabrata (Fig. 9). In addition, Pro-29 was present
in C. dubliniensis, C. albicans, L. elongisporus and C.
lusitaniae; this residue is important to the configura-
tion of the pore in Aqy1 of P. pastoris.

Aspergillus flavus XP 002377476
Aspergillus terreus XP 001211324
Aspergillus fumigatus XP 746526
Neosartorya fischeri XP 001262474
Aspergillus nidulans XP 664772
Aspergillus clavatus XP 001274891
Penicillium chrysogenum XP 002558264
Aspergillus flavus XP 002377624
Aspergillus oryzae XP 001825978
Paracoccidioides brasiliensis EEH 18381
Ajellomyces dermatitidis XP 002629618
Ajellomyces capsulatus EEH06797
Ajellomyces capsulatus EER38461
Coccidioides posadasii XP 003069829
Arthroderma otae XP 002848916
Trichophyton verrucosum XP 003020016
Arthroderma benhamiae XP 003015093
Neurospora crassa XP 965183

Sordaria macrospora CBI58704
Penicillium marneffei XP 002152841
Talaromyces stipitatus XP 002486574
Verticillium albo atrumgi XP 003009607
Glomerella graminicola EFQ32034
Podospora anserina CAP65609
Chaetomium globosum XP 001222
Phaeosphaeria nodorum XP 001795313
Pyrenophora tritici repentis XP 001934405
Cryptococcus neoformans XP 569534
Cryptococcus neoformans XP 776423
Sclerotinia sclerotiorum XP 001585953
Pyrenophora teres EFQ93817
Pyrenophora teres EFQ94658
Botryotinia fuckeliana XP 001549298
Magnaporthe oryzae XP 361430
Glomerella graminicola EFQ31514
Gibberella zeae XP 390992

Tuber melanosporum XP 002835194
Blumeria graminis CAD66431

Blumeria graminis AAL77035

Puccinia graminis EFP76426

Nectria haematococca XP 00305
Gibberella zeae XP 380987

Yarrowia lipolytica XP 504854
Debaryomyces hansenii XP 461517
Ashbya gossypii NP 986401
Saccharomyces chevalieri AAG53971
Saccharomyces cerevisiae ADC55259
Candida glabrata XP 444824

Pichia pastoris 2W1P

Kluyveromyces lactis XP 451974
Clavispora lusitaniae XP 002619875
Scheffersomyces stipitis XP 001383665
Lodderomyces elongisporusgi XP 001527487
Candida dubliniensis XP 002421855
Candida albicans XP 715831

Fig. 8 . Phylogenetic tree constructed for Aqyl and homologous amino acid sequences from other fungal aquaporins by Mega 4.0.
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Fig. 9. Amino acid sequence alignment between Aqy| and homologous amino acid sequences of other fungal aquaporins. Only N-terminal amino
acid sequences are shown here. The arrow indicates Tyr-31 in Aqy| from Pichia pastoris, which is not conserved in across fungi.

Discussion

Fischer et al. (2009) provided the initial insight to
the yeast aquaporin Aqyl by describing its x-ray
structure in P. pastoris [10]. Their work demonstrated
that Aqy1 is an N-terminal-gated AQP controlled by
Tyr-31. Further, the authors indicated that the hy-
drogen bond from Try-27 anchors the bundle of Aqy1
to the AQP scaffold, and Pro-29 introduces a kink
allowing Try-31 to insert itself and block the water
channel [10]. In the present study, we simulated the
molecular dynamics of this crystal structure in a
solvated lipid bilayer. We confirmed that the Aqyl
channel is blocked by Tyr-31 in the N-terminus, where
there is an energy barrier in light on our free energy
landscape.

We performed bioinformatics analyses of Aqyl
to gain additional insight to this water channel. We
compared the Aqyl structure with all known mam-
malian AQPs, including Aqp0, Aqpl, Aqp4 and
Aqp5. We observed an extended N-terminus in Aqy1,
consistent with the amino acid sequence alignment,
suggesting potential differences in the gating mecha-
nisms between fungi and mammalian aquaporins.
Additionally, sequence alignment of Aqyl with other
fungal AQPs showed that Tyr-31 of Aqyl from P.
pastoris is not a highly conserved residue, despite the
report by Fischer et al. [10] describing this residue as
conserved across fungi. Therefore, not all fungal ag-
uaporins share the same gating mechanism by a tyro-

sine residue in the N-terminus. Indeed, considering
that the recombinant protein Aqy1 of S. cerevisiae lacks
the C-terminus and mediates a 3-fold higher water
permeability than the full-length protein, the channel
in that fungus is opened and regulated by the
C-terminus [6]. However, the presence of Tyr-31 in C.
dubliniensis, C. albicans, L. elongisporus, C. lusitaniae, Y.
lipolytica, and D. hansenii and Pro-29 in C. dubliniensis,
C. albicans, L. elongisporusgi and C. lusitaniae seem to
suggest that the pore in these organisms is blocked by
tyrosine. More high-resolution structures are required
to identify gating mechanisms in other fungal AQPs.

A physiological role for fungal AQPs in protect-
ing cells against freeze-thaw stress by sustaining
low-temperature water permeability has been con-
firmed in several studies [3,4,5]. Thus, the potential to
open and close the N-terminus of Aqyl may be re-
quired for the survival of cells in freezing environ-
ments. When the pore is open, a continuous water
column would be present within the channel, as
demonstrated by the eight water molecules in sin-
gle-file during our MD simulation. Thus, these simu-
lations confirm the physiological role of aquaporin as
a water channel.

As observed in other AQPs [19], two sites inter-
act strongly with water in the conduction channel: the
ar/R constriction and the NPA motif. In Aqyl, the
ar/R constriction, i.e., selectivity filter, is formed by
four residues, Arg-227, His-212, Phe-92, and Ala-221.
These reflect similar sites in Aqpl (Arg-195, His-180,
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Phe-56, and Cys-189) and GIpF (Arg-205, Phe-200,
Gly-191, and Trp-48). Histidine is typically found in
water-specific channels, and, together with the highly
conserved arginine, provides a hydrophilic edge in
juxtaposition to an aromatic residue. The hydrophobic
Phe-92 side chain orients the water molecules to en-
force strong hydrogen bonds to Arg-227 and His-212.
The NPA motifs in the middle of the channel contain
both asparagines lying on one side and hydrophobic
side chains of Leu-208, Leu-223 and Phe-58, Val-96,
Leu-182, Leu-111 on the other. Farther down the
channel, toward the intracellular side, water mole-
cules interact with Asn-110 and the carbonyl groups
of residues Val-100, Ile-204, Val-109, and Val-186 in
the pore. At the end of the conduction pore, water
molecules interact with Tyr-31 and Pro-29 and
Tyr-104, Gly-108, and Ala-190.

According to our MD simulations, before enter-
ing into the Aqyl channel, some water molecules
present in the extracellular vestibule comprised of
Gly-220, Ile-216, Asn-160, 1le-88, Ala-66, and Phe-158.
Members of the water channel superfamily include
aquaporins and aquaglyceroporins. In aquaglyc-
eroporins, the vestibule is regarded as a place for
glycerol recruitment and desolvation of solutes for
transport through the channel, a hypothesis con-
firmed by the crystal structures of GlpF and PfAQP
(malarial aquaglyceroporins), with glycerol molecules
located in the entry vestibule [20, 21, 22]. However, in
the 1.8A structure of the water-specific hAQP4, three
glycerol molecules were included in the extracellular
vestibule but no glycerol was included in the selectiv-
ity filter [19].

In natural membranes, every AQP studied to
date forms a tetramer, and each monomer has its own
channel with independent function. The tetramer is
held together by extensive interactions between heli-
ces and loops of the four monomers, with a hole in the
center of the molecule. The physiological function of
the four-fold axis has been the most intriguing ques-
tion in the structure of aquaporin. Some suggest this
axis functions as an ion or gas channel [8], while oth-
ers believe it insulates against all solutes and water
[19]. Upon simulation, we observed no water in the
four-fold axis of Aqy1l. Cross-section analyses suggest
that there are many hydrophobic residues that may
help insulate to prevent flux of water through these
holes, especially Phe-90, Trp-198, and Phe-202, which
are smaller than other residues.

Accurate computation of free-energy is of essen-
tial importance in quantitative studies of biological
systems because most biophysical /chemical processes
are driven by the free-energy gradients. Methods to
calculate free-energy differences between two states

(conformations) A and B fall into two classes, equilib-
rium methods and, more recently developed,
non-equilibrium methods. Equilibrium approaches,
such as the thermodynamic integration (TI) method,
require more computing resources because they are
based on “full” sampling of the equilibrium ensem-
bles involved in a given biophysical process.
Non-equilibrium approaches exploit the stochastic
dynamics of the system driven with some applied
forces and aim to map out the free-energy landscape
in terms of the potential of mean force (PMF) [23]. The
free-energy difference between States A and B is ex-
tracted from the measurements of work along the
transition paths connecting the two states. Recently, a
non-equilibrium PMF type of approach has been de-
veloped on the basis of the Brownian dynamics fluc-
tuation-dissipation theorems (BD-FDT), extracting the
equilibrium free-energy differences from irreversible
(non-equilibrium) work measurements in steered
molecular dynamics (SMD) simulations [17, 18]. In the
present study, we computed the free energy profiles
of water through Aqyl by BD-FDT, and the result is
consistent with the previous report [10] using equi-
librium statistical distribution, which is accurate in
the limit of finitely long simulations. Using BD-FDT, a
non-equilibrium PMF type of approach, we can run
shorter simulations and still obtain accurate results.

Our findings provide additional insight to the
potential mechanics of Aqyl and similar aquaporins
and may offer important information upon which to
develop experimental approaches to understanding
these channels.
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