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Abstract

Although dynamic nuclear polarization (DNP) has dramatically enhanced solid-state NMR
spectral sensitivities of many synthetic materials and some biological macromolecules, recent studies
of membrane-protein DNP using exogenously doped paramagnetic radicals as polarizing agents have
reported varied and sometimes surprisingly limited enhancement factors. This motivated us to carry out
a systematic evaluation of sample preparation protocols for optimizing the sensitivity of DNP NMR
spectra of membrane-bound peptides and proteins at cryogenic temperatures of ~110 K. We show that
mixing the radical with the membrane by direct titration instead of centrifugation gives a significant
boost to DNP enhancement. We quantify the relative sensitivity enhancement between AMUPol and
TOTAPOL, two commonly used radicals, and between deuterated and protonated lipid membranes.
AMUPol shows ~4 fold higher sensitivity enhancement than TOTAPOL, while deuterated lipid
membrane does not give net higher sensitivity for the membrane peptides than protonated membrane.
Overall, a ~100 fold enhancement between the microwave-on and microwave-off spectra can be
achieved on lipid-rich membranes containing conformationally disordered peptides, and absolute
sensitivity gains of 105-160 can be obtained between low-temperature DNP spectra and high-
temperature non-DNP spectra. We also measured the paramagnetic relaxation enhancement of lipid
signals by TOTAPOL and AMUPol, to determine the depths of these two radicals in the lipid bilayer.
Our data indicate a bimodal distribution of both radicals, a surface-bound fraction and a membrane-
bound fraction where the nitroxides lie at ~10 A from the membrane surface. TOTAPOL appears to
have a higher membrane-embedded fraction than AMUPol. These results should be useful for
membrane-protein solid-state NMR studies under DNP conditions and provide insights into how
biradicals interact with phospholipid membranes.
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Introduction

High-field dynamic nuclear polarization (DNP) is a powerful technique to enhance the
sensitivity of solid-state NMR (SSNMR) spectroscopy (Can et al., 2015; Hall et al., 1997; Maly et al.,
2008; Ni et al., 2013). By microwave irradiation of electron paramagnetic resonance (EPR) transitions
of stable radicals, the large electron-spin polarization is transferred to the surrounding nuclear spins,
resulting in sensitivity enhancements that are theoretically equal to the ratio of the electron and nuclear
spin gyromagnetic ratios (Carver and Slichter, 1956). Thus, for "C NMR spectra measured with 'H-"C
cross polarization (CP), the maximum enhancement factor is ~660, the ratio of the electron and proton
gyromagnetic ratios. Experimentally, enhancement factors of 250-300 have been obtained on model
compounds (Matsuki et al., 2009). These enhancement factors are empirically measured as the
intensity ratios of spectra obtained with and without microwave (MW) irradiation. The two-orders-of-
magnitude enhancements are achieved in practice using a number of crucial elements: a paramagnetic
polarizing agent in the form of a stable radical, a high-power and high-frequency microwave source
(Bajaj et al., 2007; Barnes et al., 2008; Becerra et al., 1993; Gerfen et al., 1995; Rosay et al., 2010),
and low temperature to slow down electron and nuclear spin relaxation. A wide variety of mono- and
bi-radicals have been designed and synthesized (Kubicki et al., 2016; Michaelis et al., 2014), with the
two most commonly used ones being TOTAPOL and AMUPol, which contain two nitroxide radicals
separated by ~13 A via intervening functional groups with varying lengths, rigidity and polarity (Hu et
al., 2008; Hu et al., 2004; Sauvee et al., 2013; Song et al., 2006). At low temperatures of 90-120 K
commonly used for DNP SSNMR experiments, a cryoprotecting solution is often used to distribute the
exogenous radical uniformly in the sample and to prevent ice formation at low temperature in hydrated
biological samples. The most common DNP cryoprotectant solution consists of d.-glycerol/D,0/H,0
(60/30/10 by volume), but other compounds such as DMSO and different concentrations of the
individual components have also been used. For mostly dry compounds, wetting the sample with the
radical without a cryoprotecting solution has been shown to be effective (Takahashi et al., 2012).

The two-orders-of-magnitude sensitivity gain opens up a wide range of previously inaccessible
biological macromolecules (Akbey et al., 2013; Sergeyev et al., 2011) and chemical systems (Rossini
et al., 2013) for investigation by SSNMR. Membrane proteins represent a major class of molecules that
stand to benefit from this sensitivity enhancement (Cheng and Han, 2013), since dilution of membrane
proteins in the lipid matrix limits the sensitivity of conventional SSNMR experiments. However,
recent reports of DNP applications to membrane-bound peptides and proteins have found enhancement
factors that are often, surprisingly, well below those of non-membrane systems. With the exception of
bacteriorhodopsin and channel rhodopsin, most membrane proteins yielded enhancement factors of ~2
to ~30, measured on commercial DNP spectrometers with 'H Larmor frequencies of 400 — 800 MHz.
For example, enhancement factors are 1.7-3.5 for a lung surfactant peptide bound to a 50% deuterated
DPPC/POPG membrane with 40 mM TOTAPOL as the polarizing agent (Smith et al., 2015). The
potassium channel KcsA bound to asolectin membranes showed enhancement factors of 3-8 on an 800
MHz DNP spectrometer, with 5 mM TOTAPOL or 25 mM AMUPol as the polarizing agent (Koers et
al., 2014). A neurotoxin bound to the nicotinic acetylcholine receptor in native membranes gave a
sensitivity enhancement of ~12 at optimized TOTAPOL concentrations (Linden et al., 2011). A signal
peptide bound to the Sec translocon in E. coli lipids yielded an enhancement factor of ~32, where 20
mM TOTAPOL was used as the polarizing agent (Reggie et al., 2011). Whole cells, cell envelopes,
and native E. coli membranes enriched in specific membrane proteins showed enhancement factors of
20-30 (Jacso et al., 2012; Renault et al., 2012). "N NMR spectra of oriented membranes without
cryoprotectant showed an enhancement factor of ~18 (Salnikov et al., 2010).

The highest DNP sensitivity gain among membrane proteins is so far found for



bacteriorhodopspin (Bajaj et al., 2009) and channel rhodopsin (Becker-Baldus et al., 2015), with
enhancement factors of 43-62. Both proteins exist in dense and highly ordered arrays in lipid
membranes, thus their high enhancement factors may be related to the special nature of these protein-
rich assemblies. On the other hand, a recent DNP study of sensory rhodopsin using a 2:1 protein/lipid
mass ratio gave an enhancement factor of ~15 (Voinov et al., 2015), more comparable to results of
other membrane peptides and proteins.

Apart from the distribution of an exogenous polarizing agent to the target molecules via a
cryoprotecting solution, paramagnetic dopants have also been covalently attached to the protein or
lipid to produce site-specific sensitivity enhancements and to avoid the use of cryoprotectants, which
take up sample volume and may be incompatible with the compounds of interest. However, the
sensitivity gains using site-specifically tagged polarizing agents are so far not higher than the
exogenously doped samples. For example, enhancement factors are 12-15 for MTSSL-tagged KcsA
(van der Cruijsen et al., 2015), 3.5-6 for nitroxide-tagged gramicidin (Wylie et al., 2015), up to ~10 for
spin-labeled lipids (Smith et al., 2015), and up to ~15 for ToSMTSL-tagged sensory rhodopspin
(Voinov et al., 2015).

The significant variation and the often limited DNP enhancement factors of membrane proteins
are generally believed to be partly due to unoptimal sample preparation protocols. Experimental
parameters that may affect the DNP enhancement include the type and concentration of the polarizing
agent, the composition of the cryoprotecting solution, the extent of mixing of the polarizing agent with
the target molecule, deuteration level of the cryoprotectant and membrane matrix, and the extent of
conformational disorder of the protein at low temperature, which affects linewidths and hence
sensitivity. Among these factors, the mixing of the radical-containing cryoprotectant solution with the
membrane merits particular attention. In a few studies, the lipid, protein, cryoprotectant and radical
were mixed directly and centrifuged to obtain the membrane pellet (Smith et al., 2015). However,
glycerol and deuterated water have significantly higher densities than protonated water. Thus, most
proteoliposomes cannot be centrifuged down in the typical glycerol-rich DNP solution (Smith et al.,
2015; Voinov et al., 2015), which would reduce radical distribution to the membrane. Many studies
partly circumvented this problem by preforming the proteoliposomes in regular aqueous solution, then
washing or incubating the hydrated membrane pellets in the high-density cryoprotectant-radical
mixture, followed by a second centrifugation step to collect the radical-bound membrane (Andreas et
al., 2013; Bajaj et al., 2009; Becker-Baldus et al., 2015; Mak-Jurkauskas et al., 2008).

In this study, we examine the effects of five sample preparation conditions on the sensitivity
and resolution of DNP NMR spectra, with the goal of optimizing both. The five parameters are the
radical-membrane mixing protocol, the membrane deuteration level, the relative merit of AMUPol and
TOTAPOL, the relative merit of glycerol and DMSO as the cryoprotectant, and comparison between
phosphocholine (PC) and phosphoethanolamine (PE) lipids (Lee and Hong, 2014). We next investigate
the location of TOTAPOL and AMUPol with respect to the membrane using paramagnetic relaxation
enhancement (PRE) effects at ambient temperature. Our data show that, with careful optimization of
sample preparation protocols, one can obtain enhancement factors of ~100 in "C CP-MAS spectra of
lipid-rich membrane peptides that do not have very high structural order. When DNP spectra measured
at ~110 K are compared with spectra measured at 243 K without polarizing agents or cryoprotectants,
total sensitivity gains of 105-160 were found. We show that lipid deuteration does not have a net
beneficial effect on the absolute sensitivity of the DNP spectra. Finally, we show that TOTAPOL and
AMUPol both partition to the membrane at ~10 A from the surface, but TOTAPOL has a higher



inserted fraction, consistent with the different chemical structures and three-dimensional structures of
these two radicals.

Materials and Method
Lipid membranes and membrane peptides

Several lipid membranes were used in this study: 1,2-dimyristoylsn-glycero-3-phosphocholine
(DMPC), d.,-DMPC, 1,2-dilauroyl-sn-glycero-3-phosphoethanolamine (DLPE), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (POPE), and a virus-mimetic (VM+) membrane mixture (Cady et
al., 2011). The VM+ membrane contains 1-palmitoyl-2-oleoyl-sn-glycero-3-phophocholine (POPC),
POPE, egg sphingomyelin (SM) and cholesterol (Chol) at molar ratios of 25.6% : 25.6% : 25.6% :
23%.

For single-component membranes, the phospholipids were suspended in pH 7.5 HEPES buffer
(10 mM HEPES, 1mM EDTA, 0.1 mM NaN,) and freeze-thawed seven times between liquid nitrogen
temperature and ambient temperature to produce homogeneous vesicles. The vesicle solution was
centrifuged at 40,000 rpm using a Beckman SW60Ti rotor at 277 K overnight to form membrane
pellets. For the VM+ membrane mixture, phospholipids and cholesterol were dissolved in chloroform
while SM was dissolved in a chloroform/methanol mixture. The two solutions were mixed, most
organic solvents were removed under nitrogen gas, and the mixture was vacuum-dried overnight. The
dried lipid mixture was suspended in the pH 7.5 HEPES buffer, then subjected to the same freeze-thaw
cycles and ultracentrifugation to obtain membrane pellets.

A D44A mutant of the influenza A M2 transmembrane peptide (M2TM, residues 22-46) was
synthesized using Fmoc chemistry by PrimmBiotech (Cambridge, MA). Uniformly "C, “N-labeled
residues were incorporated at L26, V27, S31, G34, and A44. The peptide was dissolved in octyl-B-D-
glucoside (OG) and mixed with DMPC vesicles in 10 mM pH 7.5 HEPES buffer. The resulting
proteoliposomes were incubated at room temperature for ~3 h, then dialyzed against 10 mM pH 7.5
HEPES buffer for 3 days with 2 buffer changes per day to remove OG. The dialyzed proteoliposomes
were centrifuged at 40,000 rpm overnight to obtain membrane pellets.

DNP sample preparation

Stock solutions of d,-glycerol/D,O/H,O (60/30/10 by volume) and d-DMSO/D,0/H,O
(60/30/10 by volume) containing 10 mM of TOTAPOL or AMUPol were prepared. Two methods,
centrifugation and direct titration, were used to prepare membrane samples for DNP. The
centrifugation method was used to prepare the DMPC-bound M2TM and DMPC-bound ROCKER
samples (samples 4 and 6 in Table 1). Briefly, 100 pL of stock solution was added to the membrane
pellets. The pellets were allowed to equilibrate at room temperature for an hour, then spun at 7,000
rpm for 5 minutes using a desktop centrifuge. The bulk solution was pipetted out, and the membrane
sample was incubated in a desiccator until it reached 40wt% hydration. The titration method was used
to prepare all other samples (samples 1-3, 5 and 7-9). Briefly, small aliquots of the stock solution were
directly titrated into the proteoliposome pellets. The pellets were vortexed to ensure uniform
distribution of the radicals. An appropriate amount of D,O was added to the pellet to reach the desired
D,0/H,O ratio of 3 : 1. Excess water was then removed by 3 times of 10-minute lyophilization to reach
a hydration level of ~40wt%.

A previously prepared DMPC-bound ROCKER sample (Joh et al., 2014) was converted for DNP

experiments in two steps. First, the hydrated membrane was resuspended in 100 pL d -
DMSO/D,0/H,O containing 10 mM AMUPol, then spun at 7,000 rpm for 5 minutes to obtain a



radical-bound sample (sample 6). After DNP experiments, this sample was resuspended in 4 mL of 10
mM pH 7.5 HEPES buffer and centrifuged at 40,000 rpm at 277 K overnight to remove most of the
radical and cryoprotectant. After washing, ~5 uL of the same d.-DMSO/D,O/H,O solution containing
10 mM AMUPol was titrated into the pellet and the sample was measured again (sample 5). The two
samples were compared to assess the titration and centrifugation methods for mixing the radical with
the membrane (Table 1).

Several M2TM samples were prepared, differing in the cryoprotectants (d,-glycerol or d,-
DMSO), radical-mixing protocols (titration or centrifugation), lipid deuteration, and lipid headgroup
structure (samples 1-4 and 9). One M2TM sample was reconstituted into the d,,-DMPC membrane, and
d,-glycerol/D,0/H,0O containing 10 mM AMUPol was titrated into the membrane (sample 1). The
second sample was bound to protonated DMPC, and d.-glycerol/D,0/H,O containing 10 mM AMUPol
was titrated into the membrane (sample 2). The third and fourth samples involved protonated DMPC,
d,-DMSO/D,0/H,0 as the cryoprotectant, AMUPol as the polarizing agent, and the titration method
and centrifugation method for radical mixing were compared (samples 3 and 4). The fifth sample
bound M2TM in DLPE membranes, and used d.-glycerol/D,0/H,O as the cryoprotectant and AMUPol
as the polarizing agent (sample 9).

Solid-state NMR experiments with and without DNP

Low-temperature DNP experiments were performed on a 400 MHz and 600 MHz wide-bore
SSNMR  spectrometer equipped with a 263 GHz and 395 GHz gyrotron, respectively (Bruker,
Billerica). The cathode currents of the gyrotron were 120-140 mA. All spectra were measured using a
3.2 mm 'H/°C/°N MAS probe with an MAS frequency of 8 kHz. Unless otherwise specified, the
sample temperatures were ~105 K with the MW off and 113-120 K with the MW on. 'H T, relaxation
times were measured using the inversion recovery experiment. The recycle delay was 5 s for all 1D
experiments and 3 s for 2D measurements. Thus, the enhancement factors reported here are steady-
state values. Most 1D “C spectra comparing the MW on and off conditions were measured using 128
scans.

Ambient-temperature 1D “C and 'H MAS spectra for PRE studies of radical localization were
measured on a 400 MHz NMR spectrometer. The spinning frequency was 5 kHz for DMPC and 7 kHz
for VM+ samples. Typical radiofrequency field strengths were 83 kHz for 'H and 62.5 kHz for “C. All
"C chemical shifts were externally referenced to the adamantane CH, peak at 38.48 ppm on the TMS
scale.

2D "C-"C INADEQUATE spectra and 2D "N-"C correlation spectra were measured without
DNP on DMPC-bound ROCKER (Joh et al., 2014) and DMPC-bound M2TM samples. These samples
do not contain cryoprotectants or radicals. The ROCKER spectra were measured on a 600 MHz
spectrometer at 233 K under 11 kHz MAS while the M2TM spectra were measured on a 400 MHz
spectrometer at 283 K and 203 K under 7 kHz MAS.

Results and discussion
Factors that increase the DNP sensitivity gain

We examined five factors in membrane sample preparation to maximize the DNP sensitivity
enhancement. The first parameter is the method of radical mixing with the membrane. So far most
DNP studies of membrane proteins used samples prepared by washing preformed membrane pellets in
a highly deuterated cryoprotectant solution containing the polarizing agent. This deuterated
cryoprotectant mixture serves the purposes of distributing the radicals uniformly to the membrane and



minimizing ice formation at low temperature. The solution is then centrifuged to collect the membrane
pellet. However, there are two limitations to this sample preparation method. First, the efficiency of
radical mixing with the membrane under centrifugation is not high and is likely sample-dependent.
Glycerol, the most commonly used cryoprotectant, has a density of 1.26 g/cm’, while deuterated water
has a density of 1.1 g/cm’, both of which are larger than the density of protonated water. Thus, lipid
membranes with a low protein concentration may not be possible to spin down in this high-density
cryoprotectant solution. Indeed, the membrane-on-top and cryoprotectant-at-bottom phenomenon has
been reported (Andreas et al., 2013; Voinov et al., 2015). Second, the centrifugation approach makes it
difficult to quantify the radical concentration, the hydration level and the solvent composition of the
final sample. Thus, we explored the alternative method of direct titration of the cryoprotectant solution
to the membrane pellet. Additional D,0O was added to the hydrated membrane first to yield the desired
D,0/H,O ratio. After titration, the membrane mixture was vigorously vortexed and then incubated for
an hour to allow homogeneous mixing. The membrane was then subjected to short periods of
lyophilization to reach 40 wt% water and a radical concentration of 10 mM. A *'P static spectrum of
one of these samples shows a uniaxial powder pattern expected for lamellar bilayers, indicating that the
short lyophilization periods and low-temperature experiments do not disrupt the membrane integrity
(data not shown).

Fig. 1a shows the "C CP-MAS spectra of DMPC-bound ROCKER sample prepared by the
direct titration or centrifugation methods for preformed vesicles (samples 5 and 6). The DMPC
membrane is protonated, and d-DMSO/D,0/H,0 containing 10 mM AMUPol was used as the
cryoprotectant and polarizing agent, respectively. The enhancement factor - p =15y ,, /I MW off is

26-45 for the titration method and 14-19 for the centrifugation method (Table 1). Thus, the titration
method gives 1.5-2.5 higher sensitivity gain than the centrifugation method. The sensitivities of the
MW-off “C spectra are not appreciably different between the centrifuged and titrated samples, thus
ruling out low sensitivity of the MW-off spectra as the reason for the higher enhancement factor of the
titration method. A similar increase of 1.5 fold by titration over centrifugation was also observed for
membrane-bound M2TM (data not shown). The two ROCKER spectra showed much higher
enhancement factors for the DMSO signals than the peptide signals, indicating that the radical is not
fully dispersed to the lipid membrane and remains significantly confined to the cryoprotectant solution.

The second factor we examined is the relative enhancement by AMUPol versus TOTAPOL.
AMUPol was designed to have longer electron relaxation times, larger electron-electron dipole
couplings, and higher aqueous solubility than TOTAPOL, which facilitate polarization transfer
(Sauvee et al., 2013). Initial demonstration on proline confirmed the design principle. We compared
the enhancement factors due to AMUPol and TOTAPOL by observing the natural abundance “C CP-
MAS spectra of the VM+ membrane protected by d,-glycerol/D,0/H,O (Fig. 1b, samples 7 and 8). The
lipid CH, signal exhibited an €. -p of 10 for the TOTAPOL-doped sample and 42 for the AMUPol-

doped sample, corresponding to a 4-fold larger enhancement, in good agreement with the model
compound results (Sauvee et al., 2013). Comparison of the MW-off spectra of the two samples again
shows similar sensitivities, thus the higher €. -p of AMUPol reflects true increase in the sensitivity of

the MW-on spectra rather than low sensitivity of the MW-off spectra. This result differs from a recent
study of the nuclear depolarization effects by these two radicals (Mentink-Vigier et al., 2015), as
measured on the model compound urea. That study found that AMUPol caused a 2-fold large
depolarization (i.e. lower sensitivity of the MW-off spectra) than TOTAPOL, so that the actual
sensitivity of the MW-on spectra of the AMUPol-bound urea is 2-fold rather than 4-fold higher than
that of TOTAPOL-bound urea. We attribute our finding that the MW-on spectra of AMUPol-bound



membranes have ~4-fold higher sensitivity than TOTAPOL-bound membranes to the fact that for
phospholipid membranes, other factors such as radical mixing with the membrane significantly come
into play to produce the total spectral sensitivity, and TOTAPOL may perform less well in these other
aspects.

The third factor we investigated for sensitivity enhancement is the 'H density of the
heterogeneous system comprising the cryoprotectant, water, lipids, and the protein. For a given
concentration of the polarizing agent, the sensitivity enhancement of "C CP-MAS spectra depends on
the 'H density of the system. An insufficient 'H concentration may compromise 'H-'H spin diffusion
that relays the electron polarization to the nuclei, while an excessive 'H concentration in the solvent
and lipids may reduce the amount of polarization transferred to the protein (Hu et al., 2008; Wylie et
al., 2015). To investigate the effect of the environmental protonation level on the DNP enhancement,
we measured the "C CP-MAS spectra of M2TM bound to chain-perdeuterated DMPC (d,.-DMPC)
versus regular protonated DMPC (samples 1 and 2). The same protein and lipid masses of 2 mg and 10
mg were used in the two samples. Fig. 1¢ shows M2TM g p values of up to ~118 for the deuterated

membrane and up to ~66 for the protonated membrane. To our knowledge, the former is the highest
enhancement factor reported so far for a membrane peptide at magnetic fields of 400 MHz or higher.
However, when the MW-on spectra are compared, the deuterated and protonated samples show similar
sensitivities, while the MW-off spectrum of the protonated DMPC sample shows 2-fold higher peptide
"C intensities compared to the deuterated sample. Since the peptide mass is similar in the two samples,
this result indicates that the deuterated DMPC reduces the 'H-"C CP intensities of the bound peptide in
the MW-off spectrum, thus giving rise to the higher €. p. In other words, while the deuterated

membrane facilitated electron polarization transfer to the peptide, the lower lipid 'H density reduced
the 'H-"C CP efficiency, thus the total sensitivity of the MW-on spectra of the peptide in the
deuterated membrane is similar to that in the protonated membrane. The implication is that lipid *H
spins increases the *C sensitivities of the embedded peptides by transferring their magnetization to the
peptide protons during CP. The lipid CH, signals confirm that lipid deuteration does not improve the
DNP sensitivity enhancement. For example, a protonated VM+ membrane gave an enhancement factor
of ~42 for the lipid CH,, while a partially deuterated virus-mimetic membrane containing dz;-POPE
and ds31-POPC gave a moderately lower enhancement factor of ~30 (data not shown).

The fourth factor we investigated is the relative merit of PC and PE lipids for maintaining
spectral resolution at low temperature. Recently we showed that down to ~200 K, PE lipids give
narrower linewidths than PC and saturated-chain lipids give higher spectral resolution than unsaturated
lipids (Lee and Hong, 2014). To investigate whether this resolution difference persists to ~100 K, we
compared the "C CP-MAS spectra of M2TM bound to DMPC and DLPE membranes (samples 2 and
9). Both membranes were protected with glycerol and used AMUPol as the polarizing agent. Fig. 1d
shows that similar enhancement factors of ~60 were obtained for the peptide signals, and most “C
linewidths are also similar, except for the G34 Ca signal, which is narrower in the DLPE sample. G34
is known to be a conformational switch in M2TM and exhibits multiple chemical shifts depending on
the membrane thickness, drug binding, and pH (Cady et al., 2011; Hu et al., 2011; Luo et al., 2009).
The narrower linewidth of G34 in the DLPE membrane thus indicates the beneficial effect of this
membrane for reducing protein conformational distribution.

Finally, we compared the merits of glycerol and DMSO for membrane cryoprotection and DNP
sensitivity enhancement (Yu and Quinn, 1998). At or above 200 K, our recent study showed that
DMSO resulted in much narrower lipid NMR lines than glycerol (Lee and Hong, 2014). We prepared



two DMPC-bound M2TM samples (samples 2 and 3), one protected with d,-glycerol/D,0/H,0
(60/30/10 by volume) and the other with d -DMSO/D,0/H,O (40/50/10 by volume). Enhancement
factors of ~55 were found for the glycerol-protected sample and ~40 for the DMSO-protected sample
(Table 1). The poorer performance of DMSO can be attributed to the higher viscosity of the DMSO-
protected membrane, even though the DMSO/water solution itself is more fluid than the glycerol/water
mixture. Thus, while DMSO better maintains the conformational homogeneity of lipid membranes, it
has the disadvantage of interfering with radical distribution. This is also supported by the fact that the
measured 'H T, values are less homogeneous in the DMSO-protected compared to the T, values
measured in glycerol-protected membranes (Fig. 1a, c).

While intensity ratios €. -p of MW-on and MW-off spectra provide a simple way of reporting

DNP sensitivity enhancement, it is now recognized that these values can be artificially elevated by
reduced sensitivity of the MW-off spectra compared to undoped samples due to paramagnetic
quenching and nuclear depolarization under MAS (Mentink-Vigier et al., 2015; Thurber and Tycko,
2014). Further, higher-temperature spectra generally have narrower linewidths, which benefit
sensitivity. To evaluate the true sensitivity gains compared to conventional SSNMR experiments
(Rossini et al., 2013), we compared DNP spectra measured at 110-120 K with non-DNP spectra
measured at 243 K on unprotected and undoped membranes. The spectral intensities were normalized
to the same protein mass and number of scans. Table 2 shows that at 400 MHz, the absolute sensitivity
gains, ¥, Tihigh 7> are 105-160 for glycerol-protected membranes, and 42-62 for DMSO-protected

samples. When the field strength increased to 600 MHz, X%, 7/, 7 is less pronounced but still high,

62-68. The reduction of sensitivity gain from 400 to 600 MHz is consistent with the known
dependence of the main DNP mechanism, the cross effect, on the field strength (Can et al., 2015).

Resolution of DNP spectra at low temperature

Fig. 2 compares the 2D "C-"C PDSD correlation spectra of DMPC-bound ROCKER at 116 K
with DNP and at 233 K without DNP. The 233 K spectrum was measured on a sample without radical
and cryoprotectant. ROCKER forms a four-helix bundle in lipid bilayers to co-transport Zn’ and H'
(Joh et al., 2014). 1D cross sections of representative cross peaks are shown. The linewidths of non-
methyl Ca and C3 peaks broadened from 0.8-1.1 ppm at 233 K to 1.0-1.5 ppm at 116 K, while the two
Ala methyl “C signals broadened more significantly, from 0.7-1.2 ppm at 233 K to 3.3 ppm at 116 K.
This methyl broadening is due to the well-known phenomenon of methyl rotation occurring at rates
that are comparable to the 'H decoupling field strength, thus interfering with 'H decoupling (Bajaj et al.,
2009; Franks et al., 2005). Thus, the line broadening due to increased static conformational disorder is
0.2-0.7 ppm.

Fig. 3 compares the 2D "C-"C dipolar INADEQUATE spectra of M2TM bound to DMPC
bilayers measured at different temperatures and magnetic field strengths. At 283 K on a 400 MHz
spectrometer, "C linewidths of 1.2-1.8 ppm were observed. Decreasing the temperature to 203 K
increased the linewidths to 1.8-2.8 ppm, and the largest line broadening is seen at the L26 Cp signal.
Decreasing the temperature further to 116 K while increasing the magnetic field strength to 600 MHz
resulted in similar linewidths to those of the 203 K 400 MHz spectrum, except for the A44 CP methyl
signal, which broadened due to motional interference. Interestingly, the L26 C3 peak is sharper at 116
K and 600 MHz than at 203 K and 400 MHz. Thus, the low-temperature line broadening due to
conformational heterogeneity is offset by the use of higher field strengths, indicating that the field-
independent line broadening mechanisms are significant at 400 MHz. Finally, at 120 K on a 400 MHz



DNP spectrometer, the non-methyl "C linewidths range from 1.9 to 2.6 ppm, corresponding to a line
broadening of 0.7 — 1.0 ppm compared to the 283 K situation.

It is well known that "N chemical shifts are more sensitive than “C chemical shifts to
conformational disorder. To examine the effects of cryogenic temperature on "N linewidths, we
compared the 2D “N-"C correlation spectra of membrane-bound M2TM at different temperatures and
field strengths with and without DNP. Fig. 4a shows "N linewidths of 3.4-4.3 ppm at 283 K on a 400
MHz spectrometer in the absence of radicals. Decreasing the temperatures to 120 K broadened the
linewidths to 5.4-9.8 ppm (Fig. 4b). The extent of line broadening is variable and residue-specific.
Increasing the field strength to 600 MHz did not significantly improve the °N resolution (Fig. 4c),
giving linewidths of 5.1 — 8.7 ppm, indicating that the main contribution to "N linewidths is roughly
constant in ppm and thus field-dependent. Increasing the temperature to 165 K while maintaining the
600 MHz field reduced the "N linewidths to 4.1-7.6 ppm, which are still larger than the linewidths
measured at 283 K at lower field. The pore-facing V27 and G34 residues showed less line broadening
between 165 K and 283 K, while the lipid-facing and interfacial residues, L26 and A44, showed the
largest line broadening at low temperature. These results suggest that lipid disorder is the largest
source of line broadening to membrane peptides, while disorder at the water-protein interface appears
to be smaller. Since M2TM is a small four-helix bundle with a significant lipid interface, this result
suggests that larger ion channels and membrane protein complexes with large protein-protein
interfaces should better maintain the spectral resolution at ~110 K.

Radical distribution in lipid membranes

While AMUPol and TOTAPOL are extensively used for DNP SSNMR experiments, to our
knowledge, the locations of these radicals in lipid membranes have not been reported. In principle,
these paramagnetic organic radicals may be distributed non-uniformly in two ways: they may exhibit a
concentration gradient along the bilayer normal due to their amphipathicity, and they may laterally
cluster to certain molecules in a multi-component lipid membrane. Understanding the spatial
distribution of these radicals is important for optimizing the DNP sensitivity enhancement.

We investigated the TOTAPOL and AMUPol distribution in lipid membranes by measuring the
lipid 'H and "C spectral intensities at ambient temperature to observe distance-dependent PRE (Buffy
et al., 2003; Chu et al., 2010). Faster nuclear-spin T, relaxation due to the biradical broadens the NMR
signals and reduces peak intensities. For "C CP-MAS experiments, the "C intensities depend not only
on “C T, relaxation times but also 'H T,,: enhanced T,, relaxation reduces the CP intensity. The
intensity ratios, S/Sp, between radical-bound samples (S) and radical-free samples (Sp), give qualitative
information about the distance of the radical from the lipid functional groups. Quantitatively, PRE,
defined as the relaxation rate difference between the paramagnetic sample and the diamagnetic sample,
is proportional to the inverse of the electron-nuclear distance to the 6" power, the electron-spin
relaxation time, and the square of the nuclear spin gyromagnetic ratio y (Bloembergen, 1957; Solomon,
1955). Thus, for 'H and “C DP experiments, which reflect 'H and "C T, PRE, respectively, the 'H PRE
effect should be ~16 fold larger than “C for the same distances, thus causing much lower S/Sy values.
In comparison, the S/Sy values from “"C CP spectra should be more comparable to the 'H S/S values,
since both 'H T, and "C T, PREs contribute to the “C intensity reduction.

Fig. 5 shows the 'H and "C MAS spectra of DMPC membranes with and without glycerol
protection. The glycerol-protected spectra, measured with direct polarization (DP) for both 'H and 13C
(Fig. Sa-c), give information about radical distribution in the presence of cryoprotectants, while the



unprotected samples (Fig. 5d-e), measured with CP for "C, give information about radical distribution
without potential perturbation by cryoprotectants. The 'H S/Sg ratios are directly read off from the
radical-bound and radical-free spectra, while the “"C S/Sy values are subjected to an additional
normalization with respect to the maximum S/Sy value, which is found for the chain-end ®. The ® S/Sg
value is slightly higher than 1 in some samples, indicating slightly different amounts of the various
samples.

For the glycerol-protected membranes, AMUPol and TOTAPOL caused the largest intensity
reduction to the lipid headgroup signals in the 'H spectra and the top of the acyl chains (C2 and C3) in
the "C spectra. For the 'H spectra, the intensity reduction is consistent with line broadening. For
example, AMUPol broadened the headgroup H3 and Ha signals by ~100 Hz and the acyl chain end ®
signal by ~40 Hz, while the TOTAPOL sample broadened the headgroup H and Ha signals by ~80
Hz and the o signal by ~90 Hz (Fig. Sa,b). Overall, TOTAPOL caused stronger PRE to the acyl chains
than AMUPol, as shown by the lower S/Sy values for TOTAPOL than AMUPol for the resolved acyl
chain signals in the "C DP spectra.

In the absence of glycerol, the residual intensities in the 'H spectra of the AMUPol-containing
sample (Fig. Se) are much higher than those of the glycerol-protected sample (Fig. Sb), indicating that
AMUPol is less bound to the membrane in the absence of glycerol. Thus, glycerol facilitates radical
mixing with the membrane. While this effect is expected at low temperature due to the antifreezing
ability of glycerol, it is not immediately obvious at ambient temperature. We attribute this result to the
ability of glycerol to partition to the membrane-water interface (Lee and Hong, 2014), thus carrying
the radicals with it to the membrane.

We also measured the PRE effect of glycerol-protected VM+ membrane to investigate if
radical binding to the membrane depends on the lipid composition. Fig. 6 shows the 'H spectra and "C
CP-MAS spectra. The former reports 'H T, PRE while the latter reports both "C T, PRE and 'H T,
PRE. Qualitatively, the observed S/Sy values are similar between the 'H and “C spectra. For the
AMUPol-bound sample, the lowest S/Sp value is observed for headgroup sites, while for the
TOTAPOL-bound membrane, the lowest S/Sp values are found for the top of the acyl chains and the
headgroup, similar to the result of TOTAPOL in DMPC membranes.

Fig. 7 summarizes the 'H and "C S/S; values of DMPC and VM+ membranes for AMUPol and
TOTAPOL. The S/Sp values are plotted as a function of the distances of lipid functional groups from
the membrane surface, using information obtained from joint analysis of the X-ray and neutron
diffraction data of lipid membranes (White and Wimley, 1999). For the DMPC membrane, the 'H
dephasing values are 0.2-0.4 while the “C S/Sy values range from 0.5 to 1.0. This difference is
qualitatively consistent with the lower y of “C spins than 'H and the dependence of the PRE on y’. Two
local minima in “C S/Sp values are observed, one at the acyl chain C2 and C3, and the other at the
headgroup y. The 'H data showed one minimum, in the headgroup region. However, the 'H signals of
C2 and C3 groups are not well resolved from the dominant CH, peak in the radical-containing samples
(Fig. 5b, ¢), thus these 'H intensities are not accurate.

Both AMUPol and TOTAPOL show two minima, but the TOTAPOL-bound sample has much
lower C2 and C3 S/Sy values than AMUPol (Fig. 7a, ¢). Overall, TOTAPOL preferentially dephases
the lipid chain signals more than the headgroup signals. Together, these data suggest that both radicals
partition bimodally, with one fraction at ~10 A from the membrane surface, where C2 and C3 lie, and
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the other fraction residing on the membrane surface. But TOTAPOL has a larger fraction inside the
membrane than AMUPol, consistent with the higher solubility of AMUPol due to its tetracthylene
glycol sidechain.

The glycerol-protected and AMUPol-doped VM+ membrane (Fig. 7b) shows a different 'H
PRE profile from the corresponding DMPC sample. The lowest intensities are found for the headgroup
Cy and chain CH, signals, but the Cy intensities are lower than the CH, intensities, indicating that more
AMUPol is bound to the VM+ surface than to the VM+ interior. Between cholesterol and
phospholipids, the "C S/Sq values are similar, indicating an absence of lateral clustering of AMUPol.
For the TOTAPOL-bound VM+ membrane, the “C intensities are the lowest for the acyl chain C2,
similar to the situation of the DMPC sample, indicating that TOTAPOL preferentially binds to the
middle of the membrane, ~10 A from the membrane surface. However, the headgroup Cy S/Sy values
are much higher in the "C spectra than in the 'H spectra. Since "C CP intensity of the mobile Cy is
sensitive to fluctuations in the spin-lock field strengths, the 'H S/Sy value is more reliable, thus we
conclude that a fraction of TOTAPOL remains bound to the VM+ surface. Between the 'H PRE
profiles of DMPC and VM+ membranes, the VM+ membrane exhibits higher residual intensities than
the DMPC membrane, indicating that the radicals are on average less inserted into the complex
membrane, suggesting that the higher viscosity of the cholesterol-containing membrane may obstruct
radical insertion.

While the 'H spectra of the lipid membranes show clear line broadening that is consistent with
the intensity reduction, the "C linewidths are much less affected by the radical (Fig. 5, 6). This
situation differs from the PRE effects of Mn’" ions bound to the membrane surface (Buffy et al., 2003),
where the "C linewidths increased concomitantly to intensity reduction. We do not yet fully
understand the limited "C line broadening. One possible explanation is that at the low concentration of
biradicals (10 mM) used, the average distances between each biradical molecule and the lipids are
sufficiently long that only the 'H signals are uniformly affected by the PRE while the “C spins may
experience heterogeneous PRE, with the signals of lipids in the vicinity of the biradicals being
suppressed while lipids far away from the biradicals being unaffected and thus manifesting signals
with narrow linewidths similar to those of the diamagnetic sample. At ~40 wt% hydration, the
estimated radical to lipid molar ratio is about 1 : 150, which is much lower than the Mn’" to lipid molar
ratios used in previous studies (Bufty et al., 2003). In addition to this dilution issue, the radical
distribution in the membrane may be somewhat heterogeneous, which may impact the "C PRE more
than the '"H PRE.

To fully understand the membrane partitioning of TOTAPOL and AMUPol, one needs to take
into account the conformations of these two molecules. Each compound contains two nitroxides with
R, distances of ~13 A (Hu et al., 2008; Sauvee et al., 2013), as estimated from DFT calculations and
EPR measurements. Depending on how these two molecules are oriented in the membrane, the two
nitroxide spin labels may or may not lie at the same depths with respect to the membrane surface.
Intuitively, we expect the polar tetraethylene glycol sidechain in AMUPol to “snorkel” to the
membrane surface while the hydrophobic backbone lies inside the membrane, roughly parallel to the
membrane plane. Molecular dynamics simulations may provide insights into the energetically
favorable orientation and depth of these two molecules in the lipid membrane.

Conclusions
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The data presented here show that DNP of membrane peptides and proteins can achieve MW
on-off sensitivity enhancements g -, of ~100 fold and overall sensitivity enhancements X, /0, 7

of 105-160 fold under optimized sample preparation methods. The main protocols (Table 3) include
titration of the radical-containing cryoprotectant solution to preformed membrane pellets, use of
AMUPol in place of TOTAPOL, and use of glycerol in place of DMSO as the cryoprotectant.
Deuterated lipids do not increase the absolute sensitivity of the MW-on spectra, as the benefit of
targeting the electron polarization to the protonated protein is roughly offset by the lower 'H-"C CP
efficiency of the protein due to the lower 'H density of the lipid matrix. Glycerol distributes the
radicals to the membrane better than DMSO, even though at temperatures higher than ~200 K DMSO
gives higher spectral resolution. PE lipids give better resolution than PC for disordered residues in
proteins. Resolution remains a limitation in spectra measured from ~105 K to ~165 K, and
improvements may require different freezing protocols.

'H and "C spectra of radical-bound membranes at ambient temperature indicate that AMUPol
and TOTAPOL partition bimodally, with one fraction at ~10 A from the membrane surface and the
other fraction on the membrane surface. Based on the residual 'H and "“C intensities, a higher fraction
of TOTAPOL binds inside the membrane than AMUPol. Radical binding to cholesterol-containing
membranes is weaker than to simple PC membranes. More detailed information about the orientations
and depths of these paramagnetic radicals in the lipid membrane will require further experiments, and
may benefit from molecular dynamics simulations.
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Table 1. Measured DNP enhancement factors Eccp at 400 MHz.

Samples Varied Sample | Cryoprotectant gccp = lyw on / lvw off
parameters number | and biradical ’
M2TM in d,,-DMPC 1 d,-glycerol, 80 (C”), 100 (Cav), 69 (glycerol)
DMPC 'H-DMPC 2 10 mM 60 (C”), 56 (Cav), 56 (lipid CH,), 78 (glycerol)
AMUPol
M2TM in d.-glycerol 2 10 mM 60 (C”), 56 (Cw), 56 (lipid CH,), 78 (glycerol)
'H-DMPC d-DMSO 3 AMUPol 39 (C’), 39 (Cav), 38 (lipid CH,), 63 (DMSO)
M2TM in Titration 3 d,-DMSO, 39(C), 39 (Co), 63 (DMSO)
'H-DMPC Centrifugation 4 10 mM 22 (C), 27 (Cay), 50 (DMSO)
AMUPol
ROCKER in Titration 5 d,-DMSO, 26 (C’), 40 (Ca), 45 (lipid CH,), 85 (DMSO)
'H-DMPC Centrifugation 6 10 mM 19 (C’), 14 (Cav), 13 (lipid CH,), 22 (DMSO)
AMUPol
VM+ 10 mM AMUPol 7 d,-glycerol 42 (lipid CH,), 60 (glycerol)
membrane 10 mM 8 10 (lipid CH,), 20 (glycerol)
TOTAPOL
M2TM 'H-DMPC 2 dg-lg(}ycerol, 60 (C’), 56 (Ca), 56 (lipid CH,), 78 (glycerol)
"H-DLPE mM ’ ipi
9 AMUPol 58 (C), 75 (Ca), 64 (lipid CH,), 78 (glycerol)

Table 2. Sensitivity enhancements %, Tlhigh T of "C CP-MAS spectra measured at 113-120 K with
DNP compared to spectra measured at 243 K without DNP, cryoprotectants nor radicals.

Samoles 5 . 'H Larmor
p low Tlhigh T frequency

M2TM in d,,-DMPC with d;-glycerol and 10 mM 105 - 127 400 MHz

AMUPol, compared to M2TM in 'H-DMPC 62 - 68 600 MHz

M2TM in 'H-DMPC with d,-glycerol and 10 mM

AMUPol, compared to M2TM in 'H-DMPC 12 - 160 400 MHz

M2TM in 'H-DMPC with d -DMSO and 10 mM

AMUPol, compared to M2TM in 'H-DMPC 42-62 400 MHz
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Table 3. Summary of the effects of sample preparation protocols on DNP sensitivity enhancement of
membrane peptides. The optimal conditions are in italic.

Parameters

Relative sensitivity enhancement

AMUPol vs TOTAPOL

AMUPol yields 4-fold higher & p.

Titration vs centrifugation

Direct titration yields 1.5 — 2.5 fold higher £, - due to better
mixing of the radical with the membrane.

Glycerol vs DMSO

Glycerol yields 1.5-fold higher £. p.

Deuterated lipids vs protonated lipids

Perdeuterated lipids yield 1.5-2.0 times higher peptide €. p.

However, perdeuterated lipids cause lower peptide "C CP
signals in the MW-off spectra, thus the sensitivities of the
MW:-on spectra are similar between protonated and deuterated
membranes.

DMPC vs DLPE

DLPE gives sharper signals for disordered peptide residues.
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Figure 1. 1D "C CP-MAS spectra of lipid membrane with or without peptides to determine the
optimal sample preparation methods for DNP sensitivity enhancement. 'H T, values are given for key
signals. (a) Effects of the radical mixing protocol on sensitivity enhancement. ROCKER peptide
bound to 'H-DMPC protected with d -DMSO and containing 10 mM AMUPol was examined (samples
5 and 6). (b) Comparison of AMUPol and TOTAPOL for sensitivity enhancement. VM+ membrane
protected with d,-glycerol and containing 10 mM AMUPol or TOTAPOL are compared (samples 7
and 8). (c) Effects of lipid deuteration on sensitivity enhancement. The spectra of D44A-M2TM bound
to protonated DMPC membrane versus d,,-DMPC membrane are compared. Both samples are
protected with d,-glycerol and contain 10 mM AMUPol (samples 1 and 2). (d) Effects of lipid
headgroup structure on spectral resolution. M2TM in DMPC or DLPE membranes protected with d,-
glycerol and containing 10 mM AMUPol are compared (samples 2 and 9).
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Figure 2. 2D "C-"C PDSD spectra of DMPC-bound ROCKER at 116 K with DNP (black) and at 233
K without DNP (red). The spectra were measured on a 600 MHz spectrometer on sample 5. Selected
1D cross sections of cross peaks are shown. Typical linewidths at 116 K are 1.0-1.5 ppm, which are
0.2-0.7 ppm broader than the linewidths at 233 K. The 2D spectra are plotted using Topspin contour
parameters of lev0=5, nlev=16, and toplev=100.
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Figure 3. 2D "C-"C dipolar INADEQUATE spectra of D44A-M2TM in DMPC bilayers. (a) Spectrum
measured at 283 K on a 400 MHz spectrometer. (b) Spectrum measured at 203 K on a 400 MHz
spectrometer. (¢) Spectrum measured at 120 K using DNP on a 400 MHz spectrometer. (d) Spectrum
measured at 116 K using DNP on a 600 MHz spectrometer. The sample for (a-b) does not contain
cryoprotectant or radicals and used protonated DMPC. The sample for (c-d) used glycerol-protected
d,,-DMPC and 10 mM AMUPol (sample 1). The lowest contour level for all 2D spectra is at 15% of
the highest intensity of each spectrum, and 24 contour levels are shown. Representative 1D cross
sections are extracted to compare "C linewidths. The non-methyl “C signals broadened by 0.1-0.4 ppm
from the 283 K 400 MHz spectrum to the 116 K 600 MHz DNP spectrum.
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Figure 4. 2D "N-"C correlation spectra of membrane-bound M2TM under different conditions to
examine N spectral resolution. (a) Spectrum of DMPC-bound M2TM at 283 K without DNP on a 400
MHz spectrometer. (b) Spectrum of DLPE-bound M2TM at 120 K measured on a 400 MHz DNP
spectrometer (sample 9). (¢) Spectrum of d,,-DMPC bound M2TM at 116 K measured on a 600 MHz
DNP spectrometer (sample 1). (d) Spectrum of d,,-DMPC bound M2TM at 165 K measured on a 600
MHz DNP spectrometer. The samples for (b-d) are cryoprotected with glycerol containing 10 mM
AMUPol. All spectra were plotted with the lowest contour at 20% of the highest peak in each spectrum
and 16 contour levels are plotted.
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Figure 5. Radical-induced PRE of DMPC membranes. Left column: '"H MAS spectra. Right column:
“C MAS spectra measured with DP (a-c) and CP (d-e). All spectra were measured at 298 K on a 400
MHz spectrometer. (a-c) Glycerol-protected DMPC membranes without radical (a), with 10 mM
AMUPol (b), and with 10 mM TOTAPOL (c). (d-e) Hydrated DMPC membranes without
cryoprotectants. (d) Without radical. (e¢) With 10 mM AMUPol. The S/Sy values in (b, c¢) are calculated
with respect to the control spectra in (a), while the S/Sg values in (e) are calculated with respect to (d).
The "C S/Sy values are further normalized with respect to the chain-end o peak at 14.2 ppm.
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Figure 6. Radical-induced PRE of glycerol-protected VM+ membranes. Left column: 'H spectra. Right
column: "C CP-MAS spectra. (a) Without radical. (b) With 10 mM AMUPol. (c) With 10 mM
TOTAPOL. Peak assignments are given in (a) for phospholipids (black), SM (blue), and cholesterol
(green). The 'H S/Sy values are with respect to the control spectrum (a), while the "C S/Sq values are
further normalized with respect to the ® peak.
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Figure 7. Residual intensities, S/S, of radical-containing membranes. (a, ¢) DMPC membrane. (b, d)
VM-+ membrane. (a, b) 'H and "C S/Sy values of membranes containing 10 mM AMUPol. (c, d) 'H and
“C S/Sp values of membranes containing 10 mM TOTAPOL. The x-axis shows the depths of lipid and
cholesterol functional groups (Craven, 1976; Kucerka et al., 2005; Nagle and Tristram-Nagle, 2000),
with the chemical structures of lipids and cholesterol drawn to scale along the x-axis. Shaded vertical
bars indicate the positions of local S/Sp minima, which indicate the most likely radical positions. The
error bars of 'H data points are less than 2%, thus are not plotted here.
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