
Structure and Dynamics of Extracellular Loops in Human
Aquaporin‑1 from Solid-State NMR and Molecular Dynamics
Shenlin Wang,†,#,¶ Christopher Ing,‡,§,¶ Sanaz Emami,†,∥,¶ Yunjiang Jiang,⊥ Hongjun Liang,⊥
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ABSTRACT: Multiple moderate-resolution crystal structures
of human aquaporin-1 have provided a foundation for
understanding the molecular mechanism of selective water
translocation in human cells. To gain insight into the
interfacial structure and dynamics of human aquaporin-1 in a
lipid environment, we performed nuclear magnetic resonance
(NMR) spectroscopy and molecular dynamics simulations.
Using magic angle spinning solid-state NMR, we report a near
complete resonance assignment of the human aquaporin-1.
Chemical shift analysis of the secondary structure identified
pronounced deviations from crystallographic structures in
extracellular loops A and C, including the cis Y37−P38 bond in
loop A, as well as ordering and immobilization of loop C. Site-specific H/D exchange measurements identify a number of
protected nitrogen-bearing side chains and backbone amide groups, involved in stabilizing the loops. A combination of molecular
dynamics simulations with NMR-derived restraints and filtering based on solvent accessibility allowed for the determination of a
structural model of extracellular loops largely consistent with NMR results. The simulations reveal loop stabilizing interactions
that alter the extracellular surface of human AQP1, with possible implications for water transport regulation through the channel.
Modulation of water permeation may occur as a result of rearrangement of side chains from loop C in the extracellular vestibule
of hAQP1, affecting the aromatic arginine selectivity filter.

■ INTRODUCTION

Regulation of membrane water permeability is a fundamental
requirement for all living organisms. Passive water transport
across membranes is facilitated by aquaporins (AQPs), which
have a wide taxonomic distribution and are found in
vertebrates, invertebrates, plants, fungi, and bacteria. Humans
have 13 different aquaporins (hAQP0−hAQP12), which are
expressed in many vital organs and tissues. Their main function
is to conduct water across cell membranes, although some
AQPs are permeable to glycerol and other small solutes.1,2

Since their discovery, aquaporins have been a subject of
active research, in part because of their medical relevance.3,4 In
particular, due to their possible involvement in a number of
pathologies, aquaporins have been explored as pharmacological
targets, and search for their inhibitors has been steadily
expanding.5−9

Human aquaporin 1 is the first discovered human aquaporin,
and it has been the focus of extensive structural studies by
crystallographic methods: two medium-resolution cryo-EM

structures and a medium-resolution X-ray crystal structure of
hAQP1 are available,10−12 as well as a higher-resolution
structure of the homologous bovine AQP1.13 In addition,
there is a refined structural model of hAQP1 which is based on
the EM structure of hAQP1 and the X-ray structure of its
bacterial homologue GlpF.14

All structural data reveal a consensus tetrameric assembly of
AQP1, with each monomer (28.5 kDa, 269 aa) acting as an
independent bidirectional pore selectively permeable to water
but rejecting other substances, such as ions (including protons)
and other small molecules.15−17 A topological model of hAQP1
is shown in Figure 1. Each subunit comprises six full α-helical
transmembrane domains (H1−H6) and five loops connecting
them (named A, B, C, D, and E). There are two additional
short nonspanning helices inserted in the membrane, located in
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loops B and E (HB and HE). Helices HB and HE contain two
characteristic NPA motifs (N76−P77−A78 and N192−P193−
A194) at their ends. They fold into the bilayer from opposite
sides of the membrane and form one of the constriction regions
of the selectivity filter in the aqueous pore.10,13,18 The other
aromatic arginine constriction (ar/R) comprised of the highly
conserved R195, H180, and F56 residues and C189 is
responsible for physically excluding larger solutes. This so-
called hourglass structure has high internal symmetry, whereby
the protein can be viewed as two semichannels, which reflects
the internal tandem sequence repeat.19,20

While the structure of transmembrane domains and the
mechanism of water permeation are well understood on the
basis of the available crystallographic, biochemical, and
molecular dynamics simulations data, the conformations of
less ordered and/or more mobile loops are not well-defined,
and this is reflected in generally higher crystallographic
temperature factors for these regions. At the same time, the
biochemical data and MD simulations show that these regions
may be important for regulation of water permeation, folding,
oligomerization, and possibly other processes.21−23 The
extracellular entrance to the water conduction pore was also
identified as a possible binding site for tetraethylammonium
and other hAQP1-blocking compounds.5,24

Over the past two decades, solid-state NMR (SSNMR) has
emerged as a powerful technique for studies of membrane
protein structure and dynamics. SSNMR is not limited by the
molecular weight of a protein, does not require long-range
order, and can therefore be used to study membrane proteins in
the bilayer environment under physiologically relevant
conditions.25−27 In this paper, we present a magic angle
spinning (MAS) SSNMR study of hAQP1, and demonstrate
that the important class of membrane-embedded water
channels is amenable to structural analysis by MAS SSNMR.
We report nearly complete resonance assignments obtained
using multidimensional SSNMR of the protein reconstituted in
lipids. Site-specific chemical shift and peak intensity analyses
indicate no major differences in the secondary structure and
mobility of the transmembrane (TM) domain between the
NMR data and crystallographic structures but show large

deviations for loop regions. Specifically, we detect the presence
of a cis Y37−P38 peptide bond in loop A, as well as ordering
and immobilization of loop C. Site-specific hydrogen−
deuterium (H/D) exchange data of nitrogen-bearing side
chains and backbone amide groups reveal a number of
nonexchangeable atoms in loop C.
Using NMR-derived torsional restraints, molecular dynamics

(MD) simulations, with multiple repeats resulting in micro-
seconds of aggregate data, were used to generate an ensemble
of structures representative of the NMR data. Our structural
analysis suggests the existence of some stabilizing interactions
of polar side chains in loop C with the TM domain of the
protein and in some cases the extracellular loop A. While
structures of several aquaporins do suggest stabilizing
interactions in the extracellular region, our work provides
strong evidence for such interactions based on the structural
characterization of hAQP1 in a near-physiological state.

■ EXPERIMENTAL METHODS
Sample Preparation. The expression vector pPICZB-

hAQP1-Myc-His6 (kindly provided by Frederick Öberg and
Kristina Hedfalk, Göteborg University, Sweden)28 encoding
full-length hAQP1 with a C-terminal Myc and 6xHis tags was
transformed into the protease-deficient P. pastoris strain
SMD1168H (Invitrogen) by electroporation. Uniformly
15N,13C-labeled hAQP1 was expressed in Pichia pastoris using
(15NH4)2SO4,

13C6-labeled glucose, and 13C-methanol as the
sole nitrogen and carbon sources, respectively. HAQP1 was
purified using Ni2+-NTA resin and reconstituted into lipids
(egg PC:brain PS = 9:1 w/w, Avanti lipids) by dialysis, at a
protein/lipid weight ratio of 2, as described earlier.29,30

Additional details are given in the Supporting Information.
NMR Spectroscopy. Proteoliposomes containing approx-

imately 6 mg of UCN hAQP1 were center packed in a 3.2 mm
thin wall rotor for NMR experiments. All SSNMR experiments
were performed on a Bruker Avance III spectrometer operating
at 800.230 MHz equipped with a 3.2 mm Efree HCN probe
(Bruker USA, Billerica, MA). Measurements were performed at
a spinning frequency of 14.3 kHz. The sample temperature was
maintained at ∼5 °C in all experiments. Three-dimensional
NCOCX, NCACX, and CANCO chemical shift correlation
experiments were performed using previously described pulse
sequences and optimization procedures.31 For NCA and NCO
transfer steps, band-selective SPECIFIC CP was imple-
mented.32 13C−13C polarization transfers were implemented
using DARR (dipolar assisted rotational resonance).33,34

SPINAL-64 decoupling35 of 86 kHz was used in both direct
and indirect chemical shift evolutions. Carbon chemical shifts
were indirectly referenced to 2,2-dimethyl-2-silapentane-5-
sulfonic acid (DSS) by adjusting the position of the 13C
adamantane downfield peak to 40.48 ppm.34 Nitrogen chemical
shifts were referenced indirectly by using the ratio of
gyromagnetic ratios γN/γC = 0.402979946. Additional details
are given in the Supporting Information.

Molecular Modeling. Six tetrameric models of hAQP1
were constructed on the basis of the 3.8 Å electron microscopy
structure (1FQY).10 One model was left unmodified from the
deposited EM structure. In five additional models (medoids A−
E), the extracellular loops A and C were removed and
reconstructed using MODELLER’s “DOPE potential loop
model”36 with additional torsional potentials derived from
TALOS+ predictions, identically for each subunit. During loop
construction, a cis peptide bond was enforced between Y37 and

Figure 1. Topological model of hAQP1 with helices, loops, and
purification His6-tag and Myc-tag labeled. Residues shown in green
have been assigned in the solid-state NMR spectra, as discussed in the
Results section.
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P38 as predicted from NMR results (discussed below). Each
tetramer was embedded in a solvated 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) bilayer using g_membed37

for a final simulation cell consisting of one hAQP1 tetramer,
272 POPC molecules, ∼15,800 water molecules, 25 Na+, and
33 Cl− ions for a total of ∼160,000 atoms. The protein, lipids,
and ions were modeled with the CHARMM36 all-atom force
field38−40 along with the TIP3P41 water model. The dimensions
of the final simulation cell were 13.4 × 14.1 × 9.1 nm3.
MD Simulations. Simulations were performed using

GROMACS 4.6.5.42 For all six models, steepest-descent energy
minimization was performed until atomic forces were less than
1000 kJ mol−1 nm−1. Two replicas were spawned with different
initial velocities for each of the six models, and were each
simulated for 2 ns with protein heavy atom restraints with a
force constant of 1000 kJ mol−1 nm−1. Unrestrained production
simulations of the 12 systems were carried out at constant
temperature (300 K) and constant pressure (1 atm) for 500 ns
each (6 μs in total). Restrained production simulations were
carried out using the same initial condition and simulation
methodology as unrestrained simulations, but torsional
restraints derived from NMR chemical shifts were introduced
on loop A and loop C of all subunits. The magnitudes of force
constants utilized for restrained simulations are summarized in

Table S2. Twelve simulations proceeded in four simulation
blocks of increasing length and restraint (15, 50, 150, and 300−
350 ns) for a total of 6 μs. Thus, the aggregate simulation time
of the human AQP1 monomer was 48 μs across both
unrestrained and restrained data sets. Additional details
regarding molecular modeling and dynamics are described in
the Supporting Information.

■ RESULTS

Sample Homogeneity and Solid-State NMR Spectral
Resolution. Aquaporins are well-structured, predominantly
helical proteins with a high propensity to form tetramers and
assemble into functional two-dimensional square arrays in
phospholipids.43 We have previously reported a sample
preparation protocol of fully functional hAQP1 reconstituted
in lipids for MAS SSNMR and showed that most residues of
the protein are visible in the dipolar correlation MAS SSNMR
spectra and give rise to sharp lines with typical line widths on
the order of 0.5 ppm in both 15N or 13C dimensions.29 Small-
angle X-ray scattering (SAXS) measurements indicate that
hAQP1 forms a 2D tetragonal lattice in our samples, which
gives rise to a series of scatterings at 0.096, 0.134, 0.192, 0.216,
0.272, 0.288, 0.346, 0.385, and 0.398 Å−1, respectively,
corresponding to the q10, q11, q20, q21, q22, q30, q32, q40, and

Figure 2. 2D and 3D SSNMR spectroscopy of hAQP1 at 800 MHz. (A) 2D NCOCX spectrum recorded with 13C−13C DARR mixing of 50 ms.
Selected assignments shown in the NCO region of the spectrum are labeled according to the C′[i] shift. (B) 2D plane of the 3D NCACX spectrum
recorded with 50 ms DARR carbon−carbon mixing. Assignments are shown according to the CX[i] shifts. (C) 2D plane of the 3D CANCO
experiment. Assignments are labeled according to the C′[i − 1] shifts. In parts A and C, the first contour is taken at 5 × σ, with each additional level
multiplied by 1.2. In part B, the first contour is cut at 4.5 × σ with each additional level multiplied by 1.2.
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q41 peaks of a 2D hAQP1 square lattice with a lattice parameter
of 65 Å (Figure S1, all scattering peaks marked by arrows). The
first four peaks show up clearly, and the rest of the peaks at the
higher q-range are weak but clearly discernible (Figure S1,
inset). The AQP crystalline domain size estimated on the basis
of the Scherrer equation44 is ∼80 nm.
This 2D hAQP1 lattice agrees well with a previous TEM

study,43 which reported a 2D square lattice of hAQP1 with a
lattice parameter of 96 Å. There was an oppositely oriented
AQP tetramer resting in the center of each unit cell; i.e., two
sets of oppositely oriented 2D hAQP1 square lattices were
intercalated within each other. Given that the oppositely
oriented hAQP1 tetramers are likely indistinguishable for X-ray
scattering due to the similar electron density profiles of
individual hAQP1 units,19 SAXS is expected to observe a simple
2D square lattice with a lattice parameter 1/√2 of that
observed by TEM, i.e., ∼68 Å. However, we cannot rule out
from SAXS data that all hAQP1 units in our sample are
oriented in the same way, and they are closely packed to form a
simple 2D square lattice.

This high degree of molecular 2D order goes hand in hand
with the high atomic-level order, which is reflected in the high
resolution of SSNMR spectra of hAQP1.
In Figure 2A, we show an example of a 2D NCOCX

correlation spectrum, which contains many well-resolved cross
peaks, even in the NCO region, which is generally heavily
congested due to the limited dispersion of the carbonyl
resonances. Still, there is considerable degeneracy and spectral
crowdedness due to the large number of residues, and this
degeneracy necessitates the use of 3D spectroscopy for
spectroscopic assignments. An improvement of resolution in
3D spectra is demonstrated in Figure 2B and C, where we show
2D planes of the 3D NCACX and CANCO spectra,
respectively.

Solid-State NMR Spectroscopic Assignments. For
resonance assignments of hAQP1, we employed a combination
of 2D and 3D homo- and heteronuclear correlation MAS NMR
spectroscopies. The standard approach was described in detail
elsewhere,45−47 and is recapitulated in the Supporting
Information. In Figures 3 and S2, we show two examples of a
sequential backbone walk for residues G188−N192 and G125−

Figure 3. An example of a sequential assignment walk for residues G188−N192 in the ar/R constriction region of hAQP1. The lowest contour is cut
at 5 × σ. NCOCX and NCACX strips are labeled by residue number according to the nitrogen shift, and Cα and C′ chemical shifts are given in each
strip. Vertical lines link spin systems detected in the NCOCX and NCACX experiments. An additional example of the backbone walk is shown in
Figure S2.
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D131, respectively. The availability of nearly complete side
chain resonances in the 3D NCACX, NCOCX, as well as 2D
13C−13C correlation experiments allows for an unambiguous
identification of the amino acid type, and also permits matching
of spin systems according to their side chain carbon shifts.
Using these approaches, we have been able to obtain site-
specific chemical shifts for a total of 192 out of 269 residues.
Assignments have been deposited into the BMRB database
under accession number 26805, and are summarized in Figure
1.
Secondary Structure Analysis. We have obtained nearly

complete resonance assignments for transmembrane regions as
well as for many residues in the loops. We infer the cis
conformation of the Y37−P38 peptide bond from the large
10.8 ppm difference between the chemical shifts of P38 Cα and
Cγ atoms.48,49 We note that tyrosine, when preceding a proline,
is known to stabilize the cis peptide bond conformation through
aromatic−proline interactions.50 The presence of the cis Y37−
P38 bond is a new structural feature detected by SSNMR data,
as no other structure of human or bovine AQP1 contains a cis
Xaa−Pro bond at this position.
We further used Cα and Cβ chemical shifts to analyze the

backbone conformation of hAQP1 and compare it with the
available crystallographic structures for both the human and
homologous bovine AQP1. In Figure 4A, we show the chemical
shift index (CSI)51 constructed from Cα and Cβ shifts as a
function of residue number. There are six long stretches of
positive secondary chemical shifts corresponding to membrane
spanning helices H1−H6 and two shorter positive regions,
corresponding to the non-spanning HB and HE half-helices

found in loops B and E, respectively. There is generally a good
agreement on the helical secondary structure of the TM regions
between the NMR and the crystallographic data (Figure 1,
Table S1). The agreement is especially good with the EM
structure of lipid-embedded hAQP1 (PDB 1FQY).10

NMR chemical shifts reveal a number of distortions within α-
helices. While most of them are located close to the protein−
solvent interface (e.g., L33 in helix H1, K51 and V67 in helix
H2), some occur in the middle of the TM regions. We observe
a low CSI for A108 in helix H3 and at W213 in the middle of
helix H6, with the latter distortion likely a kink caused by P216.
The largest discrepancies between the NMR data and

crystallographic structures are observed for loop regions. We
point to the fact that the crystallographic temperature factors
are generally higher for loops, indicating their higher static
disorder and/or higher degree of mobility. In contrast, single
13C and 15N chemical shift values and small line widths for all
residues reflect conformational homogeneity of the protein.
Negative chemical shift indices in loop A suggest that this

loop contains two short β-strands, comprising residues K36−
P38 and T44−D48, which are unlikely to form a hairpin
because of the distant relative position of helices H1 and H2.
The first strand contains P38 in cis conformation, which may
facilitate a bend (i.e., a region of high curvature52) in this
loop.53 These short strands are connected by a flexible linker, as
evidenced by the reduced intensity of the NMR signals toward
the ends of the two strands observed for V39, and T44 and
A45, and by the absence of signals from residues in the G40−
Q43 stretch in the spectra (Figure 4B).

Figure 4. (A) Chemical shift index for human AQP1. Positive secondary shifts correspond to α-helical structure, while negative shifts indicate beta
structure and other deviations from helicity. The secondary structure is shown on top to guide the eye, with designations of helices and loops
according to the NMR data where available, and using crystallographic data for regions with incomplete assignments, e.g., helices H1 and HB. The
two half-helices HB and HE are located in loops B and E. (B) Signal-to-noise ratios of cross-peaks detected in the 3D CANCO experiment shown as
a function of residue number, according to the Cα[i]/N[i] assignments.
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We observe a number of other interfacial regions where the
signal is either attenuated or missing. In addition to the already
mentioned reduction of intensity in loop A, no signal was
detected for residues L83−F92 in loop B, including the end of
half-helix HB and the part connecting HB and the following
helix H3. Likewise, there was no signal detected for residues
R160−G165 in loop D, whereas reduced intensities for the
surrounding residues indicate an increased mobility of this loop
as well. In contrast, the 19-residue-long loop C comprising
residues T116−N134 appears to be less mobile, as the signal
intensities for most residues in this loop are comparable to
those in helices H3 and H4 (Figure 4B). Further examination
of the site-specific CSI plot in Figure 4A indicates a potential
ordered secondary structure in this loop, even though chemical
shift index values tend to alternate between negative and
positive values, and do not conform to a typical β-strand or α-
helical CSI patterns.
To gain additional insight into hAQP1 secondary structure,

we extracted backbone torsion angles using the TALOS+
program.54 The extracted angles for TM regions, shown in
Figure 5, are in close agreement with the dihedral angles
derived from crystallographic data, and indicate well-ordered
transmembrane helices with no obvious deviations from
helicity. Minor deviations indicated by the CSI analysis and
discussed above are too small and cannot be resolved by
TALOS+.
The conformations of both loops A and C are different from

those suggested by the crystallographic data. The TALOS+
predictions for loop A are consistent with β-structure and
further corroborate the existence of a short beta strand for
residues T44−D48. TALOS+ angles for loop C indicate β-sheet
structure for residues L129−N134 with torsion angles (ϕ, ψ)
varying between −56 and −100° and 120 and 177°. Near the
middle of loop C, TALOS+ also predicts that a β-turn is

formed by R126−N127 with their (ϕi+1, ψi+1), (ϕi+2, ψi+2)
angles being close to (−60°, 120°), (80°, 0°) of an ideal type II
β-turn.55 These predictions will be further validated through the
use of restrained molecular dynamics as described below.

Hydrogen−Deuterium Exchange and Water Accessi-
bility. To obtain additional information on the nature of the
interactions stabilizing loop conformations, we carried out
NMR hydrogen/deuterium (H/D) exchange experiments. In
an H/D experiment, we compare backbone signal intensities
detected in 2D NCA and 3D NCACX experiments, and side
chain signal intensities (we could observe several Arg, Gln, Asn,
and His residues) obtained from the same protein sample first
prepared in a H2O-based buffer and then incubated for 24 h in
a D2O-based buffer.47,56,57 Because the NMR signal is
generated from the amide or side chain protons in these
experiments, residues with protons that exchange with D2O
yield a reduced signal, while signals from inaccessible residues
or residues protected by hydrogen bonds are less attenuated. In
Figure S3, we show representative 15N/13C planes of the 3D
NCACX experiment collected in H2O and D2O buffers, where
the effect of the H/D exchange is readily visible.
A site-specific comparison of the NMR backbone signals

detected in H2O and D2O is shown in Figure 6A. We observed
an overall reduction of signal for the entire protein, which may
indicate partial low-level exchange and/or sample losses during
incubation in D2O and subsequent removal of the excess buffer.
The amide protons of residues located in TM helices are
protected and do not exchange except in the flanks of some of
the helices.
In contrast, the exposed loops A, C, and D are mostly

exchangeable with some notable exceptions in loop C, where
A130, V133, and N134 within the ordered part of that loop are
likely protected by strong hydrogen bonding, either within the
loop or with some of the side chains. Interestingly, the

Figure 5. Backbone dihedral angles ψ, ϕ extracted from chemical shifts using the TALOS+ program.54 Only values classified as “good” are shown.
The secondary structure shown on top was derived from the NMR data and complemented with crystallographic 1FQY data for unassigned helical
regions.
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homologous loop of bovine AQP1 shares the AxxVN motif and
its X-ray structure shows hydrogen bonding of backbone amide
nitrogen atoms of the alanine and valine to carbonyl oxygen
atoms of the respective i − 2 residues.13

The exchangeability of nitrogen-bearing side chains shown in
Figure 6B provides additional information on their solvent
accessibility and hydrogen bonding, some of which could not
be deduced from the available structures of hAQP1. While
some of the solvent-exposed side chains found on the
cytoplasmic (H74) and extracellular (N49, N122, R126,
Q137, H180, N205) ends of the protein are exchangeable as
expected, several residues are fully or partially protected from
the H/D exchange. Whereas Q148 is buried facing the middle
of the bilayer in all structures and is nonexchangeable, several
other residues located either on the extracellular surface or in
the water-filled pore are expected to be solvent-accessible but
found to be nonexchangeable or partially exchangeable in the
NMR data. In particular, the two asparagines of the NPA motifs
in the pore are either not exchangeable (N76) or only
exchangeable on a very slow time scale (weeks, N192). This is
surprising, considering that they are in contact with water
molecules in the X-ray structure of bAQP1.13 Similarly
surprising is the lack of exchange of N127 of loop C and the
partial exchange of R195 of the ar/R filter, which suggest their
involvement in strong H-bonding.
Additional information on hydrogen bonding of some side

chains can be inferred from their chemical shifts. In particular,
the chemical shifts of terminal carbons of carboxylic side chains
(Asp and Glu) correlate with their protonation state and
hydrogen bonding: protonated and buried deprotonated
carboxylic acids have lower chemical shifts than exposed
deprotonated ones.58,59 HAQP1 has two glutamates, E17 and
E142, symmetrically located in the intracellular and extracellular
channel vestibules, each interacting with the backbone of their
adjacent half-helices, HB and HE, respectively.60 Interestingly,
E142 Cε has a much lower chemical shift than E17 (179.5 vs
182.6 ppm), suggesting much stronger hydrogen bonding of
E142, which may also correlate with the anomalously high
chemical shift of the amide nitrogen of G190 (116.6 ppm), to
which E142 is hydrogen-bonded in the bAQP1 structure.13

Similarly, assigned aspartic acids show chemical shifts of Cγ

carbons ranging from those typical for exposed carboxyls for
D48, D158, and D185 (loops A, D, and E, respectively) to
buried hydrogen-bonded ones for D128 (loop C). The latter
may be involved in stabilizing interactions of loop C.

Summary of Experimental Findings. The analysis of
NMR data suggests that loops A and C retain partial structure.
Loop A consists of two short beta strands, which are unlikely to
interact with each other to form a beta-hairpin. The first strand
contains cis P38 which is not found in any of the published
structures of human and bovine AQP1. Although single
chemical shift values for residues in these strands suggest
their single conformations, one cannot rule out fast motions of
small amplitudes within the strands. A flexible linker connects
the strands, and its reduced and missing NMR intensities
suggest that it is highly dynamic.
In contrast, on the basis of its cross peak intensities, loop C

appears to be largely immobilized, and H/D exchange patterns
suggest a few stabilizing interactions: nonexchangeable back-
bone amides of residues 130, 133, and 134 as well as the lack of
H/D exchange for side chain nitrogen atoms of N127 and the
low chemical shift of the terminal carbon of D128 are all
indicative of strong H-bonding.
What are the interactions stabilizing the preferred con-

formations of loops A and C? Although some of this
information can be inferred from the available structures, the
discrepancies between the NMR and crystallographic data, the
high B-factors for the loop regions, and the presence of several
nonconservative replacements in loop C between the bovine
and human variants of AQP1 (e.g., D121G, L126R, A128D,
and P131D using human numbering) warrant further
investigation. We used molecular dynamics simulations to
assist in the interpretation of the NMR results, and to obtain an
ensemble of preferred loop A and loop C conformations that
are in agreement with both the predicted torsion angles and the
observed H/D exchange patterns.

Computational Modeling and Simulation Approach.
We chose the tetrameric electron microscopy model of hAQP1
(1FQY)10 as our initial molecular model because it agrees best
with the helical boundaries determined from NMR chemical
shifts (Table S1). Our experiments suggest that the
conformations of loops in the EM model of hAQP1 may be
non-native,10 making their study with conventional molecular
dynamics simulations computationally challenging. For that
reason, we used the following approach to generate an
ensemble of loop conformations consistent with NMR data:
we constructed six models of hAQP1 with varying initial loop A
and C conformations, we imposed TALOS+ derived restraints
during both homology modeling and molecular dynamics, and
we performed multiple simulation repeats of the hAQP1
tetramer.
One initial model for MD simulations was built with the

original conformation of loops A and C (referred to as “Crystal
Structure” or “XTAL”), and five additional models, referred to
as medoids A−E, were constructed using the crystal structure as
a homology modeling template but with de novo modeling of
loops A and C. Our homology modeling protocol included
TALOS+-derived restraints and a cis Y37−P38 bond, in
addition to the MODELLER loop modeling potential energy
function.36 We clustered the best-scoring models from
homology modeling and extracted cluster medoids to obtain
distinct initial conditions for our simulations (Methods, Figure
S4A).

Figure 6. (A) Comparison between backbone amide cross peak
intensities from hAQP1 incubated in H2O (gray) and D2O (blue)
based buffers. (B) Comparison of cross peak intensities corresponding
to nitrogen-bearing side chain signals detected in the H/D exchange
experiments. Gray bars represent intensities in H2O; blue bars are
intensities detected after 24 h of incubation in D2O.
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All-atom MD simulations were performed on all six hAQP1
models in a hydrated lipid bilayer. Root-mean-square deviation
(RMSD) calculations indicate that none of the six initial loop
conformations persisted after the initial equilibration procedure.
Within the residues forming loops A and C together with two
additional residues flanking each of these loops, TALOS+
predictions for all assigned residues classified as “Good” were
included as torsional restraints in the restrained MD
simulations (Table S2). Five residues in the middle of loop A
(V39−Q43) and five residues in loop C (L119, G121, S123,
D128, and G132) could not be assigned or were assigned a
“Warning” by TALOS+ and therefore were not assigned
torsional angle restraints in simulations. The magnitude of
torsional restraint force constants was successively increased
over four simulation periods, but even in their strongest form,
they were relatively weak (5−50 kJ/mol/rad2) in order to
minimally perturb the energy landscape of the protein.
Unrestrained simulations of equal length were completed as a
control to assess the effect of the restraints on loop structure
and dynamics (Figure S4B). In both unrestrained and
restrained MD simulations of all models, two simulation
repeats with randomized initial atomic velocities were
performed in order to improve statistical sampling. Using two
simulation repeats of the full hAQP1 tetramer increased
sampling of loop A and C conformations 8-fold. Additional
details regarding model construction and simulation protocols
are presented in the Methods and Supporting Information.
Effect of TALOS+-Derived Restraints on MD Ensem-

bles. The effect of backbone torsional restraints on loops A
and C was evaluated by computing the deviation from TALOS
+ predicted angles using several approaches. In control
simulations without restraints, the average angular RMSD
from TALOS+ predictions in the loops approached a stable
value after 150−200 ns of simulation but did not tend toward
TALOS+ targets over the full length of simulation time (Figure
S5A−C). Torsional restraints reduced the angular RMSD of
loop A and loop C from TALOS+ predictions by more than
half, approaching an average of 15−30° for all models (Figure
S5D−F). Despite this apparent convergence of average
backbone torsions, extracellular loops were found to sample a
heterogeneous distribution of φ and ψ angles across all models
(Figure S6). The coincident agreement of all φ and ψ angles to
TALOS+ targets of loop C was significantly higher in the
restrained simulations than in the unrestrained simulations
(Figure S7B).
Although the use of multiple homology models, TALOS+

derived restraints, and multiple simulation repeats assists in
obtaining structures consistent with NMR, it is not expected
that loop A and C conformations will necessarily relax to a
global energy minimum on the time scale of our simulations
(hundreds of nanoseconds).61 This limitation is due in part to
the experimental design of our simulations, in which only weak
torsional restraints were applied to a subset of all loop A and C
residues. As such, we used additional criteria to extract
conformations from this ensemble that are in agreement with
experimentally determined backbone torsions and H/D
exchange data.
The effect of loop A and C conformations on the function of

AQP1 was investigated by computing mean water permeability
(pf) from unrestrained and restrained simulations (Figure 7).
This quantity (presented in units of 10−14 cm3/s) was
computed separately for each monomer of each simulation
repeat using the theoretical framework proposed by Zhu et al.62

In unrestrained simulations, the mean pf was 0.57 ± 0.31, 0.87
± 0.29, 0.34 ± 0.10, 0.85 ± 0.36, 2.04 ± 0.93, and 0.12 ± 0.06
for XTAL and medoid A−E simulations, respectively. In
restrained simulations, the mean pf was 2.52 ± 0.75, 0.96 ±
0.37, 0.50 ± 0.26, 1.06 ± 0.57, 2.66 ± 1.53, and 0.06 ± 0.03 for
XTAL and medoid A−E simulations, respectively. With the
exception of XTAL (highest pf) and medoid E (lowest pf),
water permeabilities were identical within error across all
models. Upon introducing loop restraints, water permeability
increased by a factor of 4 for the XTAL model, but the
remaining models did not change beyond the error of our
calculations.

Analysis of Loop Conformations. Secondary structure
analysis was performed on loops A and C in order to compare
MD simulation results with TALOS+ predictions. Loop A was
found to be predominantly in the “coil” conformation with
transient populations of both “helix” and “extended” con-
formations [less than 20% of frames for most residues, using a
secondary structure analysis algorithm52 (Figure 8A)]. Across
all models, a hydrogen-bonded turn in loop A varied in position
from G40 to T44, indicating a significant structural diversity
within our ensemble. In 10% of frames of three models, a short
α-helical turn was adopted in a stretch of residues (V39−T44)
where torsional restraints were applied only to one residue
(T44) (Figure 8B, I). This α-helical turn was not stabilized by
any inter- or intramonomer interactions. In 5% of frames of
medoid A, short parallel β-strands were formed between
residues A45−V46 and V46−Q47 of adjacent subunits (Figure
8B, II). Although this state was not highly populated, it is
within the TALOS+ deviation expected for our restraints
(wherein adjacent subunits had an average backbone torsional
deviation from TALOS+ predictions of {17 and 14°} and {19
and 23°}, for ψ and ϕ angles, respectively). Predominantly in
medoid E, the signature hydrogen-bonded turn in loop A was
also stabilized by a V39 to N42 backbone interaction (Figure
8B, IV). In simulations of the crystal structure and of medoids
A and E, there was a significant propensity for residues G121 to
125 in loop C to form a helical turn, a state with an average
TALOS+ deviation of 9 and 21° for restrained ψ and ϕ angles
in that region, respectively (Figure 8B, III and V).
A structural feature of loop C with high propensity in all

models is a hydrogen-bonded turn between residues A130 and
V133 (residues i to i + 3). In close proximity, medoid E had a
high population of parallel β-bridge (defined as two consecutive
hydrogen bonds which are characteristic of beta structure52)
between L129 and G188 (Figure 8B, VI). Although this β-

Figure 7. Water permeability computed from MD simulations. Mean
permeability is computed using all subunits of both simulation repeats
for each model (XTAL, Medoid A−E). Data is shown for unrestrained
(black) and loop restrained (red) data sets.
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bridge is not formed in all models, similar backbone
interactions in this region were found in other models (Figure
8B, V and VI) that appear to stabilize the hydrogen-bonded
turn at D131 and G132.
In order to study common structures of loop C and compare

them to solvent accessibility data, all conformations from the
five medoids were pooled and clustered. Eight clusters were
generated using pairwise RMSD between all simulation frames
as a metric, with cluster populations of 16, 14, 10, 13, 12, 12,
18, and 5%, respectively. The similarity of the eight cluster
centers was quantified with a pairwise loop C RMSD matrix
(Figure 9A). As expected by our use of multiple initial models
with sparse torsional restraints, each cluster contained diverse
loop C conformations (Figure S8).
To identify conformations in qualitative agreement with the

H/D exchange data, we computed the backbone and side chain
nitrogen solvent accessibility for each of the clusters in the
restrained data set (Figure S9). Across all residues, there is a
general agreement with backbone nitrogen H/D exchange
where data are available (Figure 6), but site-specific
discrepancies exist between clusters. Clusters 1−4, 7, and 8,
which make up 76% of the conformationally restrained data set,
contain protected backbone nitrogen atoms of residues A130,
V133, and N134 in good agreement with the H/D exchange
data (Figure 6A), forming a hydrogen-bonded turn (Figure
S9A). Molecular renderings of these residues in buried states
(cluster 7) as well as solvent-exposed states (cluster 6) are
depicted with corresponding hydrogen-bonding residue profiles
of loop C (Figure 9B). This analysis suggests that, despite the
use of weak torsional restraints on disparate models, there are
common structural motifs observed in the backbone of loop C.

However, the clusters in qualitative agreement with backbone
solvent accessibility were not found to be in as good an
agreement with the experimental H/D exchange pattern of side
chain nitrogen atoms (Figure S9B). Whereas side chain
nitrogen atoms of H74, N122, R126, and H180 were all
found to be solvent-exposed in simulation (Figure S9B) in
agreement with the exchange data (Figure 6), the side chain of
N127 was solvent exposed in the majority of frames as well in
all clusters (Figure 9C). Despite this qualitative disagreement,
we extracted several configurations of loop C in which the
N127 side chain was forming protein hydrogen bonds (N127
interactions with S196, N205, and T203) (Figure 9C). In all
clusters, we examined the burial of the aspartic acid D48, D128,
and D185. D48 is peripheral to loop A and adjacent to N49, the
side chain of which was suggested to form a stabilizing
interaction with D185 on a neighboring α-helix.21 The
carboxylate groups of D48 and D185 were both involved in
protein hydrogen bonds in ∼9−10% of frames, suggesting that
they are still predominately solvent-exposed. In the case of
D185, these protein−protein hydrogen bonds involved
exclusively N49. The Cγ chemical shift of D128 suggests that
this side chain may form strong hydrogen bonds. In the
simulations, one or both of the D128 carboxylate oxygen atoms
were found to form protein−protein hydrogen bonds in 15, 11,
39, 27, 27, 14, 17, and 11% of frames in each of the eight
clusters, respectively. The hydrogen-bonding partners of D128
include the side chains of K36, N42, and R195. The high
propensity for solvent exposure of N127 and D128 in the
simulations is likely due to the slow relaxation of side chains
from the initial out-of-equilibrium conformations. To reduce
this effect, we further filtered the restrained data set using two

Figure 8. Average secondary structure propensity of loop A (blue) and loop C (red) residues in MD simulations. (A) Secondary structure
propensities (coil in white, turn in grey, strand in yellow, helix in purple) from restrained simulations averaged over all simulation frames of
monomers and repeats of each model. Secondary structure elements labeled with Roman numerals correspond to molecular renderings. (B)
Molecular renderings of two adjacent hAQP1 monomers exhibiting intra- and interdomain secondary structure. Labels indicate segments of residues
involved in secondary structure formation.
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different metrics: the conformational state of R195 and the
agreement of our data to experimental solvent-accessibility
profiles of multiple nitrogen atoms, allowing us to examine
hydrogen-bonding patterns in a subset of data in highest
agreement with experimental results.
H/D exchange experiments indicate exchangeability for only

one of the terminal nitrogen atoms of R195 (Figure 6B). This
finding motivated a detailed analysis of the hydrogen-bonding
environment around R195 and the involvement of this residue
in stabilizing loop C. In the simulations, the R195 side chain
adopted either a down-facing state (toward E142), similar to
the 1FQY EM structure of hAQP1,10 or an up-facing state
(toward loop C), in which R195 was frequently hydrogen-
bonded to N127 or D128, resembling the 1IH5 or 4CSK
structures of hAQP1.12,13 In both conformations, the R195 side
chain sampled orientations in which one of two terminal
nitrogen atoms was buried from solvent. However, on average,
the difference in protein−protein and protein−water hydrogen
bonds formed with either of the terminal nitrogen atoms was
less than 20%, suggesting minimal asymmetry across the entire
conformationally restrained data set (Figures 9C and S9B).
Computing the solvent accessibility of loop C separately for
two distinct side chain conformations of R195 characterized by
mutually exclusive hydrogen bonding to E142 or N127/D128
shows that neither state agrees with the predictions from H/D

exchange (Figure S10). The up-facing and side-facing states of
R195 had 63 and 53% of frames satisfying the experimental
backbone hydration of A130, V133, and N134, respectively,
suggesting that the up-facing state may be more conducive to
the stabilization of loop C. However, the predicted side chain
nitrogen burial of loop C remained low, suggesting that the
orientation of R195 is not the sole determinant of the loop
conformations characterized experimentally.
Although clustering loop conformations and partitioning the

ensemble according to distinct rotameric states of R195 helped
to characterize the structural properties of the conformationally
restrained data set, this analysis was not sufficient to extract
loop conformations consistent with all available NMR data
simultaneously. To extract a subset of conformations in
agreement with both backbone and side chain nitrogen solvent
accessibility, we analyzed the protein−protein hydrogen bonds
of key residues as a means to compare qualitatively to H/D
exchange accessibility profiles. In this analysis, we assume that
protons engaged in protein−protein hydrogen bonds are not
exchangeable and, conversely, that exchangeable protons do not
make protein−protein hydrogen bonds. This criterion may
miss conformations in which a nitrogen group should have
been classified as buried on the basis of its surrounding
environment but does not meet our hydrogen bonding criteria
(as defined in the Supporting Information). An upper bound

Figure 9. RMSD-based clustering of loop C across MD simulations of all homology models. (A) Pairwise loop C RMSD matrix of the crystal
structure (1FQY) and eight structures representative of cluster centers from clustering of restrained simulations (left) along with molecular
renderings of loop C cluster centers where residue 185−192 and 185−214 are hidden in the top and side orientations, respectively (right). The
RMSD matrix color bar is in units of Å. (B) Probability of loop C backbone nitrogen atoms hydrogen-bonding to protein or water molecules from
restrained simulations. Results from two clusters are depicted that have low and high qualitative agreement to H/D-exchange experiments, clusters 6
and 7, respectively (left). Representative frames are depicted from these clusters with key residues identified from H/D-exchange experiments (A130,
V133, and N134; right). (C) Probability of loop C side chain nitrogen atoms hydrogen-bonding to protein or water molecules from restrained
simulations. Results from two clusters are depicted that have low and high qualitative agreement to H/D-exchange experiments, clusters 6 and 7,
respectively (left). Representative frames from these clusters depict transient N127 side chain burial in agreement with H/D-exchange experiments
(right).
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on the number of potentially misassigned frames (in which NH
groups are not involved in either protein−protein or protein−
water hydrogen bonds) is shown in Figure S9B for key nitrogen
groups. Hydrogen bonds between lipid head groups and loop C
residues are not depicted in Figures 9 and S9. Consistent with a
previous study of protein−lipid interactions in aquaporin,63 we
observed interactions of I115−S117 and S135−Q137 with lipid
head groups in restrained simulations. Additionally, either of
the two terminal nitrogen atoms of R126 formed a lipid
hydrogen bond in an average of 22 ± 8, 33 ± 14, 21 ± 10, 0 ±
0, 6 ± 5, and 21 ± 8% simulation frames for XTAL and
medoids A−E, respectively. Although R126 is predicted to be
solvent exposed in H/D exchange experiments, lipid inter-
actions may nonetheless contribute to the stabilization of loop
C.
Out of the 76% of frames in which backbone nitrogen

solvent accessibility is largely satisfied (clusters 1−4, 6, and 7),
3% are consistent with side chain solvent accessibility profiles.
Here we examine protein−protein hydrogen bonds involving
loops A and C within this smaller subensemble and render
several snapshots broadly consistent with NMR experiments
(Figure 10). In approximately 37% of these conformations, the
side chain nitrogen of residue K36 (loop A) forms a salt bridge
with the carboxylate group of D128 of loop C, providing a
possible stabilization mechanism (Figure 10A). This result is in
contrast to the 1FQY EM structure10 in which D128 adopted a
down-facing state toward R195. Note that simulations suggest
that the orientation of R195 may only moderately affect the
conformation of loop C (Figure S10). An alternative interaction
stabilizing loop C suggested by MD is a hydrogen bond
between the backbone groups of D128 and G188, found in 33%
of frames. The neighboring residue of K36 in loop A, Y37, also
forms hydrogen bonds between its side chain hydroxyl and
backbone oxygen atoms of G121 and S123 in 6 and 4% of

conformations, respectively. P38 does not make significant
hydrogen bonds outside of loop A, although V39 backbone
nitrogen atoms formed contacts with T120 in 15% of
conformations. Within the same subensemble of 3% of the
restrained data set, the side chain nitrogen atom of N127 was
hydrogen bonded to T187, G188, or C189 backbone oxygen
atoms in 8, 6, and 12% of frames, respectively, all of which
result in the N127 orientation away from solvent, in agreement
with H/D exchange experiments (Figure 10C). R195 also
stabilized a buried orientation of N127 with a side chain−side
chain hydrogen bond in a total of 8% of frames (Figure 10C).
In 14% of frames, the side chain nitrogen atom of N127 also
formed a stable interaction with the side chain oxygen atom of
N205 (Figure 10A). In this orientation, N127 also interacted
with the hydroxyl side chain of S199 (in 8% of frames, Figure
10B), but interactions with S196 were not observed.
In the three representative simulation snapshots extracted

(Figure 10), the average combined ϕ/ψ deviations from
TALOS+ predictions were 13 ± 2, 14 ± 1, and 12 ± 1°,
respectively. The RMSD of Cα atoms in loop C to 1FQY
hAQP110 structure was (5.5, 5.5, and 5.4 Å) for each of the
three snapshots, respectively, after alignment on the trans-
membrane segments of the reference crystal structure.
Similarly, the loop C RMSD was (2.8, 5.4, and 3.8 Å), (5.4,
4.5, and 4.7 Å), and (4.9, 7.7, and 4.0 Å), for the 1J4N
bAQP1,13 1IH5 hAQP1,11 and refined 1H6I hAQP114

structures, respectively. Although these structures have a low
average TALOS+ deviation, high RMSD values suggest that the
selected loop C conformations deviate significantly from the
existing crystal structures. Each of the three structures satisfies
hydrogen bonding and solvent accessibility characteristics
determined experimentally. As such, these models represent
some of the best candidate structures for loop C at near
physiological conditions.

Figure 10. Representative snapshots of hAQP1 from TALOS+ restrained simulations where site-specific solvent accessibility was in agreement with
H/D-exchange experiments and key loop A (blue) and C (red) hydrogen bonds were formed. The extracellular region of hAQP1 is shown from side
and top orientations, where the side view omits residues 196−215 for clarity. Structures were manually selected on the basis of the results of a
hydrogen-bonding analysis of loop A and C residues. A dashed line (black) indicates the presence of a hydrogen bond. Water is omitted for clarity.
In these snapshots, the backbone nitrogen atoms of A130, V133, and N134 and the side chain nitrogen atom of N127 are involved in protein−
protein interactions.
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■ DISCUSSION

Our experimental SSNMR results suggest that loops A and C
are at least partially ordered and immobilized. Reduction or lack
of signal intensity at residues 40−43 in the middle of loop A
(Figure 4) suggests an increased mobility of these residues on
the submicrosecond time scale. In agreement with human and
bovine AQP1 structures,10−13 restrained MD simulations reveal
no stabilizing interactions for these residues, and suggest that
they adopt no consensus secondary structure across models,
with only a small number of frames in some of the MD models
exhibiting a transient hydrogen-bonded turn or a single α-
helical turn (Figure 8A). Restrained simulations indicate broad
solvent accessibility across most of the loop A backbone. Thus,
both experiments and simulations are consistent with a partially
ordered turn facing the solvent. Here, “partially ordered” refers
to the existence of some well-defined stabilizing elements in
loop A, not characteristic of a fully disordered loop.
Chemical shifts indicate a Y37−P38 cis bond, and further

suggest that β-structure may be formed in the stretches of loop
A at both K36−P38 and T44−D48, flanking the flexible region.
In agreement with the experimental measurements, no
interactions were observed in the simulations to support a
stable β-hairpin with a high population (Figure 8A). We did
observe, however, a small subpopulation of β-sheet formed
between neighboring subunits involving residues A45−Q47
and V46−Q47 (Figure 8B, II).
Torsional restraints derived from TALOS+ were applied to

multiple residues in loop A, including the cis Y37−P38 bond,
for XTAL and medoid A−E models. Since we did not perform
restrained simulations in which the XTAL model was permitted
to adopt an unrestrained trans Y37−P38 bond, we cannot
quantify the effect of this conformer on loop A dynamics in
restrained simulations. However, in control simulations
performed without torsional restraints, the aromatic ring of

Y37 frequently made closer stabilizing contacts with the
pyrrolidine ring of P38 in each of our medoid A−E models
(cis Y37−P38 bond) than in the XTAL model (trans Y37−P38
bond). We expect that the cis bond stabilizes the conformation
of loop A and has an influence on the side chain conformations
of nearby residues (K36 to V39), many of which were involved
in interactions with loop C. For example, the D128−K36 salt-
bridge predicted by restrained MD simulations in cis Y37−P38
models is consistent with the chemical shift-based prediction of
the D128 side chain being strongly hydrogen bonded, and can
potentially contribute to the stability of both loops A and C
(Figure 10A).
TALOS+ angles for loop C indicate that β-structure exists for

residues L129−N134 and restrained MD simulation results
further support these conclusions. Simulations predict with
high confidence (70−90% of frames) the formation of a A130−
V133 β-turn with G132 adopting a (ϕ, ψ) conformation close
to (80°, 0°), indicative of an ideal type II β-turn on the edge of
loop C. Hydrogen bonding between A130 and V133 protects
the latter from H/D exchange and is consistent with the
observation of a nonexchangeable V133 amide group.
Furthermore, in agreement with backbone amide burial of
residues 130 and 134 in H/D exchange experiments (Figure
6A), restrained simulations suggest that this β-turn is further
stabilized by a N134 backbone hydrogen bond with the side
chain oxygen atom of Q137, as well as potential backbone−
backbone interactions of A130 and Y186 (Figures 9B and 10A).
The former interaction is not observed in any known AQP1
structure, although the A130−Y186 interaction is found in the
4CSK hAQP1 structure.12

The rigidity of loop C predicted by NMR experiments is
likely facilitated by specific interactions at the extracellular side
of hAQP1. H/D exchange experiments revealed that the side
chain nitrogen of N127 and one out of three side chain
nitrogen atoms of R195 were solvent inaccessible, suggesting

Figure 11. Multiple crystal structures of AQP1, highlighting loops A (blue) and C (red) along with key hydrogen bonds. The extracellular region of
hAQP1 is shown from side and top orientations, where the side view omits residues 196−215 for clarity. A dashed line (black) indicates the presence
of a hydrogen bond. (A) hAQP1 structure 1FQY,10 exhibiting no loop C stabilizing interactions. (B) bAQP1 structure 1J4N (bovine residue
numbering),13 exhibiting a loop C beta turn, N129 interactions with S199, and R197 interactions with G127. (C) hAQP1 structure 1IH5,11

exhibiting N127 interactions with R195.
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that these residues may be involved in such interactions. Several
orientations of N127 are suggested by previous structures of
hAQP1, some of which result in direct interactions with R195.
In the 1IH5 EM hAQP1 structure, N127 was hydrogen bonded
to both R126 and R195 (Figure 11C).11 In the 4CSK hAQP1
X-ray structure, N127 adopted a buried conformation in which
it was hydrogen-bonded to both R195 and S196.12 In the
refined EM hAQP1 structure (1H6I), the N127 side chain only
forms interactions with the backbone of T187.14 Although the
loop C sequence at residues 126−128 varies considerably from
“RND” to “LNA” between human and bovine AQP1, the N127
side chain adopts a similar buried conformation but involves
S196 in the 1J4N bAQP1 X-ray structure (Figure 11B).13 The
interaction found in the 1J4N structure was qualitatively similar
to a structural model obtained from our restrained simulations
wherein N127 was hydrogen bonded to both S199 and N205
(although R195 was shifted toward the backbone carbonyl
groups of T187−C189 and S196 was not involved, Figure
10B). In addition, we identified several other possible solvent
shielded orientations of N127, including one in which the R195
side chain is hydrogen-bonded to the backbone of nearby
residues T187, G188, and C189 (Figure 10C). Our simulations
suggest that N127 has a high probability of interacting with the
aforementioned residues, most likely with the S199 and R195
side chains.
The exchangeability of only one of the terminal nitrogen

atoms of R195 is puzzling, considering their similar (different
by only ∼1 ppm) chemical shifts, as it is believed that strong
asymmetry in hydrogen bonding should result in large
differences in chemical shift values between the two atoms.64

In the 1FQY EM structure of hAQP1, used as a template for
MD simulations, R195 adopts a unique orientation in which it
is interacting with E142, N192, S196, and C189 (Figure
11A).10 This orientation may support the asymmetric hydrogen
bonding of terminal nitrogen atoms suggested by our
experiments, as hydrogen bonding of one of the R195 atoms
to E142 is much weaker than that of the other to N192 (heavy
atom distances are 3.39 vs 2.36 Å). Nevertheless, as this
orientation of R195 faces away from the water pore and is not
observed in any other AQP1 structure, it is less likely to
represent a highly populated physiological conformation.
In the bAQP1 X-ray structure (1J4N), the two terminal

nitrogen atoms of R195 are hydrogen bonded to the G125
backbone carbonyl (human numbering), but the hydrogen
bonding distance and angles involving these atoms differ
significantly (heavy atom distances are 2.93 vs 3.18 Å),
suggesting that they do not interact equally (Figure 11B).13

Even though the more distant nitrogen may also be protected
by an interaction with the R195 backbone, this hydrogen bond
is also weak (donor−acceptor distance of 3.17 Å), suggesting
that this structure may satisfy the predicted asymmetric burial
of this side chain in the physiological state of R195. Similarly,
the two terminal nitrogen atoms of R195 are hydrogen bonded
with the G125 backbone carbonyl and the S199 side chain in
the 1H6I hAQP1 structure (heavy atom distances are 2.77 vs
2.72 Å), although this conformation does not suggest
asymmetric burial of R195 terminal nitrogen atoms.14 In the
4CSK structure of hAQP1 which used the bovine structure for
model building and structure refinement, R195 is oriented such
that its Nε hydrogen bonds with C189 and the two terminal
nitrogen atoms form hydrogen bonds with the backbone
carbonyl of R195, the N127 side chain, and the G188
backbone.12 Although R195 appears to be well coordinated in

this structure, the closest interactions involving the terminal
nitrogen atoms and the N127 side chain oxygen are strongly
asymmetric (with heavy atom distances of 2.82 vs 3.12 Å).
However, it is difficult to assess the actual asymmetry of
terminal nitrogen burial, since both appear to be accessible by
extracellular water. Lastly, in the 1IH5 structure of hAQP1, the
two terminal nitrogen atoms of R195 are hydrogen bonded
with the N127 side chain, and again, one of them is further
protected by an interaction with the R195 backbone (Figure
11C).11 This structure is also qualitatively consistent with
asymmetric nitrogen burial, since one of the terminal nitrogen
groups has a longer hydrogen bond (with donor−acceptor
distances of 2.53 and 2.96 Å) and is largely oriented toward the
water conduction pore, much like the bovine AQP1 structure.
Thus, it is still difficult to assess if the conformation of R195 in
any of the known structures is in complete agreement with the
NMR data. We also note that crystallographic B-factors for side
chain nitrogen atoms of R195 may result in mean-square
displacements of 0.5−1.0 Å, preventing high accuracy
characterization of hydrogen bonding involving the R195
guanidinium group in these structures.
One of the structures selected from restrained simulations

supports asymmetric bonding of R195, with one terminal
nitrogen atom coordinated to the backbone carbonyl group of
T187 and the other terminal nitrogen atom facing the pore
(Figure 10B). Similarly, in an alternate structure selected from
restrained simulations, R195 forms a hydrogen bond with N127
via one nitrogen, and all other side chain nitrogens are solvent-
exposed (Figure 10C). In MD studies of both hAQP1 and
bacterial aquaporin Z, the guanidinium group of R195 adopted
a side-facing orientation in which it interacted with the
deprotonated Nε of H180.22,65 However, both the chemical
shifts and H/D exchange measurements of nitrogen groups in
H180 suggest that this Nε atom is most likely protonated and
thus this interaction is unlikely to result in the asymmetric
burial of R195. The Nε of H180 was protonated in our
simulations, and as such, we did not observe frequent H180-
facing conformations of R195.
Introducing TALOS+ derived restraints on loops A and C

led to a statistically significant increase in water permeability in
simulations based on the 1FQY crystal structure model (Figure
7). Although further analysis is required in order to identify the
structural rearrangements responsible for this increase, this
result suggests that loop conformation plays a functional role in
the regulation of water. The computed water permeabilities of
the different models, which fall in the range (0.1−3) × 10−14

cm3/s, are commensurate with measurements (in the range 4−
12)43,66−68 and with estimates computed in previous simulation
studies (in the range 0.5−10).22,69−71
Overall, the simulations reveal a number of loop stabilizing

interactions that alter the extracellular surface of human AQP1,
with possible implications for the regulation of water
permeation through the channel. Previously, several muta-
genesis and molecular dynamics studies of hAQP1 showed that
the electrostatic and hydrogen-bonding profile of the
extracellular channel entrance, in particular the ar/R selectivity
filter, affect the rate and water selectivity (e.g., impermeability
to cations).15,22,72−74 Our results show that several side chains
from loop C (such as N127 and D128) occupy the extracellular
vestibule of hAQP1, which could modulate water permeation
near the ar/R selectivity filter. This may happen as a result of
direct interaction of these side chains with R195, resulting in
repositioning of its positive charge in the selectivity filter, and/
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or by more subtle mechanisms, in which changed pattern of
hydrogen bonding with other polar side chains of the
extracellular vestibule (from H1, HE, and loop E) results in
the rearrangement of water molecules in the channel.
Although NMR experiments suggest that loop A is partially

ordered and that loop C has limited mobility, a significant
portion of our simulation data set was not in direct agreement
with this finding. Even in the presence of torsional restraints, it
is likely that we have not yet equilibrated loop A and loop C
ensembles, and that the application of even weak torsional
restraints may significantly hinder conformational sampling. A
previous comparison of H/D exchange data to MD simulations
suggests that a hydrogen-bond-centric view of nitrogen group
protection may be insufficient.75 A more detailed discussion of
sources of error in MD simulations is given in the Supporting
Information.

■ CONCLUSION
Solid-state NMR experiments suggest that extracellular loops A
and C of hAQP1 are partially ordered and possess some
structural elements that were not observed in any crystallo-
graphic structure of hAQP1. Extensive conformational sampling
of these loops was performed using restrained molecular
dynamics simulations in order to assist in the interpretation of
NMR results. Structures in agreement with experimental data
suggest that loop C is stabilized by several hydrogen bonds in
the extracellular vestibule of hAQP1, with possible stabilization
by side chains in loop A. This work provides a detailed
understanding of the hAQP1 structure in a physiologically
relevant environment (lipid-reconstituted protein at near
physiological temperatures) required for ongoing research
examining the regulation of water conduction and the
extracellular vestibule as a selective site for small molecule
inhibitors of hAQP1.
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