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ABSTRACT: Despite the limitations posed by poor sensitivity, ~
studies have reported the unique advantages of O based NMR ~ » Py &
spectroscopy to study systems existing in liquid, solid, or semisolid h | .
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the local environment in the characterization of a variety of intra- |’ L'N‘ ¢ M 300K ;l l- 300K

and intermolecular interactions and motion. Recent studies have ¥ ' ”~ sk SALN] J \
considerably expanded the use of O NMR to study dynamic il L) 295K 295K
intermolecular interactions associated with some of the challenging & 1 1"} § L 1 J \
biological systems under magic angle spinning (MAS) and aligned ;:‘ ] T T T r~1 T
conditions. The very fast relaxing nature of 70 has been well 2 Y ~ 66017440 220 | 0 [-220 14 177 o7
utilized in cellular and in vivo MRS (magnetic resonance o O (ppm) O (ppm)

spectroscopy) and MRI (magnetic resonance imaging) applica-

tions. The main focus of this Review is to highlight the new developments in the biological solids with a detailed discussion for a few
selected examples including membrane proteins and nanodiscs. In addition to the unique benefits and limitations, the remaining
challenges to overcome, and the impacts of higher magnetic fields and sensitivity enhancement techniques are discussed.

B INTRODUCTION large span of isotropic chemical shift of '’O (~250 ppm) has
been used to study systems in solution.” For example, 7O
NMR is a valuable technique to probe protein—ligand
interactions using '"O-labeled small molecules and also to
probe the interactions between water and macromolecules. On
the other hand, the fast relaxation properties have been well
utilized in the MRS (magnetic resonance spectroscopy) and
MRI (magnetic resonance imaging) applications.s’6 Recent
developments in 7O NMR spectroscopy to study biological
systems are summarized below.

70 NMR applications to study biological systems in
aqueous solution have been steadily growing since Zhu and
Wu”® comprehensively analyzed the quadrupole relaxation
process over the entire range of molecular motion (i.e., from
wyT. <K 1 to wyrc > 1, where 7_ is the rotational correlation
time of the molecule under study and w, is the 'O Larmor
frequency). It was theoretically predicted and experimentally
confirmed”® that the line width for the quadruple central
transition (QCT) is narrower in the slow-motion region (i..,

Oxygen is essential for all living organisms and is a constituent
of most biological compounds and materials. Despite being
highly abundant, it has not been the first choice of probe for
NMR studies. This is mainly because the only NMR active
isotope of oxygen, 70, is poorly abundant (0.037%) with a
small gyromagnetic ratio (~1/7th of 'H; y = —3.628 X 107/
rad s7' T7') and therefore it has a very low NMR sensitivity. In
other words, its NMR receptivity is ~0.1 million times lower
than that of 'H and ~650 times lower than that of *C. In
addition, the spin-5/2 70 can exhibit very large quadrupole
coupling, which can pose difficulties in obtaining narrow
spectral lines unlike other rare nuclei such as *C and “N.
However, experimental and theoretical developments have
enabled the utilization of unique advantages of 7O based
NMR spectroscopy. The large chemical shift anisotropy
(~2000 ppm) and quadrupole coupling (~20 MHz) have
been shown to be remarkably sensitive to local environments
including bonding, nonbonding, and motional interactions. As
a result, 7O NMR has been widely used to study inorganic

materials, organic crystals, hybrid materials, and biological Received: February 15, 2024
systems. For details on these studies, we refer the readers to Revised: ~ March 23, 2024
published review articles.'™ Although the quadrupole Accepted:  March 25, 2024

interaction is suppressed by the molecular motion in isotropic Published: April 3, 2024

liquids and solutions, spectral lines are typically broad because
they provide a fast relaxation mechanism. Nevertheless, the
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@7, > 1) than in the fast-motion region (ie., ®,7. < 1). In
addition, the relaxation process of the '7O quadrupolar
interaction induces the so-called dynamic frequency shift
away from its true isotropic chemical shift. This dynamic
frequency shift is inversely proportional to the square of the
Larmor frequency. Thus, by extrapolation in a plot of signal
frequency obtained at different magnetic fields versus (w,) 2,
the real 70O isotropic chemical shift can be obtained, provided
the molecular motion falls into the slow-motion region in these
fields. Although the 'O relaxation process in biological
macromolecules is complicated, especially when the chemical
shift anisotropy provides another relaxation mechanism, '"O
QCT NMR is considered to be very promising and powerful.
Since most biological macromolecules exhibit longer 7., the
condition for the extreme slow-motion region (i.e., ®,7. > 1)
can be easily fulfilled at high magnetic fields as have been
demonstrated in many applications.”” ™"

For solid-state samples, it has been well recognized that the
central transition (CT, ie., —1/2 < +1/2) of a half-integer
quadrupolar nucleus exhibits a characteristic second-order
quadrupolar line-broadening, which cannot be completely
removed by magic-angle-spinning (MAS), the most commonly
used high-resolution solid-state NMR technique in which
samples are rotated around an axis tilted 54.74° away from the
applied magnetic field direction. Direct polarization (DP)
experiment allows the acquisition of 'O CT MAS spectra with
the characteristic second-order quadrupolar line-broadening,
whose line shape analysis can be used to determine the
quadrupolar coupling constant (Cq) and the asymmetry
parameter (1g) of the electric field gradient (EFG) at the
nucleus. The double rotation (DOR) approach'” in which two
rotors are used: a small rotor containing the sample is spun
inside a large outer rotor along an axis 30.56° away from the
spinning axis of the outer rotor that is simultaneously spinning
along the magic-angle. High-resolution 7O NMR spectra can
be obtained by using the DOR technique'” that removes the
second-order quadrupolar line-broadening and therefore the
spectral overlap due to the second-order quadrupolar line-
broadening from various 7O sites present in the molecules is
also avoided. The quadrupolar parameters Cq and 77 can be
obtained through the analyses of the spinning sideband
intensities.'>'* However, in the past few decades, researchers
have been focused on the development of multidimensional
experiments to separate the second-order quadrupolar line
shapes through the correlation with high-resolution NMR
spectra as well as other important structural information. There
are two types of correlation experiments used as summarized
below.

A. 70 Homonuclear Correlation Experiment. High-
resolution isotropic '’O NMR spectral lines obtained in one
dimension are correlated with their respective second-order
quadrupolar line shapes in another dimension so as to separate
the overlapping peaks due to the second-order quadrupolar
line-broadening. Dynamic-angle spinning (DAS)"> was the first
of such two-dimensional (2D) experiments where the sample
rotation angle is rapidly reoriented mechanically between the
two different acquisition time periods in synchronization with
the radiofrequency (RF) pulses used in the 2D experiments.
Since the second-order quadrupolar line shapes are scaled by
the fourth Legendre polynomial with respect to the sample
rotation angle, there exist two different angles, such as 37.38°
and 79.19°, where the scaled second-order quadrupolar line
shapes have the same size but opposite sign. As a result, as in
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the standard quadrupolar-echo experiments, the second-order
quadrupolar line shapes can be refocused thus rendering the
high-resolution 7O NMR spectra. Similar to this refocusing
idea but without dynamically reorienting the rotation angles,
the multiple-quantum MAS (MQMAS)'*"” and satellite
transition MAS (STMAS)'®"” experiments were proposed to
obtain the correlation between the high-resolution '’O spectral
lines and their respective second-order quadrupolar line
shapes. The MQMAS method correlates the multiple-quantum
transitions with the central transitions in such a way that the
quadrupolar line-broadening can be refocused after evolution
during the given times, while the STMAS method is to evolve
the satellite transitions for a given time, forming the
quadrupolar echo with the central transitions.

B. '70-X Heteronuclear Correlation (HETCOR). In this
method, the 7O NMR spectrum is correlated with the high-
resolution spectrum of other spin-1/2 nuclei (X). So far, NMR
techniques for obtaining structural and dynamic information
on biomolecules have primarily utilized *C, "N, and 'H as
probes. This approach requires high enough spectral resolution
achievable for the chosen spin-1/2 nuclei such that site-specific
resonances can be assigned, allowing for the detection of any
tiny chemical shift changes induced by secondary structures
and/or by any biomolecular partners. However, site-specific
resonance assignments are not easy to obtain for macro-
molecules in the solid state due to severely compromised
spectral resolution resulting from the lack of tumbling motions.
Despite extensive effort in improving spectral resolution of
solids utilizing high magnetic fields, multidimensional NMR
techniques, advanced spectral editing techniques, and special
isotope-labeling strategies, obtaining interatomic distance
restraints instead of chemical shift perturbations remains to
be the primary method for characterizing the structures and
dynamics of biomolecules. On the other hand, YO NMR
exhibits large quadrupolar coupling constants (in the range of
4—11 MHz for biomolecules) and large chemical shift
dispersions, making it sensitive to structural and dynamical
changes. For instance, '’O NMR is very sensitive to the subtle
differences between the subunits in the dimeric gramicidin A
ion channel induced by hydrogen bonding with water, which
were not detectable by 'H, BC, or "N NMR.*° In addition,
oxygen directly participates in many functional processes such
as ion binding; thus, 7O NMR can serve as a direct probe of
functional sites in biomolecules. Although 'O NMR studies of
biomolecules began in the 1990s, success has been limited for
biomolecules due to its low sensitivity and poor resolution
until the solid-state NMR techniques for effective polarization
transfer between 'O and X (e.g, 'H, "*C, or '*N) were
developed, making the 7O-X correlation experiments achiev-
able.”' ™7 So far, cross-polarization (CP), dipolar-mediated
heteronuclear multiple-quantum correlation (D-HMQC),> z-
filtered transferred-echo double-resonance (ZF-TEDOR),*”
and dipolar refocused insensitive nuclei enhanced by polar-
ization transfer (D-RINEPT)*’ methods have been available
for polarization transfer between '’O and 'H/"3C/'*N. While
their transfer efficiency is generally low, several methods could
be used to boost the sensitivity such as 'H-detection and using
70 as initial polarization. 2D and 3D correlation experiments
involvin% 70 have been demonstrated in small biomolecular
samples. 22,2526 1y 2particular, the O--HN hydrogen bonds
can be characterized.”* >

Water plays important roles in the structure, dynamics,
physicochemical properties of lipids, and biological properties
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of membranes. Typically, *'P, *C, *H, and 'H based NMR
experiments are used to study membrane mimetics such as
vesicles/liposomes, bicelles, and nanodiscs. 'O NMR based
investigation of biomolecules in hydrated lipid membranes has
been rare until the report of recent studies on the use of fast
exchange between free and membrane-bound water molecules
in fluid lamellar phase lipid bilayers.””’" 7O magnetic
relaxation dispersion (MRD) experiments were used to
probe the dynamics of water molecules on the nanosecond
time scales that are present in the binding cavity of lipid-
binding proteins.’”*’ Deuterium (spin-1 nucleus) NMR has
also been used to study water dynamics in lipid bilayers by
using deuterated water. Generally, the observed *H NMR
spectra of water exhibited a much smaller quadrupolar
coupling (a few kHz) than that of rigid water (~220 kHz),
indicating that water molecules in the lipid environments are
highly mobile,”*** although they can be characterized as two
different types: trapped water with no quadrupolar coupling
and “bound” water with a small residual quadrupolar coupling.
However, recent 7O NMR experiments indicated that the
dynamics of water molecules in a lipid environment is much
slower than what had been known from molecular dynamics
simulations™® and fast-time scale experimental methods,”” and
even the rigidly bound water with a significantly large
quadrupolar coupling was found in the lipid headgroup region
after selectively suppressing signals from mobile water.’® A list
of 7O NMR methods that have been developed for use under
different sample conditions is given in Table 1. The main focus

Table 1. Oxygen-17 NMR Methods Used under Different
Sample Conditions

Sample
status 70 NMR methods Observables
in aqueous Direct polarization (DP) line width/dynamic
solution frequency shift
in solid Direct polarization (DOR/MAS) Cq & 1q from 2nd-order
state quadrupolar line shape
DAS/MQMAS/STMAS and 70-X ch & 1 from various
HETCOR, where X = N, 13C, 70 sites
'H
70—"H couplings 0—'H hydrogen
bonding
in semi Direct polarization 70 RQC Different water
solids species

of this Review is to cover the recent advances in 7O NMR
studies of biomolecules embedded in the lipid membrane,
which exist in a semisolid state under fluid lamellar phase
conditions.

B 7O NMR MEASURED FROM WATER CHANNEL IN
LIPID MEMBRANES

Water is crucial, both structurally and functionally, for
biomolecules including proteins, nucleic acids, RNA, and cell
membranes. For example, a string of hydrogen-bonded water
molecules, known as a water wire, generally exists in membrane
proteins that conduct water, protons, and other ions, such as in
potassium channels, aquaporins, and gramicidin A (gA). Such a
water wire is responsible for facilitating structural flexibility and
chemistry to mediate the transport of charge and ions across
membranes. A recent 7O NMR study at an ultrahigh magnetic
field” demonstrated that the water exchange rate between
water molecules in the water wire in the gA pore is relatively
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slow on the millisecond time scale, rather than what molecular
dynamics results had suggested to be on the subnanosecond
time scales.

Figure 1A shows the structure of the gA dimer in a liquid-
crystalline lipid bilayer, and 7O NMR spectra of gA oriented
in hydrated lipid bilayers are shown in Figure 1B—D. The gA

_’) High Field

B
)
0 Leu1o
T
8.7
C *

Figure 1. Oxygen-17 NMR of gramicidin A dimer in mechanically
aligned liquid-crystalline lipid bilayers at 35.2 T. (A) The specific '"O-
labeled sites in the head-on f-helical dimeric structure of gramicidin A
(gA) with a snapshot of a water wire, showing hydrogen bonding
between the water wire and LeulO and Gly2 carbonyls of the upper
subunit (bright green) as well as hydrogen bonding between water
molecules (pale green). Leu4 does not receive a hydrogen bond, while
Leu4’ appears to have a weak hydrogen bonding with water. (B—D)
Observed 70O NMR spectral resonances for Leul0, Leu4, and Gly2 in
magnetically aligned gA obtained at 303 K with the lipid-bilayer-
normal parallel to the external magnetic field direction. The G2, L4,
and L10 labels in the two subunit in the gA dimer structure are
distinguished with and without primes. The resonances marked (*)
are shifted upfield by hydrogen bonding with water. Also shown are
DFT calculations of the 7O frequency shift difference between the
two subunits (red bars) compared to the experimentally observed
difference (blue bars). gA and dimyristoylphosphatidylcholine
(DMPC) lipid were prepared via cosolubilization in trifluorethanol
at a peptide-to-lipid molar ratio of 1:16. The solution was deposited
on glass slides, dried, and hydrated with S mM Tris buffer at pH 7.5.
Stacks of 40 to 42 glass slides were incubated for >36 h at 98% relative
humidity and 37 °C. The final samples contained between 42% and
48% water by weight. The proton-decoupled 7O NMR spectra were
acquired using a spin—echo sequence with 90° and 180° pulse lengths
of 1.5 and 3.0 pus, respectively, and a 20 ps spin—echo delay period,
with a 30 kHz-proton decoupling. The signal averaging time was
between 3 and 6 h for each of the spectra with a recycle delay of 20
ms. 7O spectra are referenced to the water signal (at 0 ppm). Figure
and caption are adapted from Reference 20.

https://doi.org/10.1021/acs.jpcb.4c01016
J. Phys. Chem. B 2024, 128, 3527-3537


https://pubs.acs.org/doi/10.1021/acs.jpcb.4c01016?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c01016?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c01016?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c01016?fig=fig1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c01016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

Review

peptide was 7O labeled at specific sites. Gramicidin-A, an
antibiotic from Bacillus brevis, is a polypeptide of 15 amino acid
residues having a sequence of formyl-L-Val;-Gly,-L-Ala;-p-
Leu,-L-Alag-D-Valg-L-Val,-p-Valg-L-Trpe-D-Leu, o-L-Trp; ;-D-
Leu,,-L-Trp,3-D-Leu, 4-L-Trp s-ethanolamine. All of the alter-
nating p- and L-amino acid side chains project on one side of
the f-strand secondary structure, so as to force the strand to
take on a helical conformation. In a lipid bilayer, the
polypeptide forms a monovalent cation selective channel that
is dimeric but single-stranded. The high-resolution structure of
the channel monomer has been defined with 120 precise
orientational constraints of N chemical shifts, N—'H
dipolar couplings and *H quadrupolar couplings measured
from solid-state NMR experiments on uniformly aligned lipid
bilayer samples.””~*' The polypeptide backbone lines the
pores wide enough to accommodate only a single file of water
molecules. The outermost even-numbered carbonyl groups
from Leul4, Leul2, and LeulO in each subunit form the
channel entrance and facilitate the dehydration of the cations
in a stepwise process. Observing a single set of the backbone
>N chemical shifts and ""N—'H dipolar couplings from the gA
sample clearly indicates the structural symmetry of the two
subunits. However, for single-site '’O labels (Leul4, Leul2,
Leul0, Leu4, and Gly2) of the pore-lining carbonyls, each of
the Leul0, Leu4, and Gly2 labels shows two well-resolved 7O
resonances and thus implies a break in dimer symmetry caused
by the selective interactions with the water wire in the pore. As
indicated in Figure 1A, the '7O-Gly2 shifts are highly
dependent upon the selective water hydrogen bonding strength
with carbonyl oxygens. The Leul0 and Gly2 carbonyls in the
upper subunit are hydrogen bonded with the water wire, while
the Leul0’ and Gly2’ carbonyls in the lower subunit are not.
Hydrogen bonding with water induces upfield shifts of the '’O
resonances, which highly depend on the hydrogen bonding
strength between the water wire and the carbonyl oxygens, as
indicated in Figure 1B—D. For the Leul4 and Leul2 residues
at the pore entrance, where more water molecules are present,
their 7O labels show only a single resonance. However, two
well-resolved 7O resonances were observed in the presence of
K* ions. For monovalent cations to pass through the pore, they
must be stripped of all but two of their waters of solvation prior
to entering the single file region of the pore. Owing to the
acute sensitivity of the 'O nucleus to its chemical environ-
ment, these O NMR results obtained at an ultrahigh field
(35.2 T) provided the direct and affirmative evidence for the
first time that the selective water hydrogen bonding with
carbonyl oxygens is stable on the millisecond time scale, rather
than what molecular dynamics had suggested to be on the
subnanosecond time scales.

B 7O NMR OF BOUND WATER OBSERVED IN
HYDRATED MEMBRANES

Understanding the structure and dynamics of water molecules
associated with the lipid membrane is useful to characterize
various properties of the membrane and understand its
capability to assist other biological processes such as protein
aggregation. Many experimental and molecular dynamics
simulations®®*” have been used to characterize water dynamics
with bulk water, which is typically on the nano- to picosecond
time scale. However, selectively measuring the dynamics of
water molecules associated with lipid membranes has been
difficult, as the bulk water molecules present in hydrated
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membranes dominate the detection. SFG (sum frequency
generation) experiments revealed three different types of water
structures in the zwitterionic lipid—water interface:**~** water
strongly hydrogen-bonded to the phosphate group, water
weakly hydrogen-bonded to the choline group, and water
weakly interacting with carbonyl group of the lipid. Recently,
Zhang et al.”® developed a novel selective 7O NMR technique
to significantly suppress the bulk water signal, thus enabling
direct detection of structured water molecules including the
bound water molecules in hydrated phospholipids. Figure 2

B)
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Figure 2. Observation of 'O NMR spectra of different water species
in hydrated dimyristoylphosphatidylcholine (DMPC) lipids. (A)
Schematic model of the hydrated DMPC bilayer. The hydration of
the headgroup region is highlighted with different blue background
shadings, reflecting the waters that interact with the choline,
phosphate, and carbonyl groups of the lipid headgroups. (B) Pulse
sequence used for selectively measuring different water species. A
train of pulses highlighted in green is used to selectively suppress
highly mobile bulk water signals. More details on the pulse sequence
and phase cycling are given in Figure 3. (C) The 7O spectra taken
with different inversion recovery time 74 showing the existence of
different water species with distinct chemical shifts. (D) The 7O
spectra using 6 = 22.5° (blue) and 6 = 60° (purple) without (top)
and with (bottom) the 180° pulse. Thirty mg of powdered DMPC
lipids was dissolved in 2 mL of trifluorethanol/benzene solvent (v/v=
1/1). Upon flash-freezing in liquid nitrogen, the sample was placed in
a vacuum chamber for 24 h to obtain a fluffy DMPC lipid powder.
Thirty uL of S mM Tris—HCI (pH 7.5) in 80% 7O enriched water
was added directly to the DMPC lipid powder, and the sample tube
was quickly sealed to avoid any water loss or dilution of the 7O label.
The sample was then allowed to equilibrate at 37 °C in an incubation
oven for at least 2 days, until a translucent DMPC liposome sample
was formed and then packed into a 3.2 mm pencil rotor. The final
hydrated DMPC liposome had a water content of ~50%. The sample
was spinning at 12 kHz. 92,160 scans were used to accumulate the
signals at 303 K using Figure 2B with a recycle delay of 50 ms. Figures
and captions are adapted from Reference 38.

shows a schematic model representing hydrated dimyristoyl-
phosphatidylcholine (DMPC) lipids that may have different
water molecules in the headgroup region in addition to the
abundant water molecules present on the hydrophilic surface
of the bilayer (cf,, Figure 2A) and the '’O NMR methodology
for selectively measuring different water species (Figure 2B).
As a result, the 7O signals are dominated by highly mobile
bulk water molecules, as shown in the blue spectrum of Figure
2C, such that no other water molecules associated with the
lipid headgroup region can be observed. However, this

https://doi.org/10.1021/acs.jpcb.4c01016
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Figure 3. Design of RF phase cycling using the rotation tree under multiple RF pulses having an equal pulse length. An example of a train of pulses
as highlighted in Figure 2B has been successfully used to scale down the observed signals by S, = [1 — cos(260)]"¢,. Figure and caption are

reprinted from Reference 38.

dominant water signal exhibited a much shorter '"O spin—
lattice relaxation time (T,) than that of the pure water signal.
Zhang et al”® concluded that this dominant 7O signal
represents the abundant water molecules (i.e., bulk water)
whose motional freedom is greatly reduced by their fast
exchange (much faster than millisecond time scale) with the
water molecules present in the lipid headgroup outer layer (i.e.,
the choline layer in Figure 2A). This was confirmed by the 'O
NMR spectrum of the mechanically aligned hydrated DMPC
bilayer showing a well-resolved pentet pattern with ~6.4 kHz
residual quadrupolar coupling (RQC), similar to the
observation from magnetically aligned lipid nanodics.”' By
setting the inversion recovery time to 2.6 ms where the
dominant 7O signal was zero-crossing, another '’O peak was
observed (the red spectrum in Figure 2C) whose chemical shift
is slightly downfield by ~0.17 ppm and its T, value is shorter
than the dominant 70 signal. This water species is stable, and
it is chemically and dynamically different from the abundant
water molecules and thus likely to be located in the
encapsulated pocket (i.e., the phosphate layer shown in Figure
2A) between the negatively charged phosphate and positively
charged choline groups of the lipids.

A direct NMR probe of bound states in such hydrated
systems has been evasive, largely because their signals are
obscured by those of highly mobile and dominant free states,
unless their resonances are far away from the free states."’ In
principle, multiple quantum filtering techniques***® can be
used to suppress the signal from free water; however, they
cannot efficiently excite the multiple-quantum signals, making
it difficult to obtain the lowly populated water molecules that
are in the bound states. Recently, a train of pulses as
highlighted in Figure 2B>® was proposed to effectively scale the
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observed signals by S, = [1 — cos(26)]"¢, according to the
pulse flip angle,”*” as illustrated in Figure 3, where €, = 1, 1/
2, 1/4, and 1/8 for n = 0, 1, 2, and 3, respectively. Different
from the multiple quantum filtering techniques, this method
directly manipulates the single quantum signals based on the
pulse flip angle, such that the efficiency to obtain signal from
bound water is high.47 Due to its limited flexibility, the bound
water has a much stronger quadrupolar coupling as opposed to
that of the mobile water. Therefore, the pulse nutation
frequency to the quadrupole central transition (QCT) of the
bound water is three times faster than that of a mobile water
molecule. As shown in the top spectrum (n = 1) in Figure 2D,
a very less intense QCT signal at ~—12 ppm on the right side
of the baseline of the bulk water resonance is slightly
noticeable when 6 = 22.5° (blue spectrum, corresponding to
67.5° nutation) but completely disappears when 6 = 60°
(purple spectrum, corresponding to 180° nutation). With a
much better suppression of the bulk water signal using n = 3 as
well as zero-crossing the bulk water signal, this QCT signal at
—11.7 ppm with a line width of 4.5 ppm at half-height, whose
T, value was measured to be an order of magnitude shorter
than that of the mobile water, was clearly separated from the
bulk water signal when 6 = 22.5° (blue spectrum) but
disappeared when 6 = 60° (purple spectrum). Such a
substantial quadrupolar coupling and a large high-field
chemical shift imply that these water molecules have strong
and stable hydrogen bonding. Therefore, in a;g,reement with
previously reported SFG based studies,"”” "' these water
molecules are likely to have hydrogen bonding with the fatty
acyl chain ester linkages to the glycerol moiety of the lipid
headgroup, as illustrated in the carbonyl layer in Figure 2A.
This single extra-stable bound water in the lipid headgroup
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region could be biologically, functionally, and structurally
significant.

B 'O RESIDUAL QUADRUPOLE COUPLINGS
MEASURED FROM ALIGNED LIPID BILAYERS

One of the powerful solid-state NMR approaches to study lipid
membranes and membrane-associated peptides and proteins is
the use of an aligned sample system. For example, synthetic
lipid bilayers are aligned either mechanically usin§ glass
plates™ ™ or magnetically using bicelles/nanodiscs’ ~>° to
obtain high-resolution NMR spectra. Such spectra are typically
used to measure the anisotropic interactions such as CSA,
heteronuclear dipolar couplings and quadrupolar couplings to
determine atomic-resolution structure, dynamics, and mem-
brane orientation of peptides or proteins associated with the
membrane.”’ ™ This solid-state: NMR approach has been
successfully applied to address a number of important
biological and biomedical questions. These applications
include the ion-channel activities of peptides and proteins,
mechanisms of membrane disruption by antimicrobial peptides
and amyloid proteins/peptides, effects of lipid composition on
the structure and function of P450 enzyme, and other
membrane proteins, as well as protein—protein and protein—
ligand complexes. In this solid-state NMR approach, *'P NMR
is widely used due to the use of phospholipids in the synthetic
lipid bilayer system and *'P nucleus is highly abundant and has
a high NMR sensitivity. In addition, the naturally abundant
"N present in phosphocholine lipid and *H from deuterated
lipids are also used to measure the motionally averaged
quadrupole interaction. Recent studies demonstrated the
unique application of natural-abundance 7O NMR to study
aligned samples.*"** Since water is abundantly present in the
lipid bilayer samples used in NMR studies and the fast
exchange between lipid-bound and free water heavily
suppresses the quadrupole interaction, '’O NMR has been
shown to be feasible to study the aligned lipid bilayer systems.

Figure 4 displays natural-abundance 7O NMR spectra of
water present in a SMA-QA polymer based lipid nanodiscs
sample.’’ The nanodisc contains a DMPC lipid bilayer encased
by synthetic amphipathic polymer as illustrated in Figure 4A.
The size (~25 nm diameter) and homogeneity of the
nanodiscs are revealed by the TEM image, as shown in Figure
4B. The 7O NMR spectra exhibit an isotropic peak for
temperatures below the gel-to-liquid crystalline phase tran-
sition of the DMPC lipids in the nanodiscs indicating the
isotropic nature of nanodiscs that average out the 'O
quadrupole interaction (Figure 4D, see the spectrum at 295
K). As the temperature of the sample is increased well above
T, the magnetic alignment of nanodiscs exhibits anisotropic
70 quadrupole interaction arising from the lipid-bilayer-
bound water molecules, while their exchange with free bulk
water molecules reduces the observed quadrupole interaction.
As a result, a pentet pattern is observed for the five transitions
in the spin-5/2 7O above T, i.e., the spectra obtained at 310
and 315 K. The isotropic peak observed well below T, (ie.
at 295 K) becomes broader as observed at 300 and 305 K as
the lipids are undergoing the phase transition while the
polymers present on the belt of the nanodiscs broaden the
phase transition temperature, indicating the loss of coopera-
tivity in melting. As demonstrated by the observed spectra
from samples containing different concentrations of nanodiscs
(Figure 4C), a high concentration (30% w/v) is required to
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Figure 4. Natural-abundance 7O NMR spectra of magnetically
aligned polymer nanodiscs. (A) Schematic representation of SMA-QA
polymer based lipid nanodiscs. (B) Transmission electron microscopy
image of SMA-QA:DMPC (0.5:1 w/w) nanodiscs. 7O NMR spectra
of water from SMA-QA:DMPC (0.5:1 w/w) nanodiscs (~25 nm
diameter) for varying lipid concentrations at 310 K (C) and at the
indicated temperatures for 30% w/v lipid concentration (D). SMA-
QA (styrene maleic acid quaternary ammonium) is a positively
charged amphipathic polymer that has been demonstrated to form
nanodiscs and to isolate membrane proteins directly from cell
membrane. The size of the nanodisc can be varied by varying the
polymer:lipid ratio. The synthetic polymer is typically characterized
by mass spectrometry and *C CPMAS solid-state NMR. Nanodiscs
are purified by using size exclusion chromatography (SEC) to remove
free polymer and lipid aggregates. The size of the nanodiscs is
typically determined by dynamic light scattering (DLS), and TEM
images and *'P solid-state NMR experiments are also used to
characterize the nanodiscs. NMR spectra were obtained from 400.11
MHz NMR spectrometer (54.24 MHz for '7O nuclei) using a Hahn-
echo pulse sequence with 12 s 90° pulse, 20 us echo delay, 0.2 s
relaxation/recycle delay, 400 ppm spectral width, and 0.2 s acquisition
time. Depending on the sample amount used in the experiment, the
number of scans used to acquire the reported 7O NMR spectra were
varied between 10,000 and 20,000 to obtain a reasonable signal-to-
noise ratio. All other details on the sample preparation, character-
ization, and experimental conditions can be found in Reference 31.
Figure and caption are reprinted from Reference 31.

overcome the complete averaging of 'O quadrupole
interaction by the tumbling motion of the nanodiscs. As
shown in Figure 5, the 90° flipping of the alignment axis of
nanodiscs, i.e., flipping the lipid-bilayer-normal from orthog-
onal to parallel direction to the external magnetic field,
changed the observed *'P anisotropic chemical shift (from
—13.6 + 0.5 to ~22.7 + 3.7 ppm) and "*N RQC (from ~8.9 +
0.6 to ~16.8 + 0.7 kHz) according to the second-order
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Figure 5. NMR spectra of magnetically aligned and flipped nanodiscs. '’O (A, B, F, and G), *'P (C and H), and "*N (D and I) NMR spectra of
magnetically aligned SMA-QA:DMPC nanodiscs obtained at 310 K with the lipid-bilayer-normal perpendicular (top row, as illustrated in E) and
parallel (bottom row, as illustrated in J) to the external magnetic field direction. A 2 mM YbCl; solution was used to flip the nanodiscs (bottom
row). All spectra were acquired from 20% w/v lipid concentration, except that 30% w/v was used for A and F. All other details on the sample
preparation, characterization, and experimental conditions can be found in Reference 31. Figure and caption are adapted from Reference 31.
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Figure 6. Oxygen-17 NMR spectra of 30 mM benzoic acid with 1:1 INPEN:DMPC, 25% DMPC nanodiscs collected at (A, B) 14.1 T and (C, D)
18.8 T. The spectra in (A, C) display the full spectral widths, and the spectra in (B, D) are zoomed in to show the line shape of the water peak.

Figure and caption are adopted from Reference 60 with permission.

polynomial function (3 cos’@ — 1), with € being the angle
between the magnetic field axis and lipid-bilayer-normal. On
the other hand, the observed 7O RQCs did not follow the
above-mentioned trend and indicated that the motional
averaging is different in flipped and unflipped nanodiscs.
This observation suggests that 7O RQCs could be useful in
investigating the dynamic molecular events occurring at the
membrane surface.

B MAGNETICALLY ALIGNED NANODISCS TO
MEASURE 70 RQCS FROM SMALL MOLECULE

An alignment medium is commonly used in high-throughput
NMR based structural studies to measure motionally averaged
anisotropic NMR parameters such as residual dipolar couplings
(RDCs) and residual chemical shift anisotropies (RCSAs).
Recent studies have demonstrated the use of magnetically
aligned nanodiscs as a new alignment medium in the structural
studies of proteins, RNA, and small molecules. Interestingly,
recent study demonstrated the feasibility of using ah ne
nanodiscs to measure 7O RQCs from a small molecule.
Figure 6 demonstrates the use of nanodiscs to measure 7O
RQCs from 7O-labeled benzoic acid.” A combination of
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nonionic INPEN based amphipathic polymer and DMPC
lipids is used to prepare nanodiscs containing 'O-labeled
benzoic acid. As mentioned above, the nanodiscs magnetically
align with the lipid-bilayer-normal perpendicular to the
external magnetic field direction well above the main phase
transition temperature of the constituted lipids. For example,
the 7O NMR spectra recorded at 310 K display two different
pentet patterns well separated by the significantly different
chemical shift values arising from 7O nuclei associated with
water and benzoic acid molecules. As mentioned above, the
fast exchange between lipid-bound and free water molecules
significantly averages the '’O quadrupole couplings, resulting
in a very narrow pentet pattern with much smaller RQCs
(~180 Hz) as compared to that from benzoic acid molecules,
which exhibit about 33 times larger RQC (~6000 Hz). This
study also compared the '’O NMR spectra obtained from 400
and 800 MHz NMR spectrometers to demonstrate the
advantage of using a higher magnetic field to obtain enhanced
sensitivity and resolution.

This successful demonstration of the feasibility of measuring
70 RQCs from small molecules using flipped and unflipped
magnetically aligned nanodiscs opens avenues for structural
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studies of a variety of small molecules including pharmaceutical
compounds and their polymorphs that may not be
crystallizable for structure determination by X-ray crystallog-

raphy.

B UNIQUE ADVANTAGES OF HIGH MAGNETIC
FIELDS FOR 7O NMR SPECTROSCOPY

Recent developments in NMR instrumentation and higher
magnetic fields have created new avenues for the development
and applications of solid-state NMR spectroscopy.®* ™’
Particularly, the high magnetic fields are well suited for studies
using 7O based NMR spectroscopy. In addition to the better
sensitivity, resolution, and enhanced magnetic alignment,
higher magnetic fields can also be used to probe water
induced changes in the observed NMR parameters as
demonstrated in Figure 1. 7O NMR spectra of aligned lipid
bilayers containing gA obtained at 35.2 T are shown in Figure
1. It should be recognized that the 7O shifts shown in Figure
1B,D represent the anisotropic chemical shift of the carbonyl
oxygens of gA oriented in lipid bilayers with the bilayer-normal
parallel to the applied magnetic field. These observed
anisotropic '’O shifts could be resulting either from the
reorientations of the electron cloud or from the changes in the
electron cloud induced by hydrogen bonding with the water
wire. From O MAS spectra in Figure 7, the Gly2 site shows

Leu10

Gly2

T T T T T
350 300 250 200 150

7O Chemical Shift (ppm)

T T
450 400

Figure 7. Oxygen-17 MAS NMR spectra of selectively '’O-labeled gA
embedded in hydrated DMPC lipid bilayers acquired at a 352 T
magnetic field (unpublished). 100,000 scans were accumulated at 303
K for each spectrum with a recycle delay of 50 ms using triple
pulses.”” The sample conditions were the same as those indicated in
Figure 1.

two isotropic resonances, clearly indicating that hydrogen
bonding with water changes the density of the electron cloud.
On the other hand, the other sites (Leu4 and Leul0O) show a
single isotropic resonance, suggesting the hydrogen bonding
with water only reorients the electron cloud. The combination
of static solid-state NMR experiments on magnetically aligned
bilayers (as shown in Figure 1) and MAS experiments (as
shown in Figure 7) can be useful to obtain structural insights
around the labeled 7O site in terms of how the electron cloud
changes upon hydrogen bonding with the water wire in the gA
channel.
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B SUMMARY AND FUTURE DIRECTIONS

Understanding biomolecular activities at atomic resolution is
crucial to describing their functions. Significant advances in
instrumentation and experiments have resulted in a library of
NMR techniques that can be used to study dynamic structures
of biomolecules in vitro, in cell, and in vivo conditions. Recent
studies have shown the benefits of utilizing even the
uncommon 'O nuclei that pose many limitations for NMR
studies despite the high abundance of oxygen atoms. In this
Review, we have presented some of the benefits of 'O NMR
spectroscopy to study lipid membranes. The ability to observe
different types of water molecules in membranes and the
feasibility of differentiation of the environment in ion channels
by 7O NMR experiments are unique and exciting. The use of
nanodiscs to measure residual 7O quadrupole couplings to
study the structure and dynamics of membrane-bound water
and to study the phase transition of encased lipids opens new
avenues in membrane biophysics.””~”’ The fact that water
plays a crucial role in biology and the advent of higher
magnetic fields and better NMR instrumentations renders
more sophisticated NMR techniques, the benefits of '’O based
NMR applications can be expected to grow remarkably.
Therefore, we conclude that much remains to be done to fully
utilize the power of 'O based NMR spectroscopy to study
biological solids.

In the past several decades, many 7O based solid-state
NMR techniques have been developed for studies on
biomolecules, both in aqueous solution and in the solid
state.®> So far, solid-state '"H/*C/N NMR techniques have
been instrumental in advancing the structural biology of
biomolecules. Due to the large 'O quadrupolar couplings and
chemical shift dispersions, incorporating '’O NMR is expected
to provide a powerful and indispensable tool for structural
studies.”' ~*’ However, one of the major obstacles in using '’O
NMR as one of the routine structural tools is the inefficient
and expensive '"O-enrichment of biomolecules. Labeling
strategies have fortunately been improved recently.”® On the
other hand, 7O solid-state NMR studies of biomolecules in
the semisolid states (i.e., lipid membranes), as presented in this
Review, have just begun to emerge, where '’O labeling appears
to be less demanding due to the presence of small molecules
and water itself, as opposed to 70 labeling in large
biomolecules. For instance, with a simple addition of '"O-
labeled water into hydrated lipid environments, free and bound
water molecules can be characterized by 7O solid-state NMR
methods.”® That said, the use of site-specifically 7O-labeled
membrane-associated proteins or peptides can provide
profound insights into their structure, dynamics, and topology;
additionally, it enables the measurement of their interactions
with lipids and ligands present in the sample. Since nanodiscs
are increasingly utilized in the structural studies of
biomolecules, protein aggregation, and drug delivery, the
development of 'O-labeled nanodisc-forming polymers would
be valuable to probe the interaction of the reconstituted
proteins with the belt of the nanodiscs.””~

Dynamic nuclear polarization (DNP), which can dramati-
cally enhance the sensitivity of '7O,” makes studies of natural-
abundance 7O in various applications possible.”’~”* The
perspectives/potential of utilizing DNP-enhanced '’O NMR in
the structural biology of biomolecules are immense, but
hurdles remain to be overcome, such as the assignment of 70
resonances. The large 'O quadrupolar couplings render the
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second-order quadrupolar line-broadening, significantly com-
promising the '"O resolution even at 800 MHz, the current
limit for DNP. 7O correlation experiments with other spin-1/2
nuclei can aid in the assignment of 7O spectra, but the
experimental sensitivity is highly dependent on '"O isotope
labeling. Therefore, developing high field DNP systems is
crucial for the highly sensitive '’O NMR studies of large
biomolecules.
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