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Human aquaporin-1 (hAQP1) is a channel protein which selectively facilitates
translocation of water across the cell membrane, serving important physiological
functions including epithelial fluid transport in the renal system. Several crystal
structures of hAQP1 have been determined at moderate resolution, but these structures
broadly diverge in their representation of hAQP1’s long extracellular loop C, which may
participate in functionally relevant interactions with the residues defining the protein’s
central pore. This thesis investigates the structure of loop C at non-cryogenic
temperature in a native-like lipid environment via MAS SSNMR spectroscopy. Selective
recoupling through homogeneously broadened rotational resonance was applied in
multidimensional correlation experiments in order to observe internuclear correlations
involving loop C residues. The observed correlations provided sufficient distance
restraints to develop a refined structural model of loop C using the molecular structure
determination program Xplor-NIH. The refined model accounts for physiologically
relevant interactions between the loop and the central pore.
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1 Introduction
1.1

Membrane Proteins

1.1.1 Structural Biology of Membrane Proteins
A significant proportion of all proteins are located in or around the phospholipid
bilayers that make up cellular membranes. Integral membrane proteins are fully or
partially embedded in the lipid bilayer and serve a wide range of important cellular
functions, with many membrane proteins operating as channels which facilitate
transport of substrates across the membrane. Techniques such as X-ray
crystallography, cryo-electron microscopy (cryo-EM), and solution-state nuclear
magnetic resonance (NMR) spectroscopy have been successfully employed to
elucidate thousands of protein structures, including numerous structures of membrane
proteins.1 However, many membrane proteins present difficult challenges for structural
studies as they are often large biomolecules with limited stability outside their natural
lipid environments. Consequently, membrane proteins are underrepresented among
the currently known protein structures.2 Novel approaches including techniques such as
solid-state nuclear magnetic resonance spectroscopy can help to gain insight into the
structure and function of membrane proteins in the physiological environment.
1.1.2 Aquaporins
1.1.2.1 Background
Aquaporins (AQPs) are membrane proteins which function as water channels,
allowing water molecules to move in and out of cells. Although water molecules are
small enough to diffuse across membranes’ lipid bilayers directly, the permeability of
1

some cells (notably including erythrocytes) to water is much higher than would be
explained purely by diffusion, so starting in the 1950s the existence of a membrane
protein functioning as a water channel was hypothesized.3 In the late 1980s, the lab of
hematologist Peter Agre isolated a channel-forming integral membrane protein of 28
kDa mass. Agre’s group was able to isolate and functionally express the new protein in
Xenopus (frog) oocytes, which have very low water permeability due to their need to
survive while exposed to a freshwater environment. Oocytes expressing the new
protein, when placed into distilled water, “exploded like popcorn”,4 whereas control
oocytes did not swell significantly. This experiment demonstrated a dramatic increase in
water permeability caused by the newly discovered protein, now known as aquaporin 1
(AQP1).
Following the discovery and sequencing of AQP1, many more aquaporin genes
were identified, both in humans and in other organisms. In total, 13 human aquaporins
have been identified, designated hAQP0-hAQP12. Traditionally these proteins have
been divided into two broad subgroups, aquaporins and aquaglyceroporins, with the
latter being permeable to glycerol and some other small molecules in addition to water.
The aquaporins include AQPs 0, 1, 2, 4, 5, 6, and 8, whereas the aquaglyceroporins
include AQPs 3, 7, 9, and 10.4

2

1.1.2.2 Biological Roles
Aquaporins are present in many different locations within the human body and
they contribute to a variety of different physiological processes (Figure 1.1).5 The most
notable physiological function of aquaporins is the facilitation of epithelial water
transport.6 Epithelial cells are responsible for the movement of water across tissue
barriers, for which aquaporins provide an ideal mechanism; osmotic transport through
aquaporin channels occurs in response to osmotic gradients generated by active
transport of solutes. This process is of particular relevance in the renal system,
specifically for the concentration of urine in the kidneys.7–9 The vast majority of the
water in urine filtered through the kidneys is reabsorbed, which is essential to prevent
dehydration; however, it is also essential that the acid content of urine not be
reabsorbed, which would cause systemic acidosis.4 This need gives great significance
to the ability of aquaporins to transport water at a high rate without transporting small
acid molecules. Several different aquaporins are expressed in renal epithelia, including
AQP1 in the kidney proximal tubule and the loop of Henle, as well as the endothelium of
the kidney’s straight arterioles.10 In addition to epithelial fluid transport, aquaporins play
major physiological roles in maintaining water homeostasis in the central nervous
system (CNS),11,12 in vision,13,14 in tumor angiogenesis15–17 and cell migration,7,15,18 and
in various secretory mechanisms.19–21

3

Figure 1.1: Tissue distribution of mammalian aquaporins. HAQP1 is associated with kidney,
erythrocyte, endothelium, CNS, and tumour cells. Reprinted by permission from Springer Nature: Springer
Nature, Nature Reviews Drug Discovery, Copyright 2014.10
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1.1.3

Structure of AQPs

1.1.3.1 Primary Structure
Human AQP1 (hAQP1) contains 269 residues with high sequence similarity
between the N- and C-terminal halves of the protein; this tandem repeat pattern is found
in all aquaporins and is most likely a result of a gene duplication event early in the
evolution of the protein.3 The two repeats are inverted 180° relative to each other,
causing both N- and C- termini to be on the cytoplasmic side of the membrane.22 The
aquaporin membrane topology is shown in Figure 1.2B,23 with sites of interest labeled.

1.1.3.2 Secondary and Tertiary Structure
Several complete 3D structures of hAQP1 have been determined via cryoelectron microscopy and X-ray crystallography. These structures broadly offer the same
picture: the hAQP1 monomer is composed of six transmembrane alpha-helices (H1-6)
arranged in a right-handed bundle with three extracellular loops (A, C, and E) and two
intracellular loops (B and D) connecting them.24 Loops B and E fold back into the
membrane and form two membrane-inserted alpha-helices (HB and HE) which do not
span the entire membrane length. The general 3D structure of the AQP monomer is
shown in Figure 1.2C.

5

Figure 1.2: Structure of aquaporins indicated in bovine aquaporin 1. (A) Top-down view of AQP1’s
tetrameric assembly. (B) Membrane topology of aquaporins, showing major sites for binding and posttranslational modifications. (C) 3D structure of the bAQP1 monomer showing the “hourglass” shape of the
AQP helical bundle. (D) bAQP1 structure of NPA motifs and ar/R which define the aquaporin pore and
selectivity filter (numbering corresponds to bAQP1, +2 compared to hAQP1). Reprinted by permission from
Springer Nature: Springer Nature, Nature Reviews Drug Discovery, Copyright 2014. 10

In hAQP1’s tertiary structure, the helices defining the two tandem repeats are
arranged 2-1-3 and 5-4-6 respectively. Helices H1 and H2 are roughly parallel to each
other with very similar tilt angles, whereas H3 is tilted almost perpendicularly to the axis
defined by H1 and H2. The second repeat (H4-6) has the same general structure as the
6

first, but is inverted 180° with respect to the membrane, resulting in a quasi-twofold axis
of symmetry parallel to the membrane plane.25 The monomer structure is stabilized by
coiled-coil interactions facilitated by large crossing angles between H1-H3, H2-H5, and
H4-H6.25 Several highly conserved glycine residues are of critical importance to the
coiled-coil configuration; though the presence of glycine residues can cause
destabilizing kinks in helical secondary structure, the space and torsional range glycine
provides enables the extensive helix-helix interactions needed to stabilize the tertiary
structure of transmembrane helices.26 Additionally, the helical bundles of the two
repeats are locked together by ridge-into-groove packing between H2 and H5.27

1.1.3.3 Oligomerization
Tetramerization is a general characteristic of aquaporins;3 hAQP1 oligomerizes
into a homotetramer with a four-fold axis of symmetry (Figure 1.2A)10. The hAQP1
tetramer is stabilized by numerous intermonomer interactions. Helices H1 and H2 have
left-handed coiled-coil contacts with H4 and H5 of the adjacent monomer, and surface
interactions occur between H1 and the neighboring H5 on the extracellular side, H2 and
the neighboring H4 on the cytoplasmic side, and between the protruding loops in both
membrane surface regions.25

The tetramer is the minimal unit of hAQP1 found in nature; aquaporin monomers
are generally not fully stable in the membrane.3 The causes of obligatory tetramer
assembly are not entirely clear, as each monomer functions as a separate pore and the
polypeptide contains no typical tetramerization domains.28 However, an important
7

stabilizing quaternary motif has been observed in hAQP1: a tripartite interaction
between N49 and K51 of H2 with D185 of the neighboring subunit forms a salt bridge
between K51 and D185. This structural motif may be critical to AQP1 folding, in which
N49 and K51 play an important role, though these three residues are poorly conserved
across the aquaporin family.28 Some proposed explanations for obligatory
tetramerization include the greater suitability of tetramer units for array formation (as the
fourfold symmetry of the tetramer should allow it to pack into lattices more effectively
than the asymmetrical sides of a monomer would),29 and the possibility that the center
of the tetramer could serve as an ion or gas channel.30

1.1.3.4 Substrate Selectivity
The structure of hAQP1 provides insight into how the channel allows selective
passage of water across the lipid bilayer. Three basic components of the aquaporin
channel can be identified in all structures: a narrow central pore forming a substrate
selectivity filter, and two larger open vestibules on the extracellular and cytoplasmic
sides of the pore. For hAQP1, the pore is around 25 Å in length, while the length of the
entire monomer is approximately 60 Å.31 The single narrowest point of the pore, referred
to as the aromatic/arginine (ar/R) constriction, is named for two of its defining residues:
an arginine (R195 in hAQP1) and an aromatic residue (H180 in hAQP1), which together
with F56 and C189 define a constriction with a diameter of ~2.8 Å.27 The constriction
defined by these residues in bovine aquaporin 1 (bAQP1) is shown in Figure 1.2D; all
four residues are conserved in hAQP1. As the diameter of this constriction site is only
slightly larger than the diameter of a water molecule, this structure provides one of the
8

primary means by which aquaporins prohibit transport of molecules other than water;
R195, H180, and F56 are all conserved across the water-specific aquaporins.27
Another important component of hAQP1’s pore is the asparagine-proline-alanine
(NPA) motif (Figure 1.2D), which is found in both tandem repeats, in the B and E loops.
This sequence is conserved in all mammalian aquaporins except the “superaquaporins”
AQP11 and AQP12, in which the NPA in loop B is replaced by NPC and NPT
respectively.3 The membrane-inserted helices HB and HE are packed end-to-end
centrally in hAQP1’s channel, thus positioning the terminal amine groups of the two
NPA asparagines inside the pore and forming a narrow constriction with an approximate
diameter of ~4 Å.27 Helices HB and HE are stabilized by extensive hydrogen and ionic
bonding with surrounding residues, while van der Waals interactions between the two
NPA prolines bind the two membrane-inserted helices together.25

Steric limitation by constriction is not the sole mechanism of selectivity in hAQP1.
Passage of ions is also blocked by the electrostatic properties of the pore. Positively
charged ions face an energetic barrier both from electrostatic repulsion by the ar/R
arginine residue and from the dipole orientation of HB and HE, which have their positive
ends toward the central pore (Figure 1.3).27 Negatively charged ions are repelled by the
multiple backbone carbonyl groups exposed on the pore lining and in the vestibules.27
Mutational analysis of the ar/R site and the NPA motifs indicated that both structural
elements serve together as cation filters, with the ar/R constriction alone failing to
exclude alkali cations, and electrostatic repulsion in the NPA region being insufficient to
9

stop all cation leakage.32 A critical functional characteristic of aquaporins is their ability
to prevent the transmembrane movement of protons in spite of the channels’ rapid
selective transport of water molecules. This feature is especially noteworthy because
hydrogen-bonded networks of water molecules possess extremely efficient means of
transporting protons via the Grotthuss mechanism, in which a series of hydrogenbonded water molecules (or “water wire”) transports protons by switching the orientation
of their hydrogen bonds.3 This phenomenon does not occur in aquaporins, despite the
presence of hydrogen-bonded water molecules in the central pore, due to a combination
of bonding geometry and electrostatic effects. The asparagine residues of the two NPA
motifs participate in hydrogen-bonding with transported water molecules, orienting
adjacent waters such that a continuous water wire cannot be formed extending through
the pore (Figure 1.3).27 The ar/R constriction site also appears to contribute to proton
exclusion, as low-conduction leakage of protons through rat AQP1 was observed when
its ar/R residues were mutated.33 Both the ar/R site and the NPA motifs are, therefore,
necessary to maintain complete proton exclusion.32

10

Figure 1.3: Schematic of mechanisms of selectivity and proton exclusion by the ar/R constriction
and NPA motifs defining hAQP1’s pore. From Science. 2001 Dec 14;294(5550):2353-7.34 Reprinted
with permission from AAAS.

1.1.3.5 Loop Structures
A notable structural feature of hAQP1 is the presence of a long (~20 residue)
extracellular loop, loop C (spanning from T116 to N134), which appears to participate in
significant interactions with or near residues defining the selectivity filter. Stabilizing
interactions have been observed between loop C residues and the highly conserved
R195 residue which defines the ar/R constriction, including hydrogen-bonding between
11

R195 and G125 as well as interactions between R195 and N127’s sidechain which
adopts a buried conformation in multiple structures.27,34–36 Further away from the pore,
S123 is a major interaction partner for water molecules entering the extracellular
vestibule of hAQP1.34 However, loop C is not consistently characterized in current
structural models of hAQP1.37
Several hAQP1 structures published to date have been determined at moderate
resolution via crystallographic methods (EM at 3.7 Å35 and 3.8 Å25 and X-ray at 3.28
Å36) or by computational refinement from crystal structures.38 Although these structures
broadly agree on the helical bundle structure of hAQP1 and the geometry of the central
pore, they diverge with respect to the structure of loop C, which may be due to the high
degree of disorder in the loop in crystallographic data, or due to the effect of crystal
packing on loop structures. There is also disagreement between these structures on the
orientation of the conserved R195 and its relation to loop C. In particular, in the first EM
structure of hAQP1 (1FQY), R195 adopts an orientation facing away from the water
pore in which it interacts with E142, C189, N192, and S196, but has no stabilizing
interactions with loop C.25 Conversely, a pore-facing orientation of R195 stabilized by
loop C was observed in multiple later structures, including the second EM structure of
hAQP1 (PDB 1IH5), where N127’s sidechain hydrogen-bonds with R195;35 the
computationally refined hAQP1 structure, where the carbonyl of G125 is hydrogenbonded to one of R195’s terminal nitrogen atoms;38 and the higher resolution (2.2 Å) Xray structure of bAQP1, in which N129 (homolog of N127 in hAQP1) interacts with S198
(S196 in hAQP1), and R197 (R195 in hAQP1) interacts with G127 (G125 in hAQP1).27
12

The structural characterization of loop C and its significance to AQP1’s pore
given by current hAQP1 models are thus unclear, and although the structure of bAQP1
is of good quality, the homology between loop C in the hAQP1 and bAQP1 is relatively
low, with some non-conservative replacements (e.g., hydrophilic R126 in hAQP1 to
hydrophobic L128 in bAQP1, G121 to D123, D128 to A130, D131 to P133) which may
be responsible for different conformations of loop C. Further refinement of the structure
of loop C is necessary to clarify any interactions loop C participates in in the
physiological environment, particularly with respect to loop C’s role in defining or
stabilizing the critical ar/R constriction.
1.1.4 Biomedical Relevance of hAQP1 Structure
Modulation of aquaporin function is regarded as a potential target for drug
discovery. The search for chemical compounds which can inhibit or modulate aquaporin
function has benefited from the availability of hAQP1 3D structures as well as homology
modelling and 3D structures of other aquaporins. Structure-based drug design studies
using molecular docking have identified potential hAQP1 inhibitors39 as well as highaffinity inhibitors for AQP940 and have also been used to identify and characterize new
binding sites in several other aquaporins.41–43 Molecular dynamics (MD) simulations on
aquaporins including AQP1 have further been used to analyze ligand binding affinity
and to assess drug efficacy.34,39,44–46 Refined structural information about hAQP1, in
particular the structure of loop regions and interactions which may contribute to the
stabilization of hAQP1’s pore, could facilitate such efforts to identify and assess hAQP1
inhibitors. Structural refinement necessitates precise observation of hAQP1 at a
13

molecular level; for this purpose, an advantageous method is nuclear magnetic
resonance spectroscopy.

1.2 Nuclear Magnetic Resonance Spectroscopy
1.2.1 Principles of Solid-State NMR
Nuclear magnetic resonance (NMR) spectroscopy is a powerful technique for
investigating molecular structure because of its high sensitivity to molecular-level
interactions. The most common form of NMR spectroscopy is conducted with samples
in solution, but conventional solution NMR is limited in its ability to study large molecular
systems. However, solid-state NMR (SSNMR) is able to structurally characterize large
biomolecules, such as lipid-reconstituted membrane proteins, at non-cryogenic
temperatures. This represents a significant advantage for SSNMR spectroscopy both
over solution NMR and over other methods of structure determination, such as X-ray
crystallography and cryo-electron microscopy, because SSNMR can provide structural
information about membrane proteins in a more physiologically relevant environment.
NMR experiments are based on the magnetic fields generated by nuclear spins.
All atomic nuclei are positively charged, and nuclei with non-zero spin quantum
numbers have spin angular momentum, interact with external magnetic fields, and
generate local fields. The most important spin-active nuclear isotopes for biomolecular
NMR experiments are 1H, 13C, and 15N, because hydrogen, carbon, and nitrogen, along
with oxygen, constitute the majority of atoms in most biomolecules, including proteins;
for proteins, multiple labeling with both

13C

and 15N is essential for improving sensitivity

and enabling multidimensional correlation experiments (section 1.2.5). NMR spectra
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can be obtained by placing these isotopically labeled samples into a strong external
magnetic field, then perturbing the magnetic moments of the sample nuclei through
irradiation with radiofrequency pulses and recording the response. The major
interactions relevant to NMR experiments are summarized by the general nuclear spin
Hamiltonian:
𝐻𝑁𝑀𝑅 = 𝐻𝑍 + 𝐻𝐶𝑆 + 𝐻𝐷 + 𝐻𝐽 + 𝐻𝑄 + 𝐻𝑅𝐹

(1)

In this expression, the final term, HRF, refers to the transient interactions between
the sample nuclear magnetic fields and the perturbing RF pulses. The preceding term,
HQ, refers to the quadrupolar interaction, which is not present for nuclei (including 1H,
13C,

and 15N) with a spin value of ½, as they do not have quadrupolar moments. The

remaining terms will be described in detail in the next section.
1.2.2 NMR Interactions
1.2.2.1 Zeeman Effect
In an external magnetic field, the magnetic moments of spin-active nuclei align
preferentially with (spin-up) and against (spin-down) the direction of the applied field,
which is conventionally taken to be along the z-axis. Energetically, the spin-up state is
slightly more favorable than the spin-down state. The splitting between these two states
is known as the Zeeman effect and is described by the Zeeman Hamiltonian:
𝐻𝑍 = −𝛾𝐵0 𝐼𝑍

15

(2)

Where γ is the characteristic gyromagnetic ratio of the specific nuclear isotope,
B0 is the strength of the applied magnetic field, and IZ is the z-axis spin angular
momentum operator. The difference in energy between the spin-up and spin-down
states (measured in frequency units) is referred to as the Larmor frequency and is given
by:
𝜔0 = −𝛾𝐵0

(3)

This difference in energy causes the spin-up and spin-down states to have
different populations in an ensemble of nuclei; each state’s population is defined by an
energy-dependent Boltzmann distribution. Although small, the difference in population
between the two states creates a net magnetization, which is approximated at high
temperatures by the expression:

𝑀0 =

𝑁𝛾2 𝐵0
4𝑘𝐵 𝑇

(4)

The total magnetization depends on the number of spin-active nuclei in the
sample (N), the gyromagnetic ratio (γ), the strength of the applied magnetic field (B0),
and the temperature (T). By optimizing these parameters, NMR experiments can attain
sufficient net magnetization to serve as a useful probe for molecular-level structural
information, which is embedded in NMR interactions including the chemical shift, dipolar
couplings, and J-couplings.

16

1.2.2.2 Chemical Shift
The basic Larmor frequency of a spin-active nucleus depends only on the
characteristic gyromagnetic ratio of the isotope and the strength of the applied magnetic
field, such that all nuclei of the same species have the same Larmor frequency.
However, the actual NMR signal associated with each individual nucleus is highly
sensitive to its particular chemical environment, which causes the observed frequency
of a given nucleus to deviate from its Larmor frequency; this deviation is referred to as
the chemical shift.
Chemical shift is caused by the electron cloud surrounding each nucleus, which
has a shielding effect that partially protects the nuclear magnetic moment from
perturbation by external magnetic fields. The degree of shielding is affected by the
general electron density around the nucleus as well as the orbital distribution and
geometry of the surrounding electrons. Consequently, the observed chemical shift of
each individual nucleus is dependent on its specific electronic environment, which is
influenced by local and global features of the molecular structure including atomic
bonds, charges, and protonation states. Chemical shift thus provides some insight into
molecular structure, and is the primary basis for spectral dispersion of NMR signals for
nuclei of the same species.
Chemical shift includes both isotropic and anisotropic (orientation-dependent)
components. The combined Hamiltonian for both components of chemical shift is given
by:

17

𝐻𝐶𝑆 = (𝜔𝐼𝑆𝑂 + 𝜔𝐶𝑆𝐴 )𝐼𝑍

(5)

Where 𝜔𝐼𝑆𝑂 is the contribution of the isotropic chemical shift and 𝜔𝐶𝑆𝐴 is the contribution
of the anisotropic chemical shift.
The anisotropic component of chemical shift causes line broadening if its
orientation-dependence is not averaged out. In solution-state NMR, anisotropy is
generally averaged out by molecular tumbling due to random motion. However, the
tumbling rate of large biomolecules in solution is insufficient to achieve this averaging,
which necessitates the use of solid-state NMR spectroscopy to study larger systems.
Anisotropic line broadening presents an experimental challenge for solid-state NMR due
to the static nature of the sample, but this problem can be solved through uniform
sample orientation or through the use of Magic Angle Spinning (MAS, section 1.2.3). In
Magic Angle Spinning, the sample is placed in a rotor which spins around its long axis
at an angle of ~54.74° to the external magnetic field; if the rate of spinning is sufficiently
high, this technique effectively averages out the chemical shift anisotropy.
1.2.2.3 Dipolar Coupling
Dipolar couplings are direct through-space interactions between nuclear spins.
These couplings may be either homonuclear (between nuclei of the same species) or
heteronuclear (between nuclei of different species). The general form of the Hamiltonian
for dipolar couplings is:

𝐻𝐷 =

𝜇0 𝛾𝑗 𝛾𝑘
3
4𝜋𝑟𝑗𝑘

(𝐼⃗𝑗 ⋅ ⃗⃗⃗
𝐼𝑘 −

3
2
𝑟𝑗𝑘
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(𝐼⃗𝑗 ⋅ ⃗⃗⃗⃗
𝑟𝑗𝑘 )(𝐼⃗⃗⃗𝑘 ⋅ ⃗⃗⃗⃗
𝑟𝑗𝑘 ))

(6)

Where two distinct spins are represented by the subscripts j,k, and ⃗⃗⃗⃗
𝑟𝑗𝑘 is the
spatial vector from spin j to spin k. As this equation indicates, the strength of a given
dipolar coupling depends strongly on the distance between the two spins (proportional
−3
to the magnitude of 𝑟𝑗𝑘
), decreasing dramatically as the distance increases. The

strength of dipolar interactions is also greatly affected by the gyromagnetic ratios of the
two spins (γj and γk), such that species with higher gyromagnetic ratios have much
stronger dipolar couplings. Unlike the chemical shift, dipolar couplings are purely
anisotropic and can be averaged out in solid-state NMR via the MAS technique.
1.2.2.4 J-Coupling
J-couplings (or scalar couplings) are indirect through-bond interactions between
nuclear spins. J-coupling interactions are mediated by the electrons involved in bonding
between the nuclei and are generally the weakest interaction considered in solid-state
NMR. The Hamiltonians for homonuclear and heteronuclear J-couplings are given
respectively by:
𝐻𝐽,ℎ𝑜𝑚𝑜𝑛𝑢𝑐𝑙𝑒𝑎𝑟 = 2𝜋𝐽𝑗𝑘 (𝐼⃗𝑗 ⋅ ⃗⃗⃗
𝐼𝑘 )

(7)

𝐻𝐽,ℎ𝑒𝑡𝑒𝑟𝑜𝑛𝑢𝑐𝑙𝑒𝑎𝑟 = 2𝜋𝐽𝑗𝑘 (𝐼𝑍𝑗 ⋅ 𝐼𝑍𝑘 )

(8)

Where 𝐽𝑗𝑘 is the coupling constant for the j,k spin pair. J-couplings may occur
over a single bond or multiple bonds but generally become progressively weaker as the
bond distance increases.
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1.2.3 Magic Angle Spinning
MAS is the dominant technique for eliminating anisotropic line broadening in
solid-state NMR. In MAS experiments, the NMR sample is packed into a rotor which
spins at a high rate while angled at ~54.74° from the direction of the applied magnetic
field.47,48 A diagram of the basic MAS setup is shown in Figure 1.4.

Figure 1.4: Schematic diagram of the typical setup for magic angle spinning. The sample is placed
at an angle θR = ~54.74° relative to the external magnetic field and spun at a frequency ω r.
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The Hamiltonians for anisotropic chemical shift as well as dipolar coupling can
both be simplified to show dependence on the term (3cos2θ – 1), where θ is the angle
between the interaction tensor (for either shielding or dipolar coupling) and the applied
magnetic field. When the sample is spinning about an axis set at a fixed angle from the
direction of the magnetic field, the average of the (3cos2θ – 1) term over one rotor cycle
is given by49:
〈3 cos2 𝜃 − 1〉 =

1
2

(3 cos2 𝜃𝑅 − 1)(3 cos 2 𝛽 − 1)

(9)

Where θR is the fixed angle of the rotor and β is the interaction-specific angle
between the interaction tensor and the rotor axis (Figure 1.4). When the fixed angle θR
is set at ~54.74°, this term is equal to zero. Consequently, the orientation-dependent
interactions are averaged out over the rotor period.
The effectiveness of the averaging in MAS is dependent on the spinning rate; in
order to effectively average out an anisotropic interaction, the spinning frequency should
be at least 3-4 times higher than the frequency of the interaction. Figure 1.5 shows a
simulated spectrum for a 13C-1H spin pair with dipolar coupling. With no spinning, each
anisotropic interaction produces a broad powder pattern defined by the distribution of
orientations in the sample. At low spinning rates, line narrowing from the powder pattern
is achieved, but spinning sidebands appear at multiples of the spinning frequency. At
higher spinning rates, the intensity of the center band is increased and side band
intensity is comparatively minimal.
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Figure 1.5: Simulated spectra for a 13C-1H spin pair with 20 kHz dipolar coupling. With no spinning,
a broad powder pattern is obtained; as the spin rate increases, a strong center band can be observed
with spinning sidebands at +/-n of the spinning frequency.
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1.2.4 Proton Decoupling
Protons have very high gyromagnetic ratios and consequently proton couplings
are some of the strongest interactions in NMR. Because MAS is only effective when the
spinning frequency is significantly higher than the interaction strength, very high MAS
rates would be needed to average out proton couplings, which exceed 40 kHz for typical
proton-carbon dipolar couplings. While proton-detected SSNMR is a rapidly developing
field,50–55 the majority of SSNMR experiments still rely on carbon detection. In such
experiments, typically carried out at moderate spinning frequencies, proton decoupling
techniques are used to eliminate the effects of proton interactions on carbon and/or
nitrogen spectra. These decoupling methods involve frequency-, phase- and/or powermodulated trains of pulses which attenuate proton-carbon dipolar couplings by 2-3
orders of magnitude, thereby permitting high-resolution detection of carbon resonances.
1.2.5 Multidimensional Experiments and Recoupling
Despite the sensitivity of chemical shift to the local electronic environment, large
biomolecules contain such a high number of spins that their one-dimensional spectra
inevitably contain many overlapping peaks. Figure 1.6 shows the spectral region
containing most aliphatic (non-carbonyl) 13C chemical shifts in hAQP1; in the 1D
spectrum, almost all peaks are heavily overlapped, whereas in the 2D carbon-carbon
correlation spectrum, many cross-peaks are well-resolved. In order to attain site-specific
resolution of peaks in such large systems it is, therefore, necessary to conduct
multidimensional correlation experiments, in which polarization of magnetization is
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transferred from one set of spins to their coupled spins based on a known transfer
condition. A multidimensional spectrum can then be acquired by allowing the
magnetization to evolve following each transfer of polarization.

Figure 1.6: Comparison of 1D and 2D spectra. 1D carbon (top) and 2D DARR carbon-carbon (bottom)
spectra collected from UCN hAQP1 sample. The spectral region containing aliphatic sidechain carbons is
shown.
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Since spin couplings such as dipolar interactions are averaged out through MAS,
it is necessary to reintroduce these interactions through the use of recoupling pulses.56
Polarization transfer between recoupled spins then allows the structural information
contained in those interactions to be accessed by examining the correlations observed
in multidimensional spectra. Many different techniques can be used to transfer
polarization between coupled spins, including cross-polarization (CP).57,58
1.2.6 Cross Polarization
CP is the most common method of transferring polarization between
heteronuclei. In the basic configuration of CP, two heteronuclei are simultaneously
irradiated with RF pulses matching the MAS Hartmann-Hahn condition:59,60
𝛾𝐼 𝐵1𝐼 = 𝛾𝑆 𝐵1𝑆 ± 𝑛𝜔𝑟

(10)

Where γ represents the gyromagnetic ratio, B1 represents the resonant field
strengths for each of the heteronuclear I and S spins, 𝜔𝑟 is the spinning frequency, and
n is a small integer (1 or 2). CP parameters can be further optimized for selective
polarization transfer using the SPECIFIC CP technique,61 which is useful in protein
studies for targeting structural features with distinct chemical shifts, such as transferring
polarization to the carbonyl region without affecting aliphatic carbons.
1.2.7 Rotational Resonance
Recoupling techniques for homonuclear spin pairs are also important for
determining correlations in multidimensional experiments. Rotational resonance (R2) is
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an effect observed under MAS conditions when a dipolar-coupled homonuclear spin
pair has an isotropic chemical shift difference 𝜔∆𝐼𝑆𝑂 equal to an integer multiple of the
spinning frequency:62,63
𝜔∆𝐼𝑆𝑂 = 𝑛𝜔𝑟

(11)

Since the spinning frequency can be adjusted such that its integer multiples
match various chemical shift differences of coupled spins, R2 provides a useful method
for selective recoupling of dipolar interactions between homonuclear spin pairs.64 Many
different homonuclear correlations within a target molecular structure can thus be
observed selectively by conducting R2 experiments at different spinning frequencies.

1.3 Research Goals
The primary objective of this research is to refine the structure of hAQP1’s long
extracellular loop C, which diverges substantially across currently published structural
models of hAQP1. Loop C’s possible role in stabilizing hAQP1’s pore motivates the
need for an improved characterization of the loop’s structure, both for understanding the
basic functioning of hAQP1 as a selective water channel and with the purpose of
providing structural insights useful for further study of hAQP1 inhibitors. To this end,
MAS SSNMR is advantageous because of its ability to characterize membrane proteins
in a native-like lipid environment. As an initial goal, it is also necessary to reproduce and
optimize high-quality, high-yield production of isotopically-labeled, lipid-reconstituted
hAQP1 for use in SSNMR experiments.
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2 Materials and Methods
2.1 Sample Preparation
2.1.1 Protein Expression
2.1.1.1 Expression System
Structural studies of proteins via SSNMR techniques require the production of
purified, isotopically labeled, natively folded protein samples in substantial (milligram)
quantities. Eukaryotic membrane proteins such as hAQP1 present significant
challenges for SSNMR sample preparation due to the difficulty of achieving sufficient
expression levels, as well as native folding and post-translational modifications, in
heterologous systems including the common bacterial expression system of Escherichia
coli.65,66
The methylotrophic yeast Pichia pastoris is an alternative system capable of
overcoming these challenges in NMR sample production of eukaryotic membrane
proteins. P. pastoris possesses several major advantages in expressing membrane
proteins including hAQP1: it is a well-studied eukaryotic system capable of achieving
high cell densities through respiratory growth, it is tolerant of minimal media conditions
(critical to make isotopic labeling economical), and protein expression is strongly
inducible with methanol.67–69 Emami et al. developed a protocol for robust
overexpression, high-yield purification, and stable lipid reconstitution of isotopically
labeled hAQP1 via the P. pastoris expression system which provided well-resolved
SSNMR spectra yielding numerous resonance assignments, demonstrating the high
quality of hAQP1 samples produced following this method.70 With minor modifications,
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the same protocol was followed to produce uniformly 13C,15N labeled hAQP1 sample for
use in this study, starting with frozen stocks of transformant cells stored during the
previous SSNMR studies of hAQP1 published by Emami et al. and Wang et al.37,70 The
complete sample preparation procedure, including all amendments made during this
study, is described in the following sections.
2.1.1.2 Growth and Expression Procedure
Transformant cell stocks stored at -80 °C were replated onto yeast peptone
dextrose (YPD, Table 2.1) plates with high concentration of zeocin (Cedarlane, 1000
μg/mL) and incubated at 30 °C. After 4-7 days of growth, a single well-isolated colony
was transferred to 50 mL isotope-labeled 13C,15N buffered minimal dextrose (BMD, pH
6.0, Table 2.1) media in a 250 mL sterile shake-flask and grown at 30 °C for 18-24
hours. Cultures were then transferred to 1 L sterile shake-flasks containing additional
200 mL BMD media and grown at 29 °C and 275 rpm (New Brunswick Excella E25
shaker) for another 18-24 hours. Cells were collected by centrifugation at 1500×g for 10
minutes at 4 °C in sterile containers and resuspended in 1 L isotope-labeled 13C,15N
buffered minimal methanol (BMM, pH 6.0, Table 2.1) media in a sterile 2.8 L shakeflask. Cells were grown for an additional 24 hours at 28 °C, 240 rpm, and then collected
by centrifugation at 1500×g for 10 minutes at 4 °C and washed twice with MilliQ water.
Cell pellets were stored at -20 °C for later use.
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2.1.2 Protein Purification
Frozen cell pellets were resuspended in one pellet volume of cell resuspension
buffer (CRB, pH 7.6, Table 2.1) and one pellet volume of acid-washed glass beads
(Fisher, 420-600 μm diameter). Cells were broken by vortex mixing (Fisherbrand Analog
Vortex Mixer) for 1 minute at maximum speed, followed by a 1 minute interval in which
the suspension was rested on ice; this pattern was repeated 4 times, following which
cell debris was separated via low-speed centrifugation at 700×g for 5 minutes at 4 °C
and the cell lysate was collected. Eight rounds of vortexing were completed with the
collection of additional lysate after each round. Combined supernatants containing cell
lysates from all rounds of breakage were centrifuged at 150,000×g for 1 hour at 4 °C,
and the pellet containing the membrane fraction was stored at -20 °C for later use.
Solubilization of hAQP1 was achieved by resuspending the frozen membrane
fraction pellet in 20 mL solubilization buffer (pH 8.0, Table 2.1) and stirring gently at 4
°C for 2 hours. Unsolubilized material was removed by centrifugation at 150,000×g for 1
hour, and 2-5 mL Ni2+-NTA resin (Qiagen) was then added to the supernatant
containing solubilized hAQP1. This solution was incubated with resin overnight with
gentle stirring to allow complete binding, then placed in a PD 10 desalting column (GE
Healthcare). The solution volume containing unbound proteins and any other debris
flowed through the column and the resin was washed with 500 mL washing buffer (pH
8.0, Table 2.1), after which hAQP1 was eluted using 20-40 mL elution buffer (pH 8.0,
Table 2.1) with an increasing concentration of imidazole. Purified hAQP1 in elution
buffer was stored at 4 °C for no more than 7 days, during which the elution volume was
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concentrated to 5 mL with concurrent removal of imidazole (Amicon centrifugal
concentrator, 10 kDa cut-off, Fisher) and buffer exchange into reconstitution buffer (pH
7.5, Table 2.1).
2.1.3 Lipid Reconstitution
For lipid reconstitution, purified hAQP1 in imidazole-free reconstitution buffer was
incubated overnight with gentle stirring at 4 °C, with prepared lipid stock (egg PC:brain
PS, 9:1 w/w, Avanti lipids) at an approximate protein:lipid weight ratio of 2:1. Following
incubation with lipids, detergent removal was accomplished by dialysis. The sample was
placed into a dialysis bag (12–14 kDa cutoff, Spectra/Por, VWR) fixed at the top of a
container with 200-500 mL dialysis buffer (pH 7.5, Table 2.1) and 8 g of Bio-beads SM-2
(Biorad), and the dialysis container was stirred gently at 4 °C. Dialysis continued for 710 days with changing of dialysis buffer and addition of 1-4 g Bio-beads every 24 to 48
hours, until no detergent was present. The reconstituted proteoliposome suspension
was collected from the dialysis bag and the proteoliposomes were collected by
centrifugation at 150,000×g for 1 hour at 4 °C, and then washed with NMR buffer (pH
7.0, Table 2.1) by centrifugation at 300,000×g for 30 minutes at 4 °C. Finally,
proteoliposomes in NMR buffer were centrifuged at 900,000×g for 16 hours at 4 °C, and
the resulting pellet was stored at -20 °C until it was ready for SSNMR rotor packing.
2.1.4 Analytical Methods
2.1.4.1 Gel Electrophoresis
Due to the complexity of the membrane protein sample preparation procedures
employed in this study and the high cost of isotopic labeling materials, it was critical to
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verify the productivity of stored cell stocks and confirm the effectiveness of modifications
to the preparation protocol before producing labeled sample for use in SSNMR
experiments. Production of unlabeled natural abundance hAQP1 sample was therefore
completed to validate sample yield, quality, and consistency with past results.
Following purification of natural abundance hAQP1, sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) was used to confirm the presence of
hAQP1 protein and check sample purity. SDS is a strong anionic detergent which
partially denatures proteins such that the charge distributions for proteins of different
sizes are approximately equal.71 Samples are then placed in a polyacrylamide gel
matrix submerged in a buffering solution and an electric field is applied so that the ionic
protein moves across the gel.72 Since the charge densities of partially denatured
proteins are roughly the same, molecular mass is the determining factor in their rate of
movement through the gel. SDS-PAGE thus separates proteins by mass, so the mass
bands observed in SDS-PAGE provide an indication of sample purity and yield.
To validate the updated sample preparation protocol for hAQP1, SDS-PAGE was
performed on detergent-solubilized natural abundance hAQP1 following column
purification. The sample was prepared by mixing a 10 µL volume of unconcentrated
eluate containing hAQP1 with loading dye and SDS stock solution (10% w/v) in equal
proportions, incubating at high temperature (>60ºC) for five minutes, and placing the
mixture in a sample well of a polyacrylamide gel submerged in running buffer (Table
2.1). A protein ladder containing standard reference proteins of known mass was added
to another sample well to facilitate estimation of observed mass bands. A constant
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potential difference of 110 V was then applied across the gel matrix for 1-1.5 hours to
achieve mass separation. Following this period, the gel was removed from the SDSPAGE apparatus, and chemically fixed and stained (SYPRO Ruby Protein Gel Stain) for
observation of mass bands via UV illumination.
An example SDS-PAGE gel image obtained using natural abundance hAQP1
sample is shown in Figure 2.1, with mass bands corresponding to the hAQP1 monomer
(32 kDa actual molecular mass) and tetramer (128 kDa) in the second lane; the protein
ladder reference is shown in the first lane. Membrane protein bands in SDS-PAGE
typically indicate slightly lower masses than the actual molecular mass due to
incomplete linearization by SDS; the bands observed for hAQP1 are consequently
slightly lower with respect to the reference standards. Good sample purity is indicated
by the absence of additional strong bands outside the regions associated with hAQP1's
monomer and tetramer.
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Figure 2.1: SDS-PAGE results. Results show band for purified hAQP1 (center) compared to protein
ladder standards (right, guide diagram for protein ladder; left, ladder stained in actual gel). A strong band
is observed for the hAQP1 monomer with a weaker band corresponding to the tetramer.

2.1.4.2 Fourier Transform Infrared Spectroscopy
Fourier transform infrared (FTIR) spectroscopy is a widely used analytical
method based on the vibrational excitation of chemical bonds caused by absorption of
IR light.73 In a typical FTIR procedure, the sample is exposed to a range of IR
wavelengths and the resulting signal is collected as an interferogram, which is Fourier
transformed to provide the FTIR spectrum. FTIR spectroscopy can determine the
structure of small molecules and is highly sensitive to secondary structure in proteins.
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Two FTIR spectral bands are of particular use for probing protein samples: the amide I
band (located between 1600 and 1700 cm-1), which is primarily associated with the C=O
stretching vibration and is thus sensitive to backbone conformation; and the amide II
band (located between 1500 and 1600 cm-1), which is associated with N-H bending and
C-N stretching vibrations. Monitoring these two amide bands gives an indication of
sample quality; since hAQP1 is chiefly alpha-helical, a single narrow peak is expected
for each amide band. The intensity of the amide peaks also provides a means of
estimating sample yield.
In this study, FTIR of hAQP1 samples was performed following lipid
reconstitution, resulting in the observation of various peaks associated with lipid
structure in the spectral region around the amide bands. Reconstituted sample in NMR
buffer was first washed with MilliQ water by centrifugation to remove buffer salts, then
resuspended in MilliQ. A 50 μL volume of the resuspended sample was placed on a
CaF2 window (Harrick) and dried in a desiccator. When the sample had fully dried into a
film, an FTIR absorbance spectrum was taken using a Bruker IFS66vs spectrometer.
Comparing the relative intensity of the lipid peaks to the amide peaks enabled
estimation of the sample's protein-to-lipid ratio.
Figure 2.2 shows two overlaid FTIR spectra collected using natural abundance
hAQP1 sample (red) and uniformly 13C,15N labeled sample (blue). The natural
abundance sample shows a strong amide I peak with narrow linewidth centered at 1657
cm-1, which reflects the predominantly alpha-helical structure of hAQP1. The two amide
peaks are shifted to the right in the labeled sample spectrum due to the slightly different
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vibrational energies influenced by the heavier isotopes used in labeling; the broadly
consistent lineshapes and relative intensities of the shifted peaks in comparison to the
natural abundance spectrum indicate complete and uniform labeling. The lower peak
centered at 1738 cm-1 is associated with lipid ester vibrations and indicates the
approximate protein-to-lipid ratio, estimated for both samples at close to 2:1 protein:lipid
by weight.

Figure 2.2: FTIR spectra for hAQP1. Spectra were collected using unlabeled natural abundance hAQP1
sample (red) and UCN hAQP1 sample for NMR (blue). Both spectra represent protein:lipid weight ratios
estimated in the range of 2:1 to 1:1.
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2.1.5 Buffers
All buffer and stock solution recipes used in sample preparation and analytical
procedures are listed below, except where described in the text.

Table 2.1: Buffers used in the sample preparation procedures.

Yeast Peptone Dextrose (YPD), pH=6.5
yeast extract

1%

peptone

2%

dextrose

2%

Buffered Minimal Dextrose (BMD), pH=6.0
ammonium sulfate

1%

potassium phosphate

100 mM

yeast nitrogen base

0.34 %

biotin

0.00004 %

dextrose

0.5 %

Buffered Minimal Methanol (BMM), pH=6.0
ammonium sulfate

1%

potassium phosphate

100 mM

yeast nitrogen base

0.34 %

biotin

0.00004 %

methanol

0.5 %

Cell Resuspension Buffer (CRB), pH=7.6
Tris-HCl

20 mM

sodium chloride NaCl

100 mM

EDTA

0.5 mM

glycerol

5 % (w/v)

Solubilization Buffer, pH=8.0
Tris-HCl

20 mM

sodium chloride NaCl

100 mM

glycerol

20 %

imidazole

10 mM

protease inhibitor cocktail (for general use, Sigma)
n-octyl-β-D-glucopyranoside

1X
5%
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Washing Buffer, pH=8.0
Tris-HCl

20 mM

sodium chloride NaCl

100 mM

glycerol

20 %

imidazole

30 mM

protease inhibitor cocktail (for general use, Sigma)

1X

n-octyl-β-D-glucopyranoside

1%

Elution Buffer, pH=8.0
Tris-HCl

20 mM

sodium chloride NaCl

100 mM

glycerol

20 %

imidazole

150-500 mM

protease inhibitor cocktail (for general use, Sigma)
n-octyl-β-D-glucopyranoside

1X
1%

Reconstitution Buffer, pH=7.5
potassium phosphate

50 mM

sodium chloride

100 mM

Dialysis Buffer, pH=7.5
potassium phosphate

50 mM

sodium chloride

300 mM

NMR Buffer, pH=7.0
Tris-HCl

25 mM

sodium chloride

10 mM

2.2 SSNMR Experiments
2.2.1 Homogeneously Broadened Rotational Resonance Experiments
Rotational Resonance (R2) recoupling (section 1.2.7)62,64 is an important
technique for the measurements of internuclear carbon-carbon distances as structural
restraints in multidimensional MAS SSNMR experiments.74 Homogeneously broadened
R2 (HBR2) is an application of the R2 recoupling technique that overcomes one of the
major limitations of R2, which is that the highly selective nature of R2 generally allows for
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the recoupling only of dipolar couplings where the isotropic chemical shift difference of a
spin pair fits the R2 condition very precisely.75,76 In the HBR2 experiment, the R2
matching condition is broadened so that a significantly expanded range of interactions
can be recoupled at a given spinning frequency, reducing the number of experiments
needed to cover spectral regions of interest while still minimizing dipolar truncation and
multi-spin effects, so that weaker structurally constraining internuclear interactions can
be selectively observed.77 In addition to the dipolar couplings’ strong dependence on
internuclear distance (section 1.2.2.3), recoupling via R2 is also dependent on residual
coupling to the proton bath. HBR2 increases this residual coupling by reducing the
proton decoupling power during R2 mixing, resulting in increased bandwidth of the R2
matching condition. Previously, multidimensional HBR2 experiments have been
successfully applied to determine distances in the 56-residue β1 immunoglobulin
binding domain of protein G (GB1)75 and to define intrahelical correlations for the
structure determination of Anabaena sensory rhodopsin (ASR); the latter performed on
sparsely labeled ASR samples.78
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Figure 2.3: The SSNMR pulse sequence used for 3D NCOCX HBR2 correlation experiments.

This study employed a series of 3D HBR2 experiments conducted at a range of
spinning frequencies with an N-CO-CX transfer pathway. The pulse sequence used for
all 3D HBR2 experiments is shown in Figure 2.3. It follows the polarization transfer
steps of a standard 3D NCOCX experiment, with the following modifications. First,
reduced power continuous wave decoupling during the HBR2 is used to establish bandselective polarization transfer between backbone and selected sidechain carbonyl
carbons CO, and aliphatic sidechain atoms CX (CX=Cγ, Cδ, etc.), enabling observation
of weak carbon-carbon dipolar interactions and minimizing the recoupling of strongly
truncating one-bond CO-CA dipolar couplings. Second, the indirect chemical dimension
includes an off-resonance frequency-selective pulse applied to the CA region which
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refocuses JCOCα homonuclear couplings for improved spectral resolution in the indirect
CO dimension.79
2.2.2 Experimental Conditions
To conduct NMR experiments, UCN hAQP1 sample estimated to contain 6-8 mg
protein was center packed in a 3.2 mm thin wall rotor (Bruker Biospin) for magic angle
spinning. Seven three-dimensional HBR2 NCOCX chemical shift correlation experiments
at different spinning frequencies (14.0, 14.3, 14.6, 14.8, 15.0, 15.6, and 15.9 kHz,
corresponding to 69.6, 71.1, 72.6, 73.5, 74.5, 77.5, and 79.0 ppm) were conducted on a
Bruker Avance III spectrometer operating at 800.230 MHz proton Larmor frequency, as
were several two-dimensional experiments using the same pulse sequence with the CO
indirect chemical shift evolution dimension set to zero. Two additional 3D NCOCX
experiments were conducted at spinning frequencies of 11.1 kHz (73.6 ppm) and 11.5
kHz (76.1 ppm) on a Bruker Avance III spectrometer operating at the proton Larmor
frequency of 600.130 MHz. Experiments on both spectrometers were performed using
3.2 mm EFREE triple resonance HCN probes (Bruker USA, Billerica, MA). Sample
temperature was maintained at 5 °C in all experiments. Experimental optimization
procedures were performed as described by Shi & Ladizhansky.80 The N-CO
polarization transfers were implemented using band-selective SPECIFIC crosspolarization61 and CO-CX transfers were implemented with 70-100 ms continuous-wave
(CW) irradiation of 38-50 kHz applied to protons.75,76 SPINAL-64 proton decoupling81 of
83 kHz was applied during both direct and indirect chemical shift evolutions. Cα–CO
homonuclear J-couplings were refocused during indirect chemical shift evolution
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through the application of an off-resonance selective Gaussian cascade refocusing
pulse82 of 350 μs duration.79 Indirect referencing of 13C chemical shifts to 2,2-dimethyl2-silapentane-5-sulfonic acid (DSS) was performed by adjusting the downfield
adamantane peak to 40.48 ppm83; 15N chemical shifts were indirectly referenced via the
ratio of gyromagnetic ratios γN/γC = 0.402979946.84
2.2.3 Data Processing and Assignment
All spectra were processed using NMRPipe.85 Noise calculations and peakpicking were performed using CARA.86 Previously reported chemical shift assignments
for hAQP137 (BMRB: 26805) were used for initial data analysis. Chemical shift values
were calibrated for each spectrum by manually matching well-resolved peaks in the CO
region (170 – 185 ppm) to the reported chemical shift assignments; this resulted in
small linear corrections to ppm values for each spectrum (the range of corrections was
<0.25 ppm for N shifts and <0.23 ppm for CO/CX shifts across all spectra). To identify
cross-peak correlations indicating long-distance transfers, the spectral region from 75.05.0 ppm in the CX dimension was extracted from each spectrum and analyzed using
Python87 scripts employing the Nmrglue88 and NumPy89 packages. The CX region peak
lists were filtered to remove from the consideration the peaks corresponding to the
second order spinning sidebands. To define appropriate chemical shift tolerances for
assigning cross-peaks to specific polarization transfers, the remaining peaks were first
matched to any possible short-range (intraresidue or sequential) transfers within a very
broad (<1.5 ppm) tolerance for each N, CO, CX shifts, and the deviations from the
BMRB assignment table were calculated for each cross-peak match. The chemical shift
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tolerances were then set at ± 2 times root-mean-square of the distribution of these
deviations for each dimension; final tolerances were 0.36 ppm for N shifts, 0.33 ppm for
CO, and 0.39 ppm for CX. Cross-peaks were re-matched to potential intraresidue and
sequential transfers using the corrected tolerances, and peaks matching short-range
distances were removed from consideration for the analysis of potential long-range
correlations. A list of potential assignments for long-range correlations was prepared
based on the chemical shift matches of N, CO, CX shifts.

2.3 Structure Calculations
2.3.1 Xplor-NIH
Xplor-NIH is a software package which facilitates protein structure determination
from NMR data.90 The standard use of Xplor-NIH is to calculate a structure through
energy minimization achieved by a combination of simulated annealing via molecular
dynamics and gradient minimization.90 The software allows for the inclusion of various
energy terms in an overall energy metric which combines experimentally-derived
restraints with knowledge-based terms. Each term in the energy metric can be scaled
through individual force constants and weighting factors.
For structure calculations of hAQP1, experimental distance restraints were
derived from HBR2 data (in the form of internuclear distances defined between
correlated CO-CX nuclei) and dihedral angle restraints were taken from previously
determined dihedral angle predictions based on hAQP1’s chemical shift assignments. 91
Standard covalent energy terms for bonds, angles, and improper dihedral angles were
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also included. All structures were calculated in parallel using Xplor-NIH’s Python
interface.
2.3.2 Analysis of Distance Restraints
Most peaks in the HBR2 data have ambiguous assignments. They were
interpreted based on templates provided by three crystal structures of hAQP1 obtained
using electron microscopy (PDB 1FQY, 3.9 A; 1IH5, 3.7 Å) and X-ray crystallography
(PDB 4CSK, 3.28 Å), as well as one computationally refined model (PDB 1H6I) and one
homology model based on the X-ray structure of bovine AQP1 (PDB 1J4N). To identify
distance restraints relevant to loop C, shift-based correlations which would imply a COCX transfer between distant cytoplasmic and extracellular sites in hAQP1’s topology
were excluded, as were correlations indicating an excessively long transfer distance
(>12.0 Å) in all templates, and cross-peaks potentially representing intermonomer
transfers. Cross-peaks with a single viable N-CO-CX transfer pathway under these
limitations were considered to provide unambiguous distance restraints if any template
indicated a CO-CX distance within the maximum range observed for unambiguous
short-range correlations (<6.0 Å). Initially using a starting set of only unambiguous
restraints, an iterative process of structure calculation followed by reassessment of
possible restraints was then performed to disambiguate the remaining restraint
candidates.
2.3.3 Iterative Structure Refinement
Structure calculations were performed using Xplor-NIH92 version 2.48 using the
ensemble refinement protocol90 via the Python interface. Four structural templates of
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the AQP1 monomer were used as starting structures for refinement: three published
PDB structures of hAQP1 (PDB 1FQY, 1IH5, 1H6I) and the high-resolution structure of
bAQP1 (PDB 1J4N). Residue positions for hAQP1 were mapped to the bAQP1
structure by homology modelling through SWISS-MODEL93 with the hAQP1 sequence
and 1J4N PDB structure as inputs. Missing terminal residues from the full hAQP1
sequence were added using Chimera.94 The addition of H atoms to template structures
was accomplished using MolProbity with automatic correction of Asn/Gln/His flips.95
During refinement, the transmembrane helical secondary structure for each template
was restrained by introducing (i to i+4) H-bond restraints in helical regions, and tertiary
structure of the helical bundle was kept consistent between ensemble members by
restraining helical backbone atoms semi-rigidly to the bAQP1 model’s atomic positions
using XPLOR-NIH’s non-crystallographic symmetry term, with a small range of deviation
(1.0 Å) permitted in order to allow TALOS-based restraints to influence dihedral angles
in helical regions without altering general tertiary structure. The bAQP1 model was used
to restrain helical backbone atoms because it provided the best-resolved template
structure for these regions.
Distance restraints were initially taken from the set of 37 unambiguously
identified long-distance transfers. Dihedral angle restraints for the refinement calculation
were determined for hAQP1 using the TALOS+ protein backbone dihedral angle
prediction program.91 For the simulated annealing stage of XPLOR-NIH’s refinement
protocol, the force constant for dihedral angle restraints was set to kCDIH=200 kcal mol-1
rad-2 and the force constant for distance restraints was increased geometrically from
44

kDIST=2 to 30 kcal mol-1 Å-2, with a 10x weighting factor to prevent distance violations.
The maximum distance allowed for each restraint was initially defined by analyzing the
distribution of inferred intraresidue and sequential distances and taking the 95%
confidence value (~6.0 Å) of this distribution of distances, and subsequently tightened
as the model converged to a maximum of 4.5 Å for the final calculation. The final
restraint maximum distance of 4.5 Å was derived from previous HBR2 observation of
distances in the N-acetyl-L-Val-L-Leu dipeptide, where transferred intensity was
monitored for a range of distances from 2.5 to 6.0 Å.76 For N-acetyl-L-Val-L-Leu only
about 6-8% intensity was transferred for distances around ~4.5 Å, making it highly
unlikely that distances longer than this could be observed in the 3D HBR 2 spectra of
hAQP1.
After an initial calculation of 100 structures, the ambiguous cross-peak
correlation list was analyzed based on the 10 lowest-energy models calculated. In order
to be accepted as a distance restraint, a shift-based CO-CX correlation candidate had
to be the sole correlation for a particular cross-peak satisfying two criteria: the maximum
CO-CX atom-to-atom distance for that correlation across the 10 models had to be less
than a defined maximum value (initially 8.0 Å, progressively lowered to 6.0 Å), and the
minimum CO-CX distance across the 10 models had to be within 6.0 Å. Correlations
meeting these criteria were considered to be disambiguated restraints. After each
iteration of the structure calculation, all disambiguated restraints were compiled into the
distance restraint list and the refinement was performed again with the 10 lowest-energy
models from the previous calculation used as starting structures. Five iterative rounds of
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refinement were performed following this procedure with the maximum distance
allowance for each restraint set at 6.0 Å, followed by two more rounds where the
maximum allowance for each restraint was progressively tightened to 5.0 Å, and then
4.5 Å for the final calculation, at which point no further restraints could be
disambiguated.
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3 Results and Discussion
3.1 Spectral Quality
Previously, hAQP1 has shown good structural stability and sample homogeneity
when reconstituted into a PC:PS lipid system for use in MAS SSNMR.37,68
Spectroscopic assignment of 192 out of 269 residues was obtained through a series of
MAS SSNMR correlation experiments, including the assignment of both backbone and
sidechain 13C and 15N chemical shifts for all residues in loop C.37 Structural
characterization of hAQP1 presents several challenges: even though hAQP1 yields
spectra of excellent dispersion with typical line widths of ~0.5 ppm in both carbon and
nitrogen dimensions, overlapping peaks result in spectral crowding which prevents the
identification of structurally constraining cross-peak correlations (Figure 3.1).
Additionally, hAQP1 is produced in methylotrophic yeast, which greatly limits the use of
isotopic labeling schemes widely employed for spectral simplification and for reducing
the dipolar truncation effects77 in proteins produced in E. coli.96–99
Multidimensional HBR2 (section 2.2.1) experiments have been successfully
applied to determine distances in the 56-residue β1 immunoglobulin binding domain of
protein G (GB1)75 and to define intrahelical correlations for the structure determination
of Anabaena sensory rhodopsin (ASR), the latter performed on sparsely labeled
samples.78 In this study, the HBR2 technique was used on uniformly 13C,15N labeled
hAQP1 to establish a band-selective polarization transfer between backbone and
selected sidechain carbonyl carbons and aliphatic sidechain atoms CX (CX=Cγ, Cδ,
etc.), while minimizing the recoupling of strong truncating one-bond CO-Cα dipolar
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couplings. Figure 3.1 shows a 2D HBR2 spectrum of hAQP1 collected on an 800 MHz
spectrometer at 15.0 kHz MAS spinning frequency (corresponding to ~74.5 ppm). At
this spinning frequency, band-selective polarization transfer is optimized between many
carbonyl and sidechain carbons which approximately satisfy the n=2 R2 matching
condition, as reflected in the high density of peaks observed in the 20-30 ppm range.

Figure 3.1: Two-dimensional HBR2 spectrum of hAQP1 collected at 15.0 kHz @ 800 MHz. Most
peaks in the carbonyl region (185-170 ppm, carbon dimension) and belonging to sidechain carbons (4020 ppm, carbon dimension) are overlapped, preventing identification of structurally constraining crosspeak correlations. Cross peaks in the 13Cα region reflect residual recoupling of the CO-Cα interactions.

To resolve structurally constraining through–space interactions, 3D NCOCX
spectroscopy was employed with off-resonance homonuclear J-decoupling of the COCα couplings in the indirect carbon dimension (section 2.2.1).79 Figure 3.2 shows a
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comparison between skyline projections of the indirect NCO plane from two HBR2
NCOCX experiments collected on UCN hAQP1, without and with J-decoupling. The
improvement in indirect CO dimension linewidth is clear as indicated by the 1D line
profiles of selected well-resolved carbonyl region pseudo-diagonal peaks. Calculation of
the full-width at half-maximum for 10 NCO peaks which were fully resolved in the 2D
plane indicated a 17% average reduction in FWHM linewidth from 0.54 ppm without Jdecoupling to 0.45 ppm with J-decoupling.

Figure 3.2: Skyline projections of the carbonyl region from 3D HBR2 experiments. Spectra were
collected without (left) and with (right) J-decoupling during indirect chemical shift evolution. The 1D traces
and cross peak FWHM linewidths are shown for comparison for selected peaks; average reduction in
linewidth was approximately 17% when J-decoupling was applied.
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3.2 Correlations and Restraint Analysis
A total of nine HBR2 experiments were recorded at spinning frequencies ranging
from 70-79 ppm which cumulatively cover n=2 R2 conditions between the carbonyls and
the entire aliphatic range of chemical shifts. In total, 2379 cross-peaks representing
intraresidue or sequential interresidue transfers, and 432 representing medium-range (|i
– j| < 5) or long-range (|i – j| ≥ 5) transfers were identified across all data sets. Figure
3.3 shows representative examples of an aliphatic spectral region of an N-CX plane
observed in 3D HBR2 experiments at three different spinning frequencies. Multiple
cross-peaks can be associated with short to long distance transfers involving loop C
and other residues, with peak intensities varying in relation to the spinning frequency.

Figure 3.3: Selected N-CX planes from three 3D HBR2 experiments collected at different spinning
frequencies. Peaks representing correlations involving loop C residues are labeled by CO-CX transfer.
(A) Plane at indirect CO of 175.3 ppm, from an experiment conducted at a spinning frequency of 11.5 kHz
(76.1 ppm) on the 600 MHz spectrometer; (B) Plane at indirect CO of 177.1 ppm from an experiment
conducted at 15.6 kHz (77.5 ppm) on the 800 MHz spectrometer; (C) Plane at indirect CO shift of 177.2
ppm conducted at 15.9 kHz (79.0 ppm) on the 800 MHz spectrometer.
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Several specific correlations of interest involving loop C and other structurally
important residues can be observed in the cross-peak correlation systems identified
through analysis of HBR2 data and iterative structure refinement. Sidechain-sidechain
transfer from R195Cζ to I29Cδ1 (Figure 3.4C) confirms the outward-facing orientation
of R195 which was not reflected in the first cryo-EM structure of AQP1 (1FQY),25 but
was observed in later structures.35,36,38 R195Cζ is fully resolved by its chemical shift
value and I29Cδ1 represents the only structurally viable contact for R195Cζ in its
spectral region, so this correlation was determined unambiguously prior to starting
structure calculations. The direct cross-peak correlation between R195Cζ and G125Cα
(Figure 3.4E) indicates the tight interaction between the ar/R constriction and the
central part of loop C, corroborated by correlations between the carbonyl carbon of
L124 of loop C and I29Cγ2 (Figure 3.4A) as well as A32Cβ, which together constrain
the position of L124 backbone in proximity to the constriction region. A cluster of
multiple correlations between the loop C residue A130 and helix 5 residues around
Y186 (Figure 3.4B,D) suggest strong loop-stabilizing interactions in this region,
consistent with hydrogen bonding between A130 and Y186 backbone atoms suggested
by molecular dynamics and the 4CSK crystallographic structure of AQP1. 36,37 These
distances were accepted as restraints because the D185-A130 contact is unambiguous
based on chemical shifts and is supported by the presence of corroborating cross-peaks
from A130 to Y186 and T187 as well as N134 and T187. Adjacent to this structural
region, cross-peak analysis indicates proximity between N49Cγ and I184Cγ2,
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substantiating evidence of an intramolecular hydrogen bond between N49 and D185
(Figure 3.4F) which is important for helical packing.28

Figure 3.4: Selected cross-peak correlations for structurally constraining long-distance transfers.
Both unambiguous and disambiguated peaks are included. (A) Correlation between loop C residue L124
and I29 on H1; (B) D185 near the extracellular side of H5 to A130 of loop C; (C) R195 to I29; (D) Y186 to
A130; (E) R195 to G125; (F) N49 to I184.

Figure 3.5 shows the convergence of the structural model progressing from the
initial set of starting structures to the final calculated ensemble. A total of 37
unambiguous long-range restraints were initially identified across the entire protein
based on chemical shift assignments and internuclear distance information from starting
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structures, 3 of which directly involved loop C residues (D185C-A130Cβ, L124CI29Cγ2, R195Cζ-G125Cα). Additionally, 9 medium-range and 11 short-range
intraresidue or sequential restraints for loop C were unambiguously assigned and
included in the first iteration of structure calculation, along with TALOS+ restraints for
dihedral angles.

Figure 3.5: Convergence of loop C conformations through stages of iterative structure calculation.
Backbone RMSD of loop C (highlighted) and total number of disambiguated long-distance restraints are
shown. (A) Template models including all existing PDB structures and homology model based on bAQP1.
(B) Ensemble of 10 lowest-energy models after three rounds of refinement calculation. (C) Final
ensemble of 10 lowest-energy models after seven rounds of refinement calculation.

As convergence of the structure improved (indicated by the decreasing RMSD for
loop C, Figure 3.5B-C), the range of possible distances for each carbon-carbon transfer
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across the ensemble decreased. This enabled disambiguation of cross-peaks by
progressively tightening the criteria for considering a chemical shift-based correlation to
be a structurally viable candidate for a given polarization transfer. Adding to the
unambiguous restraints, a further 5 long-range and 4 medium-range distance restraints
involving loop C were disambiguated through iterative structure calculation. The majority
of disambiguated restraints were determined in the first few rounds of calculation
(Figure 3.5B), with significant additional improvement to the overall convergence of
loop C’s structure (Figure 3.5C) driven by disambiguation of restraints in other regions
of the protein, as well as tightening of restraint distance allowances in the final iterations
of the calculation. The final set of restraints was sufficient to calculate a greatly refined
model of loop C, with a backbone RMSD of 0.85 Å for loop C residues across the final
ensemble of 10 models. The generated models result in a much better agreement with
the dihedral restraints TALOS+ derived from chemical shifts when compared with
previously published structures (Figure 3.6).
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Figure 3.6: Deviation between TALOS-predicted dihedral angles and observed dihedral angles. Phi
angles (left) and psi angles (right) for the 1FQY structure of hAQP1 (top), the homology model based on
1J4N structure of bAQP1 (middle), and in the final refined model of hAQP1 (bottom). Secondary structure
is shown at the top of each chart.

3.3 Refinement of Structural Model
Iterative calculations resulted in strong convergence for the structure of loop C,
with a final backbone RMSD of 0.85 Å across the ten lowest-energy models calculated.
The lowest-energy refined model is shown in Figure 3.7 with loop C highlighted and all
unambiguous and disambiguated restraints involving loop C residues indicated. In all
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models, the extracellular loop backbone turns inward toward the pore around N122,
causing subsequent residues to align near the central constriction and the short
membrane-inserted loop which connects helix 5 and the non-spanning helix E. The
agreement between the loop C models is strongest near the center of the loop, with a
local RMSD of 0.45 Å from residues L124-L129; several long-range restraints were
determined involving these residues. Conversely, fewer restraints were determined for
residues at the beginning of loop C near helix 3, which is reflected by the higher local
RMSD of that segment of the loop (1.4 Å backbone RMSD for residues L119-S123).
The determination of 22 long- and medium-range restraints to loop C through restraint
analysis and the tight convergence of loop C’s structure across all models (<1.0 Å local
backbone RMSD for the mid-loop region near the central pore) are consistent with
indications from previous NMR findings and MD simulations that loop C is partially
immobilized and participates in stabilizing interactions with residues near the central
pore.37

Figure 3.7: Structure of lowest-energy refined model of loop C. Visualized from side-on (left) and
extracellular side down (right). Loop C’s ribbon is highlighted in red. Long- and medium-range restraints
involving loop C residues are indicated by black lines.
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Several structural features of interest in loop C can be observed across the
ensemble. TALOS+ predictions and MD results both indicated a high likelihood for the
formation of a hydrogen-bonded type II beta turn between A130 and V133, which is also
implicated by the low exchangeability of the amide group of V133 in H-D exchange
experiments,37 and supported in our analysis by a direct restraint between N134CO and
L129Cγ. The average torsion angles across the final ensemble of structures for D131
are (-50°, 128°), close to the ideal angles of (-60°, 120°) for the i+1 residue in a type II
beta turn,100 although G132 deviates from the ideal angles for i+2. This beta structure
could be stabilized by hydrogen-bonding between A130 and Y186 as well as between
N134 and Q137.37 The former is supported by our restraint analysis, as multiple
correlations were determined between A130 and residues D185-T187. Close proximity
(<4.5 Å in multiple models) between N134N and Q137Oε1 could be suggestive of
hydrogen-bond stabilization. Hydrogen bonding between N134’s backbone oxygen and
the backbone nitrogen of G138 could contribute a similar stabilizing effect to the
region’s structure. In support of this conjecture, N134CO and G138N show proximity in
several models.
Previous H-D exchange data showed unexpectedly low proton exchangeability
for the sidechain of N127;37 partial exchange of the sidechain nitrogen indicates that
local geometry provides some protection from solvent.37 The stabilization of this
sidechain through interaction with pore-lining residues, indicated by H-D exchange
findings, is supported by the calculated model structures; N127’s sidechain orientation
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in most models in the final ensemble, including the lowest-energy model, indicates close
proximity (<4.0 Å) to potential hydrogen bonding partners in the sidechains of helix 6
residues T203 and N205. The conformations of N127 and R126 sidechains from the
lowest-energy refined model are shown in Figure 3.8. Although these conformations
broadly agree with past NMR-based findings, one predicted feature for R126-N127
which was not consistently observed in calculated structures was the formation of a type
II beta turn at these residues.

Figure 3.8: Conformations of N127 and R126 sidechains in the lowest-energy refined model. (A)
side-on, (B) top-down. The sidechain nitrogen of N127 shows close proximity (distances indicated) to
sidechains of N205 and T203. Comparatively, R126 is unprotected and solvent-exposed in the model.
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One of the primary motivations for investigating hAQP1’s extracellular loop
structures, in particular the structure of loop C, is the potential application of new
structural insights to drug discovery. Loop C interactions near the ar/R constriction
affect the permeability properties of the channel in some cases, such as the sole
aquaporin expressed in the malaria parasite Plasmodium falciparum. Loop C residues
W124-Q125-T126 in PfAQP influence the hydrogen-bonding network around the
constriction arginine such that a Q125G mutation largely eliminated the water
permeability of PfAQP.101 Mutational analysis also showed that the equivalent loop C
residues F162-A163-T164 from the Leishmania major aquaglyceroporin LmAQP1
determined LmAQP1’s selectivity for glycerol and other small molecules. 102 Single
residue differences can thus affect permeability properties as well as drug selectivity,
emphasizing the need for isoform-specific structural information.
In this regard, the 2.2 Å resolution X-ray structure of bovine AQP1 (bAQP1, PDB:
1J4N), which is the highest-resolution AQP1 structure published to date, provides an
excellent comparison point for the refined model of loop C. Figure 3.9 shows a
comparison between loop C structure near the selectivity filter in bAQP1, the 1FQY
structure of hAQP1, and in the final lowest-energy refined model. Loop C residues are
generally not conserved between bAQP1 and hAQP1; however, nearby residues and
interaction partners defining the selectivity filter are. At the ar/R constriction region in
bAQP1, H182 (H180 in hAQP1) and R197 (R195 in hAQP1) sidechains along with the
carbonyl of C191 (C189) form a hydrophilic region at the extracellular end of the central
pore, opposite a complementary hydrophobic face defined by F58. 27 The three residues
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forming the hydrophilic face of the constriction contribute the hydrogen-bond-forming
groups necessary to allow water molecules to shed their hydration shell and move
through the constriction. Each of the four residues defining the constriction are
conserved in hAQP1 (as F56, H180, C189, and R195), and the geometry of the
selectivity filter in the final refined model is largely retained from the bAQP1 homology
model used to initiate structure calculations and constrain the model’s helical bundle,
with the imidazole ring of H180 still directed inward toward to the pore and the sidechain
of R195 running parallel to the pore facing outward (fixed by direct distance restraints
identified between R195 and helix 1); this “up-state” contrasts with the “down-state” for
R195’s sidechain orientation observed in 1FQY. Furthermore, the polar, hydrophilic
R126 of hAQP1 is replaced by a non-polar, hydrophobic leucine at the equivalent
position in bAQP1, although the sequentially adjacent glycine G125 and asparagine
N127 are conserved. R196 is not directly restrained in the final model and adopts
several conformations, sometimes with proximity to R195. Interactions with R126 near
the constriction may contribute to facilitating passage of water through the selectivity
filter in hAQP1 through the contribution of additional hydrogen bonding sites.
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Figure 3.9: Comparison of R195 conformation and nearby loop C residues. Conformations are
shown for the 1FQY structure of hAQP1 (top), the 1J4N structure of bAQP1 (middle), and our lowestenergy refined model of hAQP1 (bottom). R195 adopts a down-state in 1FQY and an up-state in 1J4N
and the refined model.
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4 Conclusions
This study successfully applied the HBR2 technique to observe structurally
relevant internuclear distance correlations involving loop C of hAQP1. The application of
HBR2 to hAQP1 represents the largest uniformly labeled system HBR2 has been used
to extensively characterize and demonstrates the utility of the technique for further study
of large biomolecules. The multidimensional HBR2 correlation data was sufficient to
enable the calculation of a refined structural model of loop C with low RMSD and
improved agreement with chemical shift-based TALOS+ predictions for dihedral angles.
This refined model has the novel significance of having been determined through
observation of hAQP1 in a native-like lipid environment at non-cryogenic temperatures,
which distinguishes it from previously published structural models of hAQP1.
These findings provide insight into several structural features of interest in
hAQP1 and loop C. The obtained structural model indicates a conformation of loop C
stabilized both by interactions within the loop and with other regions on the surface of
hAQP1. Importantly, this conformation allows interactions between the middle part of
loop C and the ar/R filter, which may be important in optimizing water transport. From
previous studies, specific implications for loop C which this study provides additional
evidence for include: 1) the formation of an A130-V133 beta turn possibly stabilized by
interactions between N134 and Q137 and backbone-backbone interaction between
A130 and Y186, 2) the up-state sidechain conformation for R195, 3) the monomerstabilizing motif between N49 and D185, and 4) possible interactions between N127
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and N205. The experimental constraints obtained in this study served to clarify these
structural predictions and contributed to the refined model of loop C.
Further structural studies of hAQP1 and loop C via MAS SSNMR may be
motivated both by the successful application of HBR2 here and by the lack of
unambiguous observation of certain interactions which may clarify loop C’s functional
importance. In particular, the role of R126 may be of interest given the absence of
restraints determined for R126 in this study and the relative freedom of the long R126
sidechain, which is positioned near the ar/R constriction, in the final ensemble of
models. The high yield of UCN hAQP1 sample produced in this study should provide
opportunities for further study of hAQP1 via MAS SSNMR spectroscopy. Further
investigation into hAQP1 inhibitors, other frequency- and band-selective NMR
experiments, and novel approaches to sample preparation such as sparse labeling
strategies all present possibilities for future work.

63

REFERENCES
1. Berman, H. M., Westbrook, J., Feng, Z., Gilliland, G., Bhat, T. N., et al. The Protein
Data Bank. Nucleic Acids Res. 28, 235–242 (2000).
2. Bill, R. M., Henderson, P. J. F., Iwata, S., Kunji, E. R. S., Michel, H., et al.
Overcoming barriers to membrane protein structure determination. Nat. Biotechnol.
29, 335–340 (2011).
3. Gonen, T. & Walz, T. The structure of aquaporins. Q. Rev. Biophys. 39, 361–396
(2006).
4. Agre, P. Aquaporin water channels (Nobel lecture). Angew. Chem.-Int. Ed. 43,
4278–4290 (2004).
5. Verkman, A. S. Mammalian aquaporins: diverse physiological roles and potential
clinical significance. Expert Rev. Mol. Med. 10, e13 (2008).
6. Tradtrantip, L., Tajima, M., Li, L. & Verkman, A. Aquaporin water channels in
transepithelial fluid transport. J. Med. Investig. JMI 56, 179–184 (2009).
7. Hara-Chikuma, M. & Verkman, A. S. Aquaporin-1 Facilitates Epithelial Cell Migration
in Kidney Proximal Tubule. J. Am. Soc. Nephrol. 17, 39–45 (2006).
8. Nielsen, S., Frøkiær, J., Marples, D., Kwon, T.-H., Agre, P., et al. Aquaporins in the
Kidney: From Molecules to Medicine. Physiol. Rev. 82, 205–244 (2002).
9. Verkman, A. S. Role of aquaporin water channels in kidney and lung. Am. J. Med.
Sci. 316, 310–320 (1998).
10. Verkman, A. S., Anderson, M. O. & Papadopoulos, M. C. Aquaporins: important but
elusive drug targets. Nat. Rev. Drug Discov. 13, 259–277 (2014).
11. Nagelhus, E. A., Mathiisen, T. M. & Ottersen, O. P. Aquaporin-4 in the central
nervous system: cellular and subcellular distribution and coexpression with KIR4.1.
Neuroscience 129, 905–913 (2004).
12. Gleiser, C., Wagner, A., Fallier-Becker, P., Wolburg, H., Hirt, B., et al. Aquaporin-4
in Astroglial Cells in the CNS and Supporting Cells of Sensory Organs—A
Comparative Perspective. Int. J. Mol. Sci. 17, (2016).
13. Shiels, A., Bassnett, S., Varadaraj, K., Mathias, R., Al-Ghoul, K., et al. Optical
dysfunction of the crystalline lens in aquaporin-0-deficient mice. Physiol. Genomics
7, 179–186 (2001).

64

14. Kumari, S. S. & Varadaraj, K. Aquaporin 0 plays a pivotal role in refractive index
gradient development in mammalian eye lens to prevent spherical aberration.
Biochem. Biophys. Res. Commun. 452, 986–991 (2014).
15. Saadoun, S., Papadopoulos, M. C., Hara-Chikuma, M. & Verkman, A. S. Impairment
of angiogenesis and cell migration by targeted aquaporin-1 gene disruption. Nature
434, 786–792 (2005).
16. Clapp, C. & Martínez de la Escalera, G. Aquaporin-1: a novel promoter of tumor
angiogenesis. Trends Endocrinol. Metab. TEM 17, 1–2 (2006).
17. Nico, B. & Ribatti, D. Aquaporins in tumor growth and angiogenesis. Cancer Lett.
294, 135–138 (2010).
18. De Ieso, M. L. & Yool, A. J. Mechanisms of Aquaporin-Facilitated Cancer Invasion
and Metastasis. Front. Chem. 6, (2018).
19. Arnaoutova, I., Cawley, N. X., Patel, N., Kim, T., Rathod, T., et al. Aquaporin 1 Is
Important for Maintaining Secretory Granule Biogenesis in Endocrine Cells. Mol.
Endocrinol. 22, 1924–1934 (2008).
20. Cho, S.-J., Sattar, A. K. M. A., Jeong, E.-H., Satchi, M., Cho, J. A., et al. Aquaporin
1 regulates GTP-induced rapid gating of water in secretory vesicles. Proc. Natl.
Acad. Sci. 99, 4720–4724 (2002).
21. Sugiya, H., Matsuki-Fukushima, M. & Hashimoto, S. Role of aquaporins and
regulation of secretory vesicle volume in cell secretion. J. Cell. Mol. Med. 12, 1486–
1494 (2008).
22. Agre, P. Aquaporin water channels: from atomic structure to clinical medicine. J.
Pharmacol. Sci. 115, 2P-2P (2011).
23. Borgnia, M., Nielsen, S., Engel, A. & Agre, P. Cellular and molecular biology of the
aquaporin water channels. Annu. Rev. Biochem. 68, 425–458 (1999).
24. Preston, G. M., Jung, J. S., Guggino, W. B. & Agre, P. Membrane topology of
aquaporin CHIP. Analysis of functional epitope-scanning mutants by vectorial
proteolysis. J. Biol. Chem. 269, 1668–1673 (1994).
25. Murata, K., Mitsuoka, K., Hirai, T., Walz, T., Agre, P., et al. Structural determinants
of water permeation through aquaporin-1. Nature 407, 599–605 (2000).
26. Dong, H., Sharma, M., Zhou, H.-X. & Cross, T. A. Glycines: Role in α-Helical
Membrane Protein Structures and a Potential Indicator for Native Conformation.
Biochemistry 51, 4779–4789 (2012).
65

27. Sui, H., Han, B.-G., Lee, J. K., Walian, P. & Jap, B. K. Structural basis of waterspecific transport through the AQP1 water channel. Nature 414, 872–878 (2001).
28. Buck, T. M., Wagner, J., Grund, S. & Skach, W. R. A novel tripartite motif involved in
aquaporin topogenesis, monomer folding and tetramerization. Nat. Struct. Mol. Biol.
14, 762–769 (2007).
29. Hiroaki, Y., Tani, K., Kamegawa, A., Gyobu, N., Nishikawa, K., et al. Implications of
the aquaporin-4 structure on array formation and cell adhesion. J. Mol. Biol. 355,
628–639 (2006).
30. Fu, D., Libson, A., Miercke, L. J., Weitzman, C., Nollert, P., et al. Structure of a
glycerol-conducting channel and the basis for its selectivity. Science 290, 481–486
(2000).
31. Vahedi-Faridi, A. & Engel, A. Aquaporin Structure and Selectivity. in Aquaporins in
Health and Disease 33–52 (CRC Press, 2016). doi:10.1201/b19017-5
32. Wu, B., Steinbronn, C., Alsterfjord, M., Zeuthen, T. & Beitz, E. Concerted action of
two cation filters in the aquaporin water channel. EMBO J. 28, 2188–2194 (2009).
33. Beitz, E., Wu, B., Holm, L. M., Schultz, J. E. & Zeuthen, T. Point mutations in the
aromatic/arginine region in aquaporin 1 allow passage of urea, glycerol, ammonia,
and protons. Proc. Natl. Acad. Sci. U. S. A. 103, 269–274 (2006).
34. de Groot, B. L. & Grubmuller, H. Water permeation across biological membranes:
Mechanism and dynamics of aquaporin-1 and GlpF. Science 294, 2353–2357
(2001).
35. Ren, G., Reddy, V. S., Cheng, A., Melnyk, P. & Mitra, A. K. Visualization of a waterselective pore by electron crystallography in vitreous ice. Proc. Natl. Acad. Sci. U. S.
A. 98, 1398–1403 (2001).
36. Ruiz Carrillo, D., To Yiu Ying, J., Darwis, D., Soon, C. H., Cornvik, T., et al.
Crystallization and preliminary crystallographic analysis of human aquaporin 1 at a
resolution of 3.28 Å. Acta Crystallogr. Sect. F Struct. Biol. Commun. 70, 1657–1663
(2014).
37. Wang, S., Ing, C., Emami, S., Jiang, Y., Liang, H., et al. Structure and Dynamics of
Extracellular Loops in Human Aquaporin-1 from Solid-State NMR and Molecular
Dynamics. J. Phys. Chem. B 120, 9887–9902 (2016).
38. de Groot, B. L., Engel, A. & Grubmüller, H. A refined structure of human aquaporin1. FEBS Lett. 504, 206–211 (2001).

66

39. Seeliger, D., Zapater, C., Krenc, D., Haddoub, R., Flitsch, S., et al. Discovery of
novel human aquaporin-1 blockers. ACS Chem. Biol. 8, 249–256 (2013).
40. Wacker, S. J., Aponte-Santamaría, C., Kjellbom, P., Nielsen, S., de Groot, B. L., et
al. The identification of novel, high affinity AQP9 inhibitors in an intracellular binding
site. Mol. Membr. Biol. 30, 246–260 (2013).
41. Madeira, A., Moura, T. & Soveral, G. Aquaporin Functional Detection: Basic
Concepts on Water and Solute Permeation. in Aquaporins in Health and Disease 3–
17 (CRC Press, 2016). doi:10.1201/b19017-3
42. Martins, A. P., Marrone, A., Ciancetta, A., Galán Cobo, A., Echevarría, M., et al.
Targeting aquaporin function: potent inhibition of aquaglyceroporin-3 by a goldbased compound. PloS One 7, e37435 (2012).
43. Tradtrantip, L., Zhang, H., Anderson, M. O., Saadoun, S., Phuan, P.-W., et al.
Small-molecule inhibitors of NMO-IgG binding to aquaporin-4 reduce astrocyte
cytotoxicity in neuromyelitis optica. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 26,
2197–2208 (2012).
44. Hirano, Y., Okimoto, N., Kadohira, I., Suematsu, M., Yasuoka, K., et al. Molecular
mechanisms of how mercury inhibits water permeation through aquaporin-1:
understanding by molecular dynamics simulation. Biophys. J. 98, 1512–1519
(2010).
45. Hub, J. S. & de Groot, B. L. Does CO2 Permeate through Aquaporin-1? Biophys. J.
91, 842–848 (2006).
46. Müller, E. M., Hub, J. S., Grubmüller, H. & de Groot, B. L. Is TEA an inhibitor for
human Aquaporin-1? Pflugers Arch. 456, 663–669 (2008).
47. Andrew, E. R., Bradbury, A. & Eades, R. G. Nuclear Magnetic Resonance Spectra
from a Crystal rotated at High Speed. Nature 182, 1659 (1958).
48. Lowe, I. J. Free Induction Decays of Rotating Solids. Phys. Rev. Lett. 2, 285–287
(1959).
49. Duer, M. J. Solid State NMR Spectroscopy: Principles and Applications. (John Wiley
& Sons, 2008).
50. Barbet-Massin, E., Pell, A. J., Retel, J. S., Andreas, L. B., Jaudzems, K., et al. Rapid
Proton-Detected NMR Assignment for Proteins with Fast Magic Angle Spinning. J.
Am. Chem. Soc. 136, 12489–12497 (2014).

67

51. Andreas, L. B., Jaudzems, K., Stanek, J., Lalli, D., Bertarello, A., et al. Structure of
fully protonated proteins by proton-detected magic-angle spinning NMR. Proc. Natl.
Acad. Sci. 113, 9187–9192 (2016).
52. Marchanka, A., Stanek, J., Pintacuda, G. & Carlomagno, T. Rapid access to RNA
resonances by proton-detected solid-state NMR at >100 kHz MAS. Chem. Commun.
Camb. Engl. 54, 8972–8975 (2018).
53. Lakomek, N.-A., Frey, L., Bibow, S., Böckmann, A., Riek, R., et al. Proton-Detected
NMR Spectroscopy of Nanodisc-Embedded Membrane Proteins: MAS Solid-State
vs Solution-State Methods. J. Phys. Chem. B 121, 7671–7680 (2017).
54. Yang, Y., Xiang, S., Liu, X., Pei, X., Wu, P., et al. Proton-detected solid-state NMR
detects the inter-nucleotide correlations and architecture of dimeric RNA in
microcrystals. Chem. Commun. 53, 12886–12889 (2017).
55. Xue, K., Sarkar, R., Motz, C., Asami, S., Camargo, D. C. R., et al. Limits of
Resolution and Sensitivity of Proton Detected MAS Solid-State NMR Experiments at
111 kHz in Deuterated and Protonated Proteins. Sci. Rep. 7, 7444 (2017).
56. Ladizhansky, V. Homonuclear dipolar recoupling techniques for structure
determination in uniformly 13C-labeled proteins. Solid State Nucl. Magn. Reson. 36,
119–128 (2009).
57. Pines, A., Gibby, M. G. & Waugh, J. S. Proton‐enhanced NMR of dilute spins in
solids. J. Chem. Phys. 59, 569–590 (1973).
58. Pines, A., Gibby, M. G. & Waugh, J. S. Proton-enhanced nuclear induction
spectroscopy 13C chemical shielding anisotropy in some organic solids. Chem.
Phys. Lett. 15, 373–376 (1972).
59. Hartmann, S. R. & Hahn, E. L. Nuclear Double Resonance in the Rotating Frame.
Phys. Rev. 128, 2042–2053 (1962).
60. Stejskal, E. O., Schaefer, J. & Waugh, J. S. Magic-angle spinning and polarization
transfer in proton-enhanced NMR. J. Magn. Reson. 1969 28, 105–112 (1977).
61. BALDUS, M., PETKOVA, A. T., HERZFELD, J. & GRIFFIN, R. G. Cross polarization
in the tilted frame: assignment and spectral simplification in heteronuclear spin
systems. Mol. Phys. 95, 1197–1207 (1998).
62. Raleigh, D. P., Levitt, M. H. & Griffin, R. G. Rotational resonance in solid state NMR.
Chem. Phys. Lett. 146, 71–76 (1988).

68

63. Levitt, M. H., Raleigh, D. P., Creuzet, F. & Griffin, R. G. Theory and simulations of
homonuclear spin pair systems in rotating solids. J. Chem. Phys. 92, 6347–6364
(1990).
64. Raleigh, D. P., Creuzet, F., Das Gupta, S. K., Levitt, M. H. & Griffin, R. G.
Measurement of internuclear distances in polycrystalline solids. Rotationally
enhanced transfer of nuclear spin magnetization. J. Am. Chem. Soc. 111, 4502–
4503 (1989).
65. Khow, O. & Suntrarachun, S. Strategies for production of active eukaryotic proteins
in bacterial expression system. Asian Pac. J. Trop. Biomed. 2, 159–162 (2012).
66. Sahdev, S., Khattar, S. K. & Saini, K. S. Production of active eukaryotic proteins
through bacterial expression systems: a review of the existing biotechnology
strategies. Mol. Cell. Biochem. 307, 249–264 (2008).
67. Nyblom, M., Oeberg, F., Lindkvist-Petersson, K., Hallgren, K., Findlay, H., et al.
Exceptional overproduction of a functional human membrane protein. Protein Expr.
Purif. 56, 110–120 (2007).
68. Emami, S., Fan, Y., Munro, R., Ladizhansky, V. & Brown, L. S. Yeast-expressed
human membrane protein aquaporin-1 yields excellent resolution of solid-state MAS
NMR spectra. J. Biomol. NMR 55, 147–155 (2013).
69. Fan, Y., Emami, S., Munro, R., Ladizhansky, V. & Brown, L. S. Chapter Nine Isotope Labeling of Eukaryotic Membrane Proteins in Yeast for Solid-State NMR. in
Methods in Enzymology (ed. Kelman, Z.) 565, 193–212 (Academic Press, 2015).
70. Emami, S. Yeast-expressed human membrane protein aquaporin-1 yields excellent
resolution of solid-state MAS NMR spectra. J. Biomol. NMR 55, 147–155 (2013).
71. Dunn, M. J. & Bradd, S. J. Separation and Analysis of Membrane Proteins by SDSPolyacrylamide Gel Electrophoresis. in Biomembrane Protocols: I. Isolation and
Analysis (eds. Graham, J. M. & Higgins, J. A.) 203–210 (Humana Press, 1993).
doi:10.1385/0-89603-236-1:203
72. Weber, K. & Osborn, M. The reliability of molecular weight determinations by
dodecyl sulfate-polyacrylamide gel electrophoresis. J. Biol. Chem. 244, 4406–4412
(1969).
73. Barth, A. Infrared spectroscopy of proteins. Biochim. Biophys. Acta BBA - Bioenerg.
1767, 1073–1101 (2007).
74. Creuzet, F., McDermott, A., Gebhard, R., van der Hoef, K., Spijker-Assink, M. B., et
al. Determination of membrane protein structure by rotational resonance NMR:
bacteriorhodopsin. Science 251, 783–786 (1991).
69

75. Peng, X., Libich, D., Janik, R., Harauz, G. & Ladizhansky, V. Dipolar Chemical Shift
Correlation Spectroscopy for Homonuclear Carbon Distance Measurements in
Proteins in the Solid State: Application to Structure Determination and Refinement.
J. Am. Chem. Soc. 130, 359–369 (2008).
76. Janik, R., Peng, X. & Ladizhansky, V. 13C–13C distance measurements in U–13C,
15N-labeled peptides using rotational resonance width experiment with a
homogeneously broadened matching condition. J. Magn. Reson. 188, 129–140
(2007).
77. Bayro, M. J., Huber, M., Ramachandran, R., Davenport, T. C., Meier, B. H., et al.
Dipolar truncation in magic-angle spinning NMR recoupling experiments. J. Chem.
Phys. 130, 114506 (2009).
78. Wang, S., Munro, R. A., Shi, L., Kawamura, I., Okitsu, T., et al. Solid-state NMR
spectroscopy structure determination of a lipid-embedded heptahelical membrane
protein. Nat. Methods 10, 1007–1012 (2013).
79. Shi, L., Peng, X., Ahmed, M. A. M., Edwards, D., Brown, L. S., et al. Resolution
enhancement by homonuclear J-decoupling: application to three-dimensional solidstate magic angle spinning NMR spectroscopy. J. Biomol. NMR 41, 9–15 (2008).
80. Shi, L. & Ladizhansky, V. Magic angle spinning solid-state NMR experiments for
structural characterization of proteins. Methods Mol. Biol. Clifton NJ 895, 153–165
(2012).
81. Fung, B. M., Khitrin, A. K. & Ermolaev, K. An improved broadband decoupling
sequence for liquid crystals and solids. J. Magn. Reson. San Diego Calif 1997 142,
97–101 (2000).
82. Emsley, L. & Bodenhausen, G. Gaussian pulse cascades: New analytical functions
for rectangular selective inversion and in-phase excitation in NMR. Chem. Phys.
Lett. 165, 469–476 (1990).
83. Morcombe, C. R. & Zilm, K. W. Chemical shift referencing in MAS solid state NMR.
J. Magn. Reson. San Diego Calif 1997 162, 479–486 (2003).
84. NMR Statistics. Available at: http://www.bmrb.wisc.edu/ref_info/cshift.shtml.
(Accessed: 15th March 2019)
85. Delaglio, F., Grzesiek, S., Vuister, G. W., Zhu, G., Pfeifer, J., et al. NMRPipe: A
multidimensional spectral processing system based on UNIX pipes. J. Biomol. NMR
6, 277–293 (1995).
86. Keller, R. The Computer Aided Resonance Assignment Tutorial.
70

87. Oliphant, T. E. Python for Scientific Computing. Comput. Sci. Eng. 9, 10–20 (2007).
88. Helmus, J. J. & Jaroniec, C. P. Nmrglue: an open source Python package for the
analysis of multidimensional NMR data. J. Biomol. NMR 55, 355–367 (2013).
89. Oliphant, T. E. Guide to NumPy. (CreateSpace Independent Publishing Platform,
2015).
90. Schwieters, C. D., Bermejo, G. A. & Clore, G. M. Xplor-NIH for molecular structure
determination from NMR and other data sources. Protein Sci. 27, 26–40 (2018).
91. Shen, Y., Delaglio, F., Cornilescu, G. & Bax, A. TALOS+: A hybrid method for
predicting protein backbone torsion angles from NMR chemical shifts. J. Biomol.
NMR 44, 213–223 (2009).
92. Schwieters, C. D., Kuszewski, J. J., Tjandra, N. & Marius Clore, G. The Xplor-NIH
NMR molecular structure determination package. J. Magn. Reson. 160, 65–73
(2003).
93. Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., et al. SWISSMODEL: homology modelling of protein structures and complexes. Nucleic Acids
Res. 46, W296–W303 (2018).
94. Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M., et
al. UCSF Chimera--a visualization system for exploratory research and analysis. J.
Comput. Chem. 25, 1605–1612 (2004).
95. Chen, V. B., Arendall, W. B., Headd, J. J., Keedy, D. A., Immormino, R. M., et al.
MolProbity: all-atom structure validation for macromolecular crystallography. Acta
Crystallogr. D Biol. Crystallogr. 66, 12–21 (2010).
96. Castellani, F., van Rossum, B., Diehl, A., Schubert, M., Rehbein, K., et al. Structure
of a protein determined by solid-state magic-angle-spinning NMR spectroscopy.
Nature 420, 98–102 (2002).
97. Hong, M. & Jakes, K. Selective and extensive 13C labeling of a membrane protein
for solid-state NMR investigations. J. Biomol. NMR 14, 71–74 (1999).
98. Loquet, A., Giller, K., Becker, S. & Lange, A. Supramolecular Interactions Probed by
13C−13C Solid-State NMR Spectroscopy. J. Am. Chem. Soc. 132, 15164–15166
(2010).
99. Loquet, A., Lv, G., Giller, K., Becker, S. & Lange, A. 13C Spin Dilution for Simplified
and Complete Solid-State NMR Resonance Assignment of Insoluble Biological
Assemblies. J. Am. Chem. Soc. 133, 4722–4725 (2011).
71

100. Hutchinson, E. G. & Thornton, J. M. A revised set of potentials for beta-turn
formation in proteins. Protein Sci. Publ. Protein Soc. 3, 2207–2216 (1994).
101. Beitz, E., Pavlovic-Djuranovic, S., Yasui, M., Agre, P. & Schultz, J. E. Molecular
dissection of water and glycerol permeability of the aquaglyceroporin from
Plasmodium falciparum by mutational analysis. Proc. Natl. Acad. Sci. 101, 1153–
1158 (2004).
102. Mukhopadhyay, R., Mandal, G., Atluri, V. S. R., Figarella, K., Uzcategui, N. L., et
al. The role of alanine 163 in solute permeability of Leishmania major
aquaglyceroporin LmAQP1. Mol. Biochem. Parasitol. 175, 83–90 (2011).

72

