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The asparagine-linked glycosylation site of the extended extracellular loop connecting transmembrane
helices 1 and 2 has been identified in human aquaporin 1 (AQP1), though its functional significance
remains unclear. Here, we investigate AQP1 glycosylated at Asn42 and Asn205, using molecular
dynamics simulations. In glycosylated AQP1, fluctuation of the protein backbone groups surrounding the
linker Asn42 in the extended extracellular loop 1-2 is significantly suppressed compared to non-
glycosylated AQP1. The heavily hydrated glycan at Asn42 stretches the extracellular loop, which in turn
induces conformational changes that propagate into the transmembrane region. Notably, glycosylation
reduces water permeability by narrowing the pore near the extracellular entrance, thereby lowering
water occupancy and permeation frequency. These structural rearrangements are accompanied by
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glycosylation-induced displacements of helices 1 and 5, which alter hydrogen-bond interactions
involving residues such as His180 and Argl195, components of the aromatic/arginine selectivity filter.
These findings reveal how extracellular glycosylation directly modulates AQP1 channel architecture and
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Introduction

Aquaporins (AQPs) are a family of transmembrane proteins that
form water channels at the plasma membrane of many cell
types." The crystal structures of AQPs typically reveal 7 to 9
water molecules arranged in a single file along the narrow
channel pore (e.g., ref. 2 and 3). A distinct feature of AQPs is
their ability to facilitate selective water transport while strictly
excluding protons, a property essential for maintaining osmotic
balance in cells and tissues. Several mechanisms have been
proposed to explain the origin of this selective water perme-
ability, focusing on structural and electrostatic factors in the
channel. One widely discussed model proposes that, as water
molecules move in a single-file arrangement through the
narrow pore, they undergo a characteristic reorientation at
the midpoint, which disrupts proton conduction via the Grot-
thuss mechanism (e.g., ref. 4 and 5). An alternative model
suggests that the hydrophobic regions of the channel impose
a significant desolvation penalty on protons attempting to
enter, further enhancing the electrostatic barrier (e.g., ref. 6).
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suggesting a general
glycosylation sites in extracellular loops.

regulatory mechanism for aquaporin family members bearing

While these structural features likely contribute to proton
exclusion, it is primarily the electrostatic barrier induced by
key residues in the channel that plays a central role. Specifi-
cally, the conserved asparagine-proline-alanine (NPA) motifs
located near the center of the pore, along with the aromatic/
arginine selectivity filter near the extracellular side, generate an
energetic barrier that prevents proton permeation while allow-
ing water molecules to pass freely (e.g., ref. 7 and 8). This model
based on electrostatic protein environment provides a key
framework for understanding how AQPs achieve both high
water conductance and proton impermeability. Indeed, proton
transfer from the bulk region toward the inner core of the
channel is energetically uphill in AQP,’ in contrast to the
energetically downhill proton transfer observed along proton-
conducting channels in photosystem II, the water-splitting
enzyme. %'

The APQ family, including AQPO to AQP12, is also known to
undergo asparagine-linked (N-linked) glycosylation, a post-
translational modification where carbohydrate chains are
attached to asparagine residues within specific consensus
sequences, the conserved Asn-X-Ser/Thr motif, where X can
be any amino acid except proline."> Human AQP1 is constitu-
tively expressed in the proximal tubules of the cortex, facilitat-
ing water reabsorption. In the outer medulla, it is present in the
descending thin limbs and vasa recta, where it plays a crucial
role in urine concentration under varying osmotic conditions
(e.g., ref. 13). Human AQP1 contains two glycosylation sites,
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Asn42, located in the Asn42-GIn43-Thr44 motif within the
extended extracellular loop connecting transmembrane helices
1 and 2 (loop 1-2), and Asn205, located in the Asn205-Phe206-
Ser207 motif within the extracellular loop connecting half helix
E and transmembrane helix 6 (loop E-6)."*"” These motifs,
characteristic of Asn-X-Ser/Thr sequences, suggest that AQP1
can be glycosylated at both Asn42 and Asn205 with N-linked
glycans, forming a complex-type glycosylation pattern.
Although these motifs are unique to human AQP1 and not fully
conserved among the AQP family, glycosylation at Asn42 has
been shown to be critical for proper glycan processing and the
formation of complex glycans.'*'” Glycosylation at AQP1 has
been suggested to play a role in its stability, expression, and
potentially membrane localization.'® Glycosylation also occurs
in other AQPs, although the specific glycosylation sites are not
universally conserved. In human AQP2, glycosylation at Asn123
in the conserved Asn-X-Ser/Thr motif of the extracellular loop
between transmembrane helices 3 and 4 plays a critical phy-
siological role. A mutation in this motif (e.g., T125M) disrupts
glycosylation at Asn123, leading to recessive nephrogenic dia-
betes insipidus.'®?° In human AQP10, glycosylation at Asn133
in the extracellular loop between helices 3 and 4 results in a
3-6 °C higher apparent melting temperature compared to its
non-glycosylated form, indicating enhanced thermostability.”"
These examples suggest that glycosylation in the AQP family is
directly linked to their structural stability and physiological
functions.

Despite these findings, the specific structural and functional
impacts of glycosylation on AQP1 remain unclear. Given its
crucial role in water transport, it is essential to understand how
glycosylation influences the protein structure and potentially
the function of AQP1. In this study, we address these gaps
by investigating the structural and functional consequences of
glycosylation in AQP1 conducting molecular dynamics (MD)
simulations of glycosylated and non-glycosylated AQP1.

Methods

Atomic coordinates and partial charges

The atomic coordinates of monomeric human AQP1 were
obtained from a refined structure (PDB code: 1H6I*%), which
was derived through electron crystallographic refinement to
resolve structural deviations observed in MD simulations of the
original AQP1 crystal structure (PDB code: 1FQY'®). Atomic
partial charges of amino acids were adopted from the all-atom
CHARMM?22*>® parameter set. H atoms were generated and
energetically optimized using CHARMM.>* During the optimi-
zation of H-atom positions, all titratable groups were assigned
to their most likely protonation states, with acidic residues
deprotonated and basic residues protonated.

Although AQP1 physiologically assembles into tetramers,
each monomer functions as an independent water channel.?®
The monomeric form has also been shown to be functional in
experimental studies on tobacco aquaporin®® and AqpZ.”” In
the present study, the monomeric form was adopted, following
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previous MD studies on AQP1,® to examine the structural and
functional effects of glycosylation. This approach allows a more
direct assessment of glycosylation-induced modulation, with-
out adding the complexity of inter-subunit interactions as a
starting point.

Among the two glycosylation sites, Asn42 and Asn205, Asn42
is located at the monomer-monomer interface in the tetra-
meric structure, whereas Asn205 is positioned outside the
interface. According to theoretical analysis by Drewniak et al.,
glycosylation at Asn42 may participate in inter-subunit interac-
tions via a salt bridge with Asp131 in the adjacent monomer in
two of the four subunits within the tetramer.>® Therefore,
glycosylation effects observed in the monomeric AQP1 may
partially differ from those in the full tetrameric assembly.
Nonetheless, the present monomer-based analysis allows us
to isolate and characterize the direct, intrinsic structural effects
of glycosylation on the AQP1 subunit.

It should also be noted that, for experimental validation of
the present study, monomeric AQP1 will be prepared by intro-
ducing interface mutations to prevent tetramerization and
expressing the protein on the cell surface. This strategy enables
site-specific enzymatic glycan modification (e.g., sialidase treat-
ment to remove terminal sialic acid), simplifying the prepara-
tion of well-defined glycoforms corresponding to those used in
the present simulations. Thus, adopting the monomeric form is
consistent with both the computational model and planned
experimental approaches.

N-Linked glycans, which are composed of neutral monosac-
charide residues and thus carry no net charge under physiolo-
gical conditions, were modeled at the glycosylation sites Asn42
and Asn205, both of which are part of the Asn-X-Ser/Thr motif,
where X can be any amino acid except proline.'? The asparagine
side chain is glycosylated with a reducing terminal N-
acetylglucosamine (GlcNAc). The attached glycan, from the
reducing terminal to the non-reducing terminal, consists of
two GlcNAc residues linked by B(1 — 4), followed by a branched
mannose core linked to GlcNAc via B(1 — 4) form. The
branched mannose core is linked to two mannose (Man)
residues linked by «(1 — 3) and o(1 — 6). Both branches of
the mannose core are extended by B(1 — 2)-linked GlcNAc
residues, which are further capped by (1 — 4)-linked galactose
(Gal) residues (Fig. S3). This glycan represents a common
complex-type N-linked glycosylation pattern, characterized by
a branched mannose core and terminal GlcNAc and Gal resi-
dues, frequently observed in mammalian glycoproteins,"> and
experimentally identified at Asn42 in AQP1.'*"”

Protonation pattern

The protonation pattern of the titratable residues was deter-
mined by solving the linear Poisson-Boltzmann equation using
the MEAD program.®° All calculations were conducted at 300 K,
pH 7.0, and an ionic strength of 100 mM, with dielectric
constants of 4 for the protein interior and 80 for bulk water.
To calculate the pK, values of titratable sites in the protein, the
calculated pK, difference between the protein site and the
reference system was added to the known reference pK, value
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(e.g., 4.0 for Asp®"). Experimentally measured pK, values used as
references were 12.0 for Arg, 4.0 for Asp, 9.5 for Cys, 4.4 for Glu,
10.4 for Lys, 9.6 for Tyr,** and 7.0 and 6.6 for the N, and Nj
atoms of His, respectively.>** Protonation patterns were
sampled using a Monte Carlo method with Karlsberg.>® The
linear Poisson-Boltzmann equation was solved through a three-
step grid-focusing procedure at resolutions of 2.5 A, 1.0 A, and
0.3 A. Monte Carlo sampling provided the probabilities of the
protonated and deprotonated states for each titratable site. The
resulting protonation patterns were subsequently used in MD
simulations: His204 was doubly-protonated and all other titra-
table side chains were in their standard protonation states (i.e.,
singly protonated for histidine residues, protonated for other
basic residues, and deprotonated for acidic residues).

MD simulations

The AQP1 assembly was embedded in a lipid bilayer consisting
of 387 1-palmitoyl-2-oleyl-sn-glycero-3-phosphocholine (POPC)
molecules using CHARMM-GUI*® and soaked in 31 096-34 314
TIP3P water models, and 6 chloride ions were added to neu-
tralize the system using VMD plugins.®” After structural opti-
mization with position restraints on the heavy atoms of the
AQP1 assembly, the system was heated from 0.1 to 300 K over
5.5 ps with a time step of 0.1 fs, equilibrated at 300 K forl ns
with a time step of 0.5 fs, and annealed from 300 to 0 K over
5.5 ps with a time step of 0.1 fs. The positional restraints on the
heavy atoms of the side-chains were released, and the same
procedure was repeated. The positional restraints on any atoms
were released, and the system was heated from 0.1 to 300 K over
5.5 ps with a time step of 0.1 fs and equilibrated at300 K for 1 ns
with a time step of 0.5 fs. The system was equilibrated at 300 K
for 225 ns with a time step of 1.5 fs. Five independent 225-ns
simulations were performed for both glycosylated and non-
glycosylated AQP1. All MD simulations were conducted with the
CHARMM?22 force field parameter set>® using the MD engine
NAMD version2.15.>® For MD simulations with a time step of
1.5 fs, the SHAKE algorithm for hydrogen constraints was
employed.®® For temperature and pressure control, the Lange-
vin thermostat and piston were used.*>*' Atomic coordinates
generated performing MD simulations are provided in SI (SI
coordinates).

Results and discussion

Enhanced disorder of channel water molecules upon
glycosylation

Although water molecules are invisible in the reported human
AQP1 crystal structures'®*>*? (Fig. 1a), MD simulations indi-
cate the presence of water molecules along the channel pore
(Fig. 2). The positions of these water molecules are essentially
consistent with those identified in the bovine AQP1 structure,
which assigned seven water molecules in the channel pore®?
(Fig. 1b).

While the number of surface water (i.e., hydrated water)
molecules on the intracellular surface remains unchanged
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Fig. 1 Overview of mammalian APQ1 structures. (a) Human AQP1 (PDB
ID: 1H6I). (b) Bovine AQP1 (PDB ID: 1J4N). Red spheres indicate water
molecules in the transmembrane region. Water molecules 1 to 7 are
located along the water channel, and water molecule O is beside the
channel, near the side chain of Thrlll (at a distance of 2.8 A) and the
backbone oxygen atom of Arg197 (2.4 A) adjacent to the channel. No
water molecules are assigned in the human AQP1 structure.

between glycosylated and non-glycosylated AQP1 proteins
(~90 water molecules), glycosylated AQP1 exhibits approxi-
mately 70 more H-bound water molecules on the extracellular
surface than non-glycosylated AQP1 (Fig. 2). This observation

extracellular

intracellular

(b) 202.3 H,0 molecules 133.4 H,0 molecules

92.0 H,0 molecules

93.1 H,0 molecules

Fig. 2 Overview of structural fluctuations and water molecule distribu-
tions during molecular dynamics simulations. (a) Structural fluctuations,
including glycans. (b) Water molecule distributions within 3.2 A of the
protein and glycan surfaces. Left panels show glycosylated AQP1, and right
panels show non-glycosylated AQP1. Red and blue dots represent accu-
mulated positions of water molecules. Blue horizontal lines indicate the
midplane of the transmembrane region, analyzed using the PPM server.*#
Numerical values represent the average number of water molecules on the
extracellular and intracellular sides. The configurations and water distribu-
tions were accumulated over five 225-ns MD trajectories. See Fig. S1 for
water distributions in individual trajectories.
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Fig. 3 Displacements of Coa atoms between glycosylated and non-
glycosylated AQP1 structures. Displacements are averaged over five 225-ns
MD trajectories. Black and red lines represent the displacement of residues in
helix and connecting (e.g., loop) regions, respectively. Labels 1-6, B, and E
indicate the six transmembrane helices and two half-helices, respectively. The
positions of the glycosylation sites Asn42 and Asn205 are indicated.
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suggests that glycosylation substantially increases the hydra-
tion surface, primarily as by extending the extracellular protein
bulk surface.
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Fig. 5 Frequency of water molecule permeation events in the channel in
the time region of 37.5-150 ns, averaged over five MD trajectories. Error
bars represent standard deviations among trajectories. See Fig. S2 for
permeation details in individual trajectories.

To address this, below structural differences and fluctua-
tions between glycosylated and non-glycosylated AQP1 proteins
are analyzed.
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Fig. 4 Comparison of structural fluctuations along the transmembrane axis, z, between glycosylated and non-glycosylated AQP1 structures in
equilibrium. (a) Overall shape of the glycosylated AQP1 structure. (b) Root mean square fluctuations (RMSF) for glycosylated (red) and non-
glycosylated (blue) AQP1 structures (A). (c) RMSF differences (non-glycosylated AQP1 minus glycosylated AQP1) between glycosylated AQP1 and

non-glycosylated AQP1 (A). Open circles and squares represent values for backbone regions, whereas closed circles and squares represent values for side
chains. Black closed squares represent values for glycans. Yellow bands highlight regions near glycan-linked asparagine residues, Asn42 and Asn205. The

values were averaged over five 225-ns MD trajectories.
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Fig. 6 Channel shape comparison between glycosylated and non-glycosylated AQP1. (a) Averaged structure of glycosylated AQP1 (magenta). (b)
Averaged structure of non-glycosylated AQP1 (cyan). Upper panels: top views from the extracellular side. Lower panels: side views with channel
pathways. (c) Channel radius along the transmembrane axis, z (A), comparing glycosylated (magenta) and non-glycosylated (cyan) AQP1 structures.
Structures were averaged over five MD trajectories in the time region of 37.5-150 ns, followed by geometry optimizations of amino-acid side chains. The
peak for glycosylated AQP1 in the left panel corresponds to the inner surface formed by Phe56, His180, Cys189, and Arg195. Labels 1,2, 5, and E indicate
helices.
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Fig. 7 Population of water molecules in the channel.

Reduced fluctuations in glycosylated AQP1

Structural comparisons reveal that the most significant struc-
tural displacement upon glycosylation occurs in the extended
extracellular loop 1-2 (Tyr37 to Asp48), which contains Asn42,
the glycan-linked residue (Fig. 3). In contrast, the second
glycosylation site at Asn205, located in the shorter extracellular
loop between Val201 and Ser207 (loop E-6), does not exhibit
significant structural displacement, likely due to the loop’s
shorter length and relatively rigid conformation.

In addition, the extended loop 1-2, containing Asn42, exhi-
bits reduced backbone fluctuations after glycosylation (Fig. 4),
consistent with the widely accepted view that glycosylation
enhances protein stability and reduces protein flexibility.*®
Thus, glycosylation does not induce structural fluctuations
but instead facilitates energetically favorable structural changes
in the otherwise fluctuating extended loop 1-2, resulting in a
more stabilized conformation.

helix E

Fig. 8 Glycosylation-induced structural rearrangement in AQP1. Left
panel: side view. Right panel: top view from the extracellular side. Arrows
indicate the directions of structural changes upon glycosylation. The
structures were averaged over five MD trajectories (37.5-150 ns), followed
by geometry optimizations of amino-acid side chains.
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Table1l Changes inthe H-bond pattern upon glycosylation (difference >
30%). Values represent averages over five MD trajectories in the time
region of 37.5-150 ns. CO: backbone carbonyl group. NH: backbone
NH group

Donor Acceptor H-bond formation ratio
+Glycan —Glycan
Residue  Region Residue  Region (%) (%)
Ile27CO  Helix 1 Ser31 Helix 1 88.5 31.5
Ser53 Helix 2 His180 Helix 5 0.0 50.4
Ile106CO Helix 3 Ala110NH Helix 3 35.0 67.3
Leu112CO Helix 3 Thr116  Loop 3-4 67.4 35.8
Asn127  Loop 3-4 Argl95 Half-helix 48.0 4.7
E

Glu142  Helix 4 Thr187  Loop 5-E  96.8 38.3
Asp158 Loop 4-5 Argl60 Loop 4-5 62.8 16.9
Ala171CO Helix 5 Ser175 Helix 5 56.8 24.5
Gly198 Half-helix Thr109 Half-helix 52.3 1.9

E E
Ser199CO Half-helix Thr203NH Loop E-6 32.1 65.3

E
Ser199CO Half-helix Thr203 Loop E-6 54.9 84.7

E
His209 Helix 6 Trp213NH Helix 6 19.0 61.8
Leu231CO Loop 6-C  Arg160 Loop 4-5 47.5 0.3

Although the His74 side chain is oriented away from the
channel pore, it exhibits increased fluctuations upon glycosyla-
tion (Fig. 4c). This observation suggests that glycosylation
affects not only water molecules within the channel pore
(Fig. 2b, left) but also those in adjacent regions, leading to a
broader disruption of water organization and enhanced fluc-
tuation of His74.

Mechanism for glycosylation-induced structural changes in the
channel pore

Remarkably, the present results indicate that glycosylation
reduces the water permeability of AQP1. The frequency of water
permeation events is significantly higher in non-glycosylated
AQP1 than in glycosylated AQP1 (Fig. 5 and Fig. S2). In
glycosylated AQP1 structure, the extracellular side of the chan-
nel was partially occluded (Fig. 6a), in contrast to the more
open configuration observed in the non-glycosylated form
(Fig. 6b). This occlusion narrows the pore radius near the
extracellular entrance (Fig. 6¢), thereby limiting water access
to the inner channel region. Apart from this constriction at the
extracellular side, the overall channel radius profiles along the
transmembrane axis show no substantial differences between
glycosylated and non-glycosylated AQP1 (Fig. 6b and c).

Consistent with this narrower extracellular entrance, the
average number of water molecules in this region is signifi-
cantly lower in glycosylated AQP1 than in non-glycosylated
AQP1 (Fig. 7). This reduction in local water density explains
why the frequency of water permeation events becomes lower
upon glycosylation.

As the origin of these structural changes, glycosylation
induces displacements of helices 1 and 5 (Fig. 8), which lead
to altered hydrogen-bonding patterns involving key residues
such as His180 (helix 5) and Arg195 (half-helix E) (Table 1).
These residues have been implicated in forming the “aromatic/
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arginine selectivity filter” (e.g., ref. 1, 29 and 46-48). Conse-
quently, glycosylation at the extended loop can directly modify
the geometry of the channel pore.

This mechanism is also consistent with previous findings
that interactions between an AQP1 blocker, tetraethylammo-
nium, and the extended loop 1-2, where the glycosylation site is
situated, account for the loss of tetraethylammonium inhibi-
tion in the N42A AQP1 mutant.*’ Together, these results
provide a molecular framework for understanding how glyco-
sylation modulates the structure and function of AQP1.

Conclusions

The structural and functional consequences of glycosylation in
AQP1 were investigated using MD simulations. Glycosylation at
Asn42 significantly stabilizes the extended extracellular loop 1-
2 by suppressing its backbone fluctuations (Fig. 4). This stabili-
zation results in a pronounced stretching of loop 1-2, driven by the
formation of a structured hydration shell surrounding the glycan.
The glycan-associated hydration shell appears to effectively decou-
ple the glycan from the protein surface, triggering conformational
changes that propagate into the transmembrane region. Glycosyla-
tion reduces water permeability through AQP1. The frequency of
water permeation events is significantly lower in glycosylated AQP1
than in the non-glycosylated form (Fig. 5 and Fig. S2). This
reduction is attributable to a narrowing of the pore radius near
the extracellular entrance, where the loop 1-2 undergoes structural
rearrangement upon glycosylation (Fig. 6). In contrast, no substan-
tial differences in pore radius are observed along the other region
of the channel. Consistent with the narrowing, the average water
density in the extracellular portion of the channel is significantly
reduced in glycosylated AQP1 (Fig. 7), limiting access to the channel
interior. These structural rearrangements originate from
glycosylation-induced displacements in helices 1 and 5 lead to
modified H-bond interactions involving residues such as His180
and Arg195, which are part of the aromatic/arginine selectivity filter
(Table 1). These findings demonstrate that glycosylation not only
modulates protein conformation but also alters water transport
properties by changing the geometry and hydration environment
adjacent to the channel pore.

The observed structural modulations, triggered by the formation
of a heavily hydrated shell surrounding the glycan attached to the
conserved Asn-X-Ser/Thr motif and the subsequent stretching of
the extracellular loop away from the protein, may represent a
common mode of functional modulation in the AQP family,
provided the glycosylation site is located in an extracellular loop.
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