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ABSTRACT: Dynamic nuclear polarization (DNP)-en-
hanced solid-state NMR spectroscopy has been shown to
hold great potential for functional studies of membrane
proteins at low temperatures due to its great sensitivity
improvement. There are, however, numerous applications
for which experiments at ambient temperature are
desirable and which would also benefit from DNP signal
enhancement. Here, we demonstrate as a proof of concept
that a significant signal increase for lipid bilayers under
room-temperature conditions can be achieved by utilizing
the Overhauser effect. Experiments were carried out on
aligned bilayers at 400 MHz/263 GHz using a stripline
structure combined with a Fabry—Perot microwave
resonator. A signal enhancement of protons of up to
—10 was observed. Our results demonstrate that Over-
hauser DNP at high field provides efficient polarization
transfer within insoluble samples, which is driven by fast
local molecular fluctuations. Furthermore, our experimen-
tal setup offers an attractive option for DNP-enhanced
solid-state NMR on ordered membranes and provides a
general perspective toward DNP at ambient temperatures.

ynamic nuclear polarization (DNP) has emerged as a

powerful method to improve the poor sensitivity of NMR
and offers a broad range of applications from molecular
biophysics via material sciences to magnetic resonance imaging
(MRI). The enormous reduction in experimental time by DNP
in combination with solid-state NMR (ssNMR) offers new
opportunities, e.g, in the areas of membrane proteins or surface
chemistry."” So far, applications of DNP-enhanced ssNMR
have mainly relied on combining the well-established cross
effect (CE) with magic angle sample spinning (MAS). For
these experiments, low temperatures are needed (~100 K) to
reach sufficiently long electron relaxation times of the
polarizing agents added to the sample. In addition, it is also
required to immerse water-containing samples in a glass-
forming matrix acting as cryoprotectant and at the same time
preventing radical aggregation.” The requirement of performing
such experiments under cryogenic conditions is especially
useful for applications which intrinsically require frozen
samples, e.g., for trapping a functionally important protein
state or for precise determination of dipole—dipole couplings.
These experimental conditions are often associated with line
broadening due to freezing-induced disorder and/or para-
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magnetic enhancement of transverse relaxation.* Therefore,
many applications have utilized selective isotope labeling
schemes to overcome this problem through reducing spectra
complexity.>®

Alternatively to CE, time-dependent fluctuations of the scalar
and dipolar couplings between nuclear and electron spins in
non-frozen samples result in polarization transfer via the
Overhauser effect (OE-DNP).” Fluctuations of the hyperfine
coupling between the unpaired electron spin of the polarizing
agent and the target nuclear spin have to be fast compared to
the electron Larmor frequency (@,7 < 1), which leads to the
conclusion that OE-DNP works best at low magnetic fields.
Indeed, numerous applications of OE-DNP at low magnetic
field (<1 T) have been found, including studies of water
dynamics® and site-specific water accessibility of membrane
proteins.”'® The OE enhancement,

A (1)

depends on the coupling factor £ accounting for the cross-
relaxation efficiency, the leakage factor f describing the
electronic contributions to the nuclear relaxation, and the
saturation factor s representing the efficiency of microwave
(Mw) pumping.11

Here, we explore OE-DNP as a prospect for polarization
enhancement of insoluble molecular complexes such as lipid
bilayers under ambient temperature conditions and at a
magnetic field of 9.4 T, which is high compared to most OE-
DNP applications and which is in the same range as those
currently used for CE-DNP. The motivation for this study
comes from two different directions: (i) DNP-enhanced
ssNMR on non-frozen samples is desirable especially in cases
in which highest spectral resolution and/or a fluid bilayer phase
is required. (ii) Although OE-DNP has been mainly used at low
fields, feasibility studies at higher magnetic fields provided
promising proton enhancements of up to —80 for small
molecules in the liquid phase."*"*

In order to move toward DNP-enhanced ssNMR on non-
frozen samples, two experimental challenges have to be
addressed: Sample heating due to MW electric field has to be
minimized, while at the same time the MW power has to be
strong enough to saturate the electron spin transitions. These
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requirements call for a specific experimental setup, in which
both radio frequency (RF) and MW frequency are coupled
efficiently into the sample in the form of a joint resonance
structure. A gyrotron as MW source ensures a sufficiently
strong MW field. Unfortunately, due to its mechanical size, a
MW resonator is currently not easily integrated into a MAS-
NMR probehead. We have therefore turned to “oriented
ssNMR” by using thin layers of mechanically aligned lipid
bilayers for this proof-of-concept study. The potential use of
DNP for oriented ssNMR has been highlighted previously.'®
For this purpose, an almost ideal RF/MW resonance structure
is found in the form of a stripline RF probe'® combined with a
Fabry—Perot MW resonator'> as shown in Figure 1: Thin
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Figure 1. Stripline Fabry—Perot probe structure used for DNP-
enhanced NMR on fluid lipid membranes at ambient temperature. A
thin stack of lipid bilayers is placed on a metal stripline, which creates
the B,-RF field at the surface and produces the FID. The stripline
together with an opposite spherical mirror forms a microwave
resonator.

layers of lipid bilayers are aligned on top of the stripline, which
generates a strong and homogeneous B-RF field close to the
surface, detects the free induction decay (FID), and serves as
planar MW mirror within the resonator. The sample thickness
is chosen much smaller than the wavelengths of the applied
MWs so that heating can be reduced. The stripline probe with
Fabry—Perot resonator provides the efficient use of MW power,
and a Q-factor of approximately 100 can be obtained for ~20
um lipid bilayer samples aligned on the stripline.

Lipid bilayers consisting of 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC) have been aligned within the resonator as
shown in Figure 1. The low main-phase transition temperature
of DOPC of —17 °C ensures that the sample is found in the
fluid phase under room-temperature conditions. Since the
double resonator in its current design only allows 'H detection,
it had to be verified whether a sufficient spectral resolution of
the aligned samples could be achieved. A comparison between
'H spectra of DOPC vesicles recorded with and without MAS
is shown in Figure 2a. Under MAS, all proton resonances are
resolved. Without MAS, lines broaden significantly, but the
resonances of the acyl chain and choline protons can still be
distinguished from the water signal. This is in contrast to the
broad and homogeneous line shapes in “real” solids because the
fast anisotropic rotational diffusion of lipids in the fluid phase
pre-averages the homonuclear proton dipole—dipole coupling
network.
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Figure 2. (a) "H NMR spectra of DOPC vesicles (static and MAS at
600 MHz). (b) 'H NMR spectrum of DOPC aligned as shown in
Figure 1, doped with TEMPOL (DOPC:TEMPOL 34:1), and
hydrated with D,0 (DOPC:D,0 1:27), resulting in a stack of
approximately 2000 bilayers of 20 um thickness. (c) Upon microwave
irradiation (5.6 W), an enhancement of —4.4 was observed for the acyl
chain proton resonances. (d) The enhancement increases with the
amount of TEMPOL present.

The separation of lipid and water resonances allows a proof-
of-concept study by analyzing whether DNP occurs for water,
for lipids, or for both. A stack of approximately 2000 bilayers
(160 pug) was loaded onto the stripline, resulting in a sample
diameter of 3 mm and thickness of approximately 20 um.
DOPC was doped with the monoradical TEMPOL at a molar
ratio of 34:1. Under excess hydration and upon irradiation with
increasing MW power, a negative DNP enhancement of water
can be observed (Figure S1), as previously reported.>'”
Microwave heating, which is reduced but not completely
eliminated by the probehead design, leads to an estimated
temperature increase of between 20 and 80 K, depending on
MW power levels, duration of irradiation, and sample amount.
However, samples were stable, as the experiments were fully
reproducible. For better temperature control, active cooling will
be implemented in the next generation of probes.

The hydration level could be safely reduced while keeping
the bilayer in the fluid phase to a level of 27:1 D,0:DOPC, so
that also the lipid signals could be detected. Under MW
irradiation, a strong negative enhancement of the acyl chain but
also of the y-choline protons is observed (Figure 2c). The
enhancement generally increases with increasing amount of
radical in the membrane (Figure 2d) and also with increasing
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MW power (Figure S2). Upon closer inspection of the spectra,
it appears that the best enhancement for the acyl chain protons
is obtained at the highest tested radical amount, while a DNP
effect for the y-choline resonance is only detected in the
presence of less TEMPOL (Figures 2d and S2). One possible
explanation could be that TEMPOL, which is hydrophilic,
quenches protons at the membrane surface. It is also observed
that the overall shape of the DNP-enhanced spectra changes
and is slightly narrower compared to the conventional spectra,
which could be caused by different DNP enhancement factors
experienced by protons at different sites.

In order to verify our findings, experiments were repeated
using bilayers consisting of 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC). In contrast to DOPC, DMPC has shorter
acyl chains without double bonds and features a higher phase
transition temperature of 24 °C. Using TEMPOL, an
enhancement comparable to that obtained with DOPC was
observed (Figure S3). Replacing TEMPOL with biradicals
bTbK'® and TOTAPOL' results in larger DNP signals,
although the total number of radicals per lipid was kept
constant in all three samples. This is surprising, as for OE-DNP
in solution, a small-size polarizing agent is usually preferable.20

To further characterize the observed DNP effect on lipid
bilayers, we have determined the polarization transfer from
bTbK to DMPC as a function of B, (Figure S4). The largest
negative enhancement is observed on the resonance in the
middle of the EPR spectrum, where the magnetic field matches
the MW frequency.

Our data show unambiguously that a significant DNP
enhancement of proton resonances of lipids within stacks of
bilayers at reduced hydration, ambient temperature, and high
field is possible. The negative DNP enhancement and the shape
of the field-dependent enhancement profile (Figure S4) show
that the polarization transfer mechanism responsible for our
observation is based on the Overhauser effect mediated via
electron—nuclei dipole—dipole relaxation. On the other hand,
this explanation is not obvious, given that the overall dynamics
of radical and target molecule with respect to each other under
our experimental conditions (high field, anisotropic system)
does not match the @,z < 1 condition, taking into account that
translational diffusion and rotational correlation time are in the
order of 30 um?/s and 1 X 107'% s, respectively.”' Therefore,
the question about the source of efficient dipole—dipole cross-
relaxation arises.

As outlined above, OE-DNP depends on the leakage,
saturation, and coupling factors. The leakage factor can take
values between 0 and 1. Here, for DOPC and TEMPOL, it was
found close to 0.7, indicating that electrons contribute
approximately 30% to nuclear relaxation (Figure SS). More
difficult to determine are saturation factor (which is between 0
and 1) and coupling factor. The latter depends on the
molecular dynamics of the nuclei—electron system. For dipolar
relaxation, a value between 0 and 0.5 is expected, which
decreases with increasing magnetic field. A number of models
have been developed to calculate the coupling factor in solution
on the basis of rotational and translational motions.””** All of
them predict a low DNP enhancement at fields of 9 T and
above, which should be even lower in non-soluble systems such
as lipid bilayers as studied here.

While we do not yet have an exact model for predicting the
coupling factor for our molecular system, it is insightful to
consider the molecular dynamics of radical and lipids within the
bilayer in more detail. A molecular motion which is fast

compared to the electron Larmor frequency of 263 GHz has a
correlation time shorter than 0.6 ps. Characteristic dynamics of
lipids in their fluid phase, such as rotational and lateral
diffusion, leaflet flip-flops, or undulations, are much slower
(Figure S6). For estimating the radical dynamics, we have
carried out MD simulations of bTbK within DMPC bilayers.
The data show that bTbK equilibrates within the hydrophobic
core of the membrane, and the radical center shows fast
fluctuations in location and orientation (Figure S7). However,
none of these motional modes of lipid and bTbK could account
for the dipole—dipole cross-relaxation required to explain the
observed OE-DNP effects. However, local motions such as
bond rotations/vibrations and trans—gauche isomerizations of
the lipid chains are equal to or faster than picoseconds (Figure
S6) and could significantly contribute to the relevant relaxation
pathways. Indeed, the potential importance of fast local
fluctuations for OE-DNP at higher fields had been proposed
before.">**** Since such motions occur universally in
biomolecules, optimism seems justified that it might be
possible to utilize OE-DNP also for polarizing non-frozen
samples of (membrane) proteins.

To further investigate the observed phenomena, the
resonator structure used has to be extended with more RF
channels, so that '*C or '*N detection under 'H decoupling and
MW irradiation will become possible. This will improve the
spectral resolution of our aligned samples, which is currently
compromised by the residual homonuclear dipole—dipole
proton couplings. An improvement in resolution will enable
us to analyze whether the observed DNP enhancement is
uniform or site-specific, whether hydrophilic or hydrophobic
radicals are preferable, and whether our approach can be
applied to aligned membrane proteins as well.

OE-DNP effects have also recently been demonstrated in
insulating solids.”® This supports the idea that this polarization
mechanism is more widely applicable at higher fields and also
offers a general perspective toward DNP of non-frozen but
non-soluble samples.
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