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Abstract Dynamic nuclear polarization (DNP) has
become a powerful method to enhance spectroscopic sen-
sitivity in the context of magnetic resonance imaging and
nuclear magnetic resonance spectroscopy. We show that,
compared to DNP at lower field (400 MHz/263 GHz), high
field DNP (800 MHz/527 GHz) can significantly enhance
spectral resolution and allows exploitation of the para-
magnetic relaxation properties of DNP polarizing agents as
direct structural probes under magic angle spinning con-
ditions. Applied to a membrane-embedded K* channel,
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this approach allowed us to refine the membrane-embedded
channel structure and revealed conformational substates
that are present during two different stages of the channel
gating cycle. High-field DNP thus offers atomic insight
into the role of molecular plasticity during the course of
biomolecular function in a complex cellular environment.
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Abbreviations

AT Ambient temperature

DNP Dynamic nuclear polarization

LT Low temperature

MAS Magic angle spinning

PRE Paramagnetic relaxation enhancement

ssNMR Solid-state nuclear magnetic resonance

™ Transmembrane helix

MRI Magnetic resonance imaging

SF Selectivity filter

PDSD Proton-driven spin diffusion

TOTAPOL 1-(TEMPO-4-oxy)-3-(TEMPO-4-
amino)propan-2-ol

AMUPol (15-{[(7-oxyl-3,11-dioxa-7-
azadispiro[5.1.5.3]hexadec-15-
yl)carbamoyl][2-(2,5,8,11-tetraoxatridecan-
13-ylamino) }-[3,11-dioxa-7-
azadispiro[5.1.5.3]hexadec-7-yl])oxidanyl

Introduction

Dynamic nuclear polarization (DNP, Overhauser 1953), a
process in which nuclear spins are polarized via microwave
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irradiation of a nearby electron spin, is finding widespread
applications in nuclear magnetic resonance (NMR) spec-
troscopy (Hall et al. 1997; Ardenkja®r-Larsen et al. 2003)
and magnetic resonance imaging (MRI) (Gallagher et al.
2008; Cassidy et al. 2013). In solid-state NMR (ssNMR),
the combined application of low-temperature (LT)-DNP,
magic angle spinning (MAS, Ref. Andrew et al. 1958) and
exogenous paramagnetic polarizing agents has been
employed as a signal enhancement method with increasing
applications in material (Rossini et al. 2013) and life sci-
ences (Ni et al. 2013). For example, LT-DNP under MAS
has been used to study membrane-associated peptides
(Salnikov et al. 2010; Koers et al. 2013) as well as inter-
mediate (Bajaj et al. 2009) and ligand-bound membrane
protein states (Reggie et al. 2011; Linden et al. 2011b;
Andreas et al. 2013). In addition, DNP-MAS has been
successfully applied on cellular preparations (Renault et al.
2012b; Wang et al. 2013; Takahashi et al. 2013) and can be
used to examine large macromolecular complexes (Gelis
et al. 2013).

Paramagnetic agents are also widely employed to
enhance contrast and resolution in MRI applications (La-
uterbur 1973). The same principles have made paramagnetic
relaxation enhancements (PREs) invaluable tools to refine
molecular structures in biomolecular applications of solu-
tion (Bertini et al. 2005; Otting 2010) and, more recently,
solid-state NMR (Buffy et al. 2003; Nadaud et al. 2007). In
the latter case, elegant approaches have also been proposed
to reduce spectroscopic repetition rates (Wickramasinghe
et al. 2009) and it is well known that the modulation of
longitudinal relaxation rates by PREs favorably influences
the repetition rates of (LT)-DNP experiments.

While progress has been made in building DNP systems
at high fields (Matsuki et al. 2010; Barnes et al. 2012),
most commercially available DNP-NMR spectrometers
have been operating at a 'H resonance frequency of
400 MHz (and 263 GHz DNP) where spectroscopic stud-
ies, can be hampered by the comparatively low spectral
resolution. Here, we investigate the use of MAS DNP
instrumentation operating at 800 MHz/527 GHz for bio-
molecular solid-state NMR. We utilized uniformly (13C,
5N) and (PH'®C'N) labeled variants of the membrane
embedded potassium channel KcsA as a model system.
Both crystallographic information (Zhou et al. 2001; Uysal
et al. 2009) as well as ssNMR data are available (Ader
et al. 2008; Schneider et al. 2008; Bhate et al. 2010; van der
Cruijsen et al. 2013) for KcsA. To regulate the conduction
of potassium ions through the pore of the channel, KcsA
comprises two coupled gates that are located at either end
of the channel pore and that are called the activation and
inactivation (a.k.a. selectivity filter, SF) gate. Channel
inactivation leads to a collapse of the SF and opening of the
activation gate (Ader et al. 2009a, b; Cuello et al. 2010a).
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Starting with the closed conductive channel state that
has been well characterized by X-ray and ssNMR, we
examined the influence of transversal PREs and confor-
mational heterogeneity upon LT-DNP spectra obtained at
800 MHz/527 GHz at the residue-specific level. Our NMR
studies were assisted by single channel measurements and
MD calculations. Furthermore we compared spectral res-
olution and DNP enhancements to results obtained at
400 MHz (DNP) and 700 MHz, providing insight into site-
specific origin for ssSNMR line broadening and signal
enhancement under LT-DNP conditions. For many ion
channel residues, we observed an increase in spectral res-
olution. These findings provided the basis to employ high-
field DNP to examine how variations in ion channel
structure correlate to the channel state before and after
inactivation.

Materials and methods
Sample preparation

We prepared proteoliposomal samples containing uni-
formly (13C, I5N) labelled KcsA in the closed conductive
and open inactivated state as described before (Ader et al.
2008; van der Cruijsen et al. 2013). As in Ref. (Weingarth
et al. 2014), uniformly (*H, "*C, '°N) labeled KcsA was
expressed, back exchanged and reconstituted in asolectin
(Sigma). For DNP-based ssNMR experiments, we washed
liposomal KcsA samples with 50 pL. DNP solution con-
taining TOTAPOL (5 mM as well as 10 mM) or AMUPol
(25 mM) in 1:2:2 (v/v/v) glycerol-d8 (Cortecnet), D,0, and
H,O with buffer conditions at pH 7; 50 mM NaPi, 50 mM
NaCl, 50 mM KCl and for pH 4 or 3.5; 10 mM Na; citrate,
120 mM NaCl. Radical concentrations (5 mM TOTAPOL,
25 mM AMUPol) were chosen such that PREs were
comparable (see SI Table 1 and 2). A 10 mM TOTAPOL
concentration was chosen to study the influence of the
radical concentration on linewidth and enhancement.
Samples were subsequently centrifuged at 125,000g for
approximately 30 min followed by removal of the super-
natant. This procedure was done twice. The final pellet was
then transferred from the Eppendorf tube to a 3.2 mm
sapphire rotor by means of a funnel and centrifugation for
5-10 s in a bench top centrifuge.

Solid-state NMR and DNP experiments

ssNMR and DNP experiments were conducted using
3.2 mm triple-resonance (IH,ISC,ISN) MAS probe heads at
static magnetic fields ranging from 9.4 to 18.8 T corre-
sponding to proton/electron resonance frequencies of
400 MHz/263 GHz (Rosay et al. 2010), 700 or 800 MHz/
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527 GHz (Bruker BioSpin). Data were recorded at 100 K
(LT) and at 273 K (referred to as ambient temperature, AT)
employing MAS rates between 8 and 15 kHz. Pulse
schemes reflected standard homonuclear proton-driven spin
diffusion (PDSD) and double-quantum filtered (Bc, )
using SPC-5 recoupling (Hohwy et al. 1999). NCA
experiments typically utilized SPECIFIC-CP transfer
(Baldus et al. 1998) (see SI for further details on the
experimental parameters).

Molecular dynamics simulations

Atomistic MD simulations were carried out using the
GROMACS simulations package version 4.5.3 with the
GROMOS53a6 force field (Soares et al. 2005). The starting
structure was derived from crystal structure PDB code
3EFF (Uysal et al. 2009) truncated to residues 22—115. The
channel was embedded in a POPG bilayer in an aqueous
solution of 150 mM KCIl. All simulations were carried out
under constant 1 bar pressure and 283 K temperature. The
chemical shift analysis presented in Fig. 3 is based on a
10 ns simulation, while chemical shifts where predicted
every 200 ps using SPARTA+ (Shen and Bax 2010).
Residue-specific bulk water distances were measured with
the GROMACS tool g_mindist.

Single channel measurements

Single channel recordings of KcsA were performed on a
planar lipid bilayer setup (Compact, Ionovation GmbH).
Asolectin lipid bilayers were formed by painting the lipids
dissolved in n-decane over a 200 pm hole in a Teflon-
septum that separated two chambers, cis and trans. 1-5 pL
KcsA proteoliposomes were added to the cis chamber.
Single channel currents were recorded in symmetrical
150 mM KCl solution. The cis side was buffered to pH 7.0
by 10 mM HEPES and trans side was buffered to pH 4.0
by 10 mM succinic acid. All measurements were per-
formed at room temperature. Data were sampled at 10 kHz
and filtered at 1 kHz.

Results and discussion
Paramagnetic relaxation effects

To investigate paramagnetic relaxation effects in our DNP
samples, we firstly studied membrane-embedded uniformly
(*3C, N) labeled KcsA at AT before (Fig. 1a, black) and
after addition of 5 mM TOTAPOL and 20 % glycerol
(Fig. 1a, green). Note that this situation (employing water-
soluble radicals) is different from using covalently attached
radicals (see, e.g., Ref. Sengupta et al. 2012). Addition of
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Fig. 1 a (*3C, '3C) PDSD data obtained at AT conditions before
(black) or after addition of 5 mM TOTAPOL (green). In b, the
residue-specific signal attenuation due to the addition of 5 mM
TOTAPOL and 25 mM AMUPol is shown. The scale bar represents
signal scaling after addition of biradical ranging from 0 (green) to
82 % (red). Experimental parameters are given in the Supporting
Information. ¢ Single channel current of KcsA in planar lipid bilayers
at increasing concentration of TOTAPOL
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the biradical left large parts of the spectra unaffected (i.e.
no reduction of signal intensity and chemical shift changes)
except for, e.g., backbone resonances of Pro 63, Thr 61 or
Thr 85 or side-chain cross peaks of Val 84 (Fig. la).
Assignments indicated in Fig. 1 (black) and utilized in the
same color coding throughout this work are based on our
previous studies on KcsA variants (Schneider et al. 2008;
van der Cruijsen et al. 2013). PRE-induced signal modu-
lations were exclusively found in the solvent-exposed
regions (Supporting Table I) as can be deduced from the
attenuation plotted on a three-dimensional membrane
embedded model of KcsA in the closed conductive state
(Fig. 1b, left). We note that because of the lack of
assignments and insufficient spectral resolution in our 2D
data, we were not able to track the C-terminal region of
KcsA that is solvent exposed. Within the selectivity filter
(SF, residues 74—79) which also comprises the inactivation
gate (Ader et al. 2008), we observed a strong decrease in
PREs when moving from the water-exposed entry side (Gly
79) down towards the center of the channel (Thr 74). Signal
intensities for many solvent-exposed residues were reduced
by more than a factor of 5 (Fig. 1b, left, red). Most likely,
variations of solvent PREs (Hocking et al. 2013) on the
protein-solvent interface are caused by similar mechanisms
as found for the radical TEMPOL in earlier solution state
NMR experiments (Esposito et al. 1992; Pintacuda and
Otting 2002; Bernini et al. 2006). Hence, our results sug-
gest that PREs at AT are restricted to a few Angstrom
below the solvent exposed channel parts caused by radicals
residing in the solvent or close to the solvent-exposed
protein surface. Additional experiments (data not shown)
suggested that the addition of glycerol does not lead to
additional line broadening at AT.

Since strong PREs were found at the extracellular
channel pore entrance, we investigated TOTAPOL effects
on KcsA channel activity by electrophysiological experi-
ments (Fig. 1c). Concentrations as low as 4 mM TOT-
APOL affect single channel properties of KcsA by
reducing amplitudes of the single channel current by as
much as 40 % at which point a plateau is reached. The
latter excludes the possibility of channel blockage by the
radical. Instead, these results suggest, together with the
lack of chemical shift changes (Fig. 1a), a partial occlusion
of the channel entry with increasing concentrations of the
biradical without perturbing the structure of the channel
itself. We note that weak transient binding cannot be
excluded.

Next we conducted experiments using 25 mM AMUPol
which revealed a similar overall relaxation profile (Fig. 1b,
right), albeit with slightly weaker effects at the channel
entry (Supporting Table 2 and Fig. S1). These results
suggest that PREs at AT are slightly larger for KcsA
samples prepared with 5 mM TOTAPOL than in samples
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containing 25 mM AMUPol. This observation would be
consistent with the influence of different molecular sizes of
the two biradicals considered. Due to the additional
hydrophilic tail of AMUPol and the size of the molecule,
the radical center of AMUPol would be, on average, further
distant to the protein—Ilipid surface than in the case of the
more hydrophobic TOTAPOL.

Intrinsic linewidth at low temperature

Our previous analysis identifies PREs as an important
source of T, relaxation that provides direct insight into the
solvent-exposed molecular region (Fig. 1b). In addition,
molecular motion should give rise to structural disorder at
lower temperatures. Such effects have, for example, been
exploited in the context of studying peptide and protein
folding by ssNMR (Havlin and Tycko 2005; Heise et al.
2005). More recently, the dynamics of globular proteins
(Linden et al. 2011a) and the impact of solvent dynamics
for LT ssNMR experiments have been investigated (Siemer
et al. 2012). In the following, we hence considered con-
tributions of both PREs and structural disorder for LT-DNP
data obtained at 800 MHz/527 GHz under variable birad-
ical concentration and compared our results to experiments
at 400 MHz DNP conditions.

Figure 2 compares results of a standard 2D (13C, 13C)
PDSD experiment obtained on uniformly ('°C, '°N)
labeled KcsA in asolectin bilayers at 400 MHz (black) and
800 MHz (red) under DNP conditions using TOTAPOL as
polarizing agent. At the latter field strength, we also
compared data for a TOTAPOL concentration of 5 mM
(Fig. 3, black) and 10 mM (Fig. 3, orange) and focused on
residues around the selectivity filter. In order to obtain
complementary insight into the role of residue-specific
channel motion we conducted molecular dynamics (MD)
simulations and computed the chemical-shift distribution
(Fig. 3, histograms) from our MD trajectories as shown
before (Heise et al. 2005; Zachariae et al. 2008). In detail,
we used standard CS prediction programs to translate
backbone fluctuations obtained from the MD trajectory to
backbone chemical shift variations. The resulting histo-
grams were compared to our experimental results at 100 K,
where backbone motions should be largely frozen out. We
observed a remarkable correlation between linewidths
determined experimentally and predicted from MD runs for
the residues Gly 77, Thr 74 and Thr 75 (Fig. 3, see also
Supporting Table 3). Note that this analysis suggests that
structural disorder in the selectivity filter is restricted to Thr
74 that exhibits a significantly larger line width than Thr 75
and Gly 77 (vide infra) and only mildly improves in res-
olution when moving from 400 to 800 MHz (Fig. 2c).

The other two residues investigated, i.e., Thr 85 and Gly
79, exhibit a greater linewidth than predicted by the MD
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Fig. 2 a 400 and 800 MHz DNP 2D PDSD spectra recorded at 400
(black) and 800 MHz (red) are overlayed. Proline CD1-CA (b) and
threonine CB—CA (c) regions are shown, together with 1D projections
(as defined in topspin) of the CA peaks in the direct dimension on the
right. Note that the 400 MHz DNP 2D PDSD spectrum contains an
MAS sideband that is folded in

simulation data (Fig. 3). These residues were among the
most attenuated ones at AT (Fig. 1), suggesting that here
broadening is mainly due to paramagnetic relaxation. This
view is further supported by investigating the effect of
increasing the concentration of TOTAPOL from 5 to
10 mM. In this case, broadening for Thr 85 and G79 fur-
ther strongly increases while PREs for Thr 74, Thr 75 and
Gly 77 remained limited (Fig. 3). Notably, residues that
seem to be dominated by PREs such as Pro 83 still exhibit
an improvement in spectral resolution at higher field
(Fig. 2b). Taken together, our analysis confirms that line
broadening effects at low temperatures can be explained by
two phenomena: conformational heterogeneity and para-
magnetic relaxation effects.

Comparison to high field data at AT
To further verify our conclusions regarding the intrinsic

line width under 800 MHz DNP conditions, we compared
our LT-DNP data (Figs. 4, 5, red) to results obtained at AT

conditions in the absence of the two biradicals of interest
(Figs. 4, 5, black). The latter data were obtained at lower
field strength (700 MHz). We analyzed 2D PDSD experi-
ments at LT (Fig. 4) as well LT NCA data under DNP
conditions using 5 mM TOTAPOL (Fig. 5a) and 25 mM
AMUPol (Fig. 5b). In both sets of experiments we
observed PRE modulated signal intensities for residues
located at the channel-water interface. For example, Thr 61
and Thr 85 exhibited weaker signal intensities than Thr 74
and Thr 75. Note that these findings were made irrespective
of the biradical type. We note that additional correlations in
the region 70-65 ppm in Fig. 4 stem from co-purified
lipids which are mobile under AT conditions (Weingarth
et al. 2013). On the other hand, the apparent linewidth of
many backbone Co—Cp (Fig. 4) or N-Ca (Fig. 5) corre-
lations seen at LT-DNP in the presence (Fig. 4a) or
absence (Fig. 4b, blue) of microwave irradiation compared
favorably to data obtained at high temperatures. For
example, LT-DNP correlations seen for Thr 74 or Gly 77
are virtually identical to data seen at AT 700 MHz condi-
tions. In the case of Gly 79, we previously had detected
increased channel dynamics (Ader et al. 2010). The
observed weak intensity at LT conditions can hence be
explained by a combination of increased dynamics (vide
infra) and PREs.

Overall and residue specific enhancements

Firstly, we determined DNP enhancement factors at
800 MHz/527 GHz conditions using one-dimensional '*C
CP experiments for both protonated and deuterated variants
of membrane-embedded KcsA. We observed DNP
enhancements of 2.8 and up to 8.3 for uniformly (lH, 13C,
5N) labeled KcsA with 5 mM TOTAPOL and 25 mM
AMUPol, respectively. Similar values were obtained for
one-dimensional >N CP experiments. In the case of AM-
UPol, enhancement factors had dropped to 5 when
remeasured after 5 months storage at 193 K (Fig. 6, col-
ored bars). Compared to equivalent experiments conducted
at 400 MHz, the 5 mM TOTAPOL sample hence showed
an approximately four-fold decrease in DNP enhancement
at 800 MHz/527 GHz. When comparing LT-DNP ssNMR
data (Fig. 5a, b) to AT ssNMR experiments (Fig. 5a, b) on
uniformly (‘H, *C, '®N) labeled KcsA, the addition of
25 mM AMUPol resulted in a sizable increase in signal to
noise per hour by a factor of 6.9 (SI Fig. S2). Deuteration
and 'H back exchange for (2H, 3¢, 15N) labeled KcsA
further increased DNP enhancements from 8.3 to 13.2
which is in line with earlier work (Kagawa et al. 2009;
Akbey et al. 2010). Clearly, the enhancements seen at
800 MHz are lower than for data obtained at 400 MHz
conditions. However, DNP enhancement factors reported
in the literature (Salnikov et al. 2010; Reggie et al. 2011;
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Fig. 3 Projections of resolved peaks stemming from selectivity filter
residues. 1D projections using 5 mM TOTAPOL (black) and 10 mM
TOTAPOL (orange) are overlayed with the chemical shift distribu-
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line width measured at 700 MHz AT, without addition of TOTAPOL
is given by red bars. Results from G79, G77, T74 and T75 were taken
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Fig. 4 Overlay of ('3C, '*C) PDSD at 700 MHz, 273 K without
radicals (black) and 800 MHz LT, 5 mM TOTAPOL with (a, red)
and without microwaves (b, blue). Experimental parameters are given
in the Supporting Information

Linden et al. 2011b; Jacso et al. 2012; Renault et al. 2012a;
Andreas et al. 2013; Koers et al. 2013) for membrane
proteins at 400 MHz and 100 K vary considerably in range
from 8 to 32. These observations point to an important
influence of the sample preparation upon the LT-DNP
performance.
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from an NCA spectrum and T85 was determined from a ('3C, ]3C)
PDSD spectrum. The inset structure is a zoom-in from Fig. 1b
(solvent PREs at AT). Experimental parameters are given in the
Supporting Information and line shape fitting parameters can be found
in Supporting Table 3

The favorable spectral resolution at 800 MHz and the
observed signal modulation due to PREs and motional
effects prompted us to determine residue-specific DNP
enhancements at 800 MHz/527 GHz. In Fig. 6, this ana-
lysis is presented for our uniformly (‘H, *C, '’N) labeled
KcsA samples. To visualize the effect of the distance of the
AMUPol or TOTAPOL radical to the nearest position
possible to the channel, we plotted PREs obtained at AT
and residue-specific DNP enhancements against the dis-
tance to the nearest bulk water taken from the MD simu-
lations (Fig. 6a—d). As expected from the Solomon-
Bloembergen equations (Solomon 1955; Bloembergen and
Morgan 1961), residues located closer to the surface
exhibited stronger signal attenuation. Especially at the
lower biradical concentration, residue-specific variations
are however, substantial and most likely relate to local
shielding effects by lipid-protein interactions for residues
such as Tyr 45, Ala 50-Arg 52 or Trp 87 (dashed box in
Fig. 6a) which are all located at the protein-lipid interface
(see. Figure 1b, left). Moreover, a uniform biradical dis-
tribution may only be established at concentrations higher
than 5 mM TOTAPOL.

Both effects may also explain the larger fluctuations in
residue-specific DNP enhancements with maximum
enhancements seen for Gly 77, Ile 38, Thr 75 and Pro 83 in
the 5 mM TOTAPOL sample (Fig. 6¢). The most dramatic
difference is found for Gly 77. Both in the 5 mM TOT-
APOL sample and the (*H'*C'°N) 25 mM AMUPol sam-
ple this residue exhibits the highest residue specific
enhancement, as shown in red in the structures of Fig. 7,
relative to the values seen in 1D data (Fig. 6¢, Table S4).
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Fig. 5 Comparison of KcsA data obtained at AT and LT-DNP
conditions. The results of 2D NCA experiments obtained at 700 MHz
at AT conditions and without biradical (black) are compared to data
acquired under DNP conditions (red) at 800 MHz/527 GHz using
5 mM TOTAPOL (a) or 25 mM AMUPol (b). Experimental param-
eters are given in the Supporting Information

We note that for the deuterated case, spectra without
microwave irradiation suffered from limited signal to noise
and an analysis such as shown in Fig. 6 was restricted to a
smaller number of protein residues around the channel pore
segment (see Supporting Table 4). In this protein region,
variations in DNP enhancements are small compared to the
PREs seen at AT which would be consistent with the
dominant influence of spin diffusion (van der Wel et al.
2006). Strong variations were only observed for Gly 77 that
is not only located at the center of the selectivity filter and
thereby distant from both the solvent or cavity water but it
is also surrounded by nearby potassium ions in crystal
structures (Cuello et al. 2010b) (vide infra).

Residue-specific disorder before and after channel
inactivation

Channel inactivation in KcsA is controlled by structural
changes at the selectivity filter (the inactivation gate) and
by a large hinged motion around the inner helix bundle (the
activation gate). A complex kinetic behavior referred to as
model gating underlies the concerted conformational
changes at the inactivation and activation gate. Most likely,
the kinetics reflect a combination of different channel
populations associated with local fluctuations in channel
structure. An understanding of these processes is still
limited (Chakrapani et al. 2011). With our 800 MHz DNP
setup, we studied the channel in the closed-conductive
(Figs. 3, 4, 5, 6, 8a, ¢, zoom in) and open-inactivated
(Fig. 8d—g, zoom in) conformation to be able to compare
conformations of the selectivity filter in both states. In the
closed-conductive state, we analyzed 2D CC (Fig. 8c) and
NC spectra (Fig. 8b) both at AT (black) and LT-DNP (red)
conditions.

We observed that the peak of residue Thr 74 at the lower
part of the selectivity filter (indicated in red in Fig. 8a,
spectrum Fig. 8c) is broadened by a higher degree of
structural heterogeneity (see also Fig. 3) compared to res-
idues such as Thr 75 and Gly 77 that are located towards
the center of the selectivity filter (Fig. 8a, blue). Our results
obtained on the closed-conductive state of KcsA hence
suggested that residue-specific channel dynamics lead to
local disorder under LT-DNP conditions.

We then compared our findings of Fig. 8a—c to the
channel conformation after inactivation that can be induced
by lowering pH and by reducing K* concentrations below
20 mM (Ader et al. 2009a; van der Cruijsen et al. 2013)
(Fig. 8e—g). Spectra recorded at AT conditions are shown
in black and LT-DNP in green. In line with our earlier
studies on the closely related KcsA-Kv1.3 channel (Ader
et al. 2008, 2009a), we observed chemical shift changes in
the selectivity filter. Compared to the AT data (black,
Fig. 8e—g), we now however detected signal attenuation for
Thr 75 at LT-DNP conditions (Fig. 8g, green) that was
clearly visible before inactivation (Fig. 8c), i.e., in the
closed conductive state. Interestingly, Thr 74 now is
readily apparent in the open inactivated state. In contrast to
the change in dynamics at the lower part of the SF, the
upper part of the SF showed no change in dynamics. We
can conclude by the clear appearance of residue Gly 77
before (Fig. 8b) and after inactivation (Fig. 8f) that in both
states this residue showed no structural disorder. Notably,
the same residue exhibited the strongest DNP enhance-
ments (Figs. 6, 7). SF residues towards the extracellular
side could not be examined due to PREs, e.g. residue Gly
79 of the SF remained attenuated (Figs. 1b, 8b).
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Fig. 6 Residue specific solvent
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Fig. 7 Residue-specific LT-
DNP enhancements in a close
up region around the selectivity
filter with (left) 5 mM
TOTAPOL, (middle) 25 mM
AMUPol, both uniformly ('H,
Be, 15N) labeled KcsA, and
(right) 25 mM AMUPol with
proton back-exchanged
uniformly (*H, *C, '°N) labeled
KcsA. Scale bar refers to
relative DNP enhancements
ranging from 2 (green) to >10

(red)

In the open-inactivated state under LT-DNP conditions,
we also observed peak doubling at Thr 101 (Fig. 8e, green)
which is situated at the gating hinge of the activation gate.
This residue exhibits a well characterized ssSNMR chemical
shift change (Ader et al. 2008, 2009a) as a result of opening
of the activation gate (Fig. 8d). Note that these observa-
tions were insensitive to changes to stronger acidic pH in
our proteoliposomal preparations (SI Fig. S4c). To under-
stand the nature of the peak doubling observed at Thr 101,
we investigated whether changes in activation gate opening
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as seen in KcsA mutant crystals would lead to chemical-
shift variations in our ssSNMR spectra. Crystal structures of
constitutively open KcsA mutants had revealed various
degrees of activation gate opening ranging from 23 to 32 A
(Cuello et al. 2010b). Indeed, when comparing 13Coc, and
N chemical shift predictions for open mutants forms
between 23 and 32 /f\, the size and trend in chemical shift
variations were in remarkable agreement with our experi-
mental results (SI Fig. S4). Assuming that the ssNMR
signal intensity reports on the relative population of these
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Fig. 8 Comparison of AT (black) and LT-DNP (red/green) ssNMR
before (a—c) and after inactivation (d—g). a and d structures are taken
from Ref. (van der Cruijsen et al. 2013) and (Cuello et al. 2010b).
Channel residues that are apparent in the LT spectra are given in blue
on the KcsA structure. Residues that disappear or exhibit strong line
broadening at LT are indicated in red. In d two channel conforma-
tions (referring to an activation gate opening of 23 and 32 A,
respectively), that are most compatible with the ssNMR data are
overlayed. b and ¢ represent zoom-ins from Figs. 4a and 5
respectively. For complete spectra and further experimental details,
see Supporting Information

opening events, our sSNMR data would be most compatible
with the dominant contribution of two channel conforma-
tions: one species that only exhibits a limited opening
(23 A) and a second population that displays are fully open
activation gate (32 A) in our ssNMR spectra. These results
would be consistent with structural fluctuations of the
activation gate even under strongly acidic pH conditions
where the activation gate is fully open (Chakrapani et al.
2007).

Conclusions

Dynamic nuclear polarization has become a powerful
method to enhance spectroscopic sensitivities in the

context of NMR and MRI. On the other hand, the avail-
ability of standard high-field NMR instruments has greatly
enhanced the possibility to study complex (bio)molecular
systems where spectral resolution is critical. We have
shown that, compared to studies at 400 MHz, high field
DNP significantly enhances the prospects to conduct in-
depth structural investigations of complex molecules such
as membrane proteins in different functional states.

We have demonstrated that these high field conditions
can enhance spectral resolution. We also showed that the
intrinsic paramagnetic properties of the polarizing agents
can be used as direct structural probes during the spectro-
scopic analysis. In the case of the membrane embedded
KcsA channel, our results help to pinpoint the water
accessible pore of the channel in membranes. The most
solvent-exposed surface shell exhibits strong PREs, at least
under the conditions used in our experiments. We suspect
that similar processes are also present in the context of
material science applications.

The comparison of DNP data to results obtained at
ambient temperatures furthermore allowed us to obtain
insight into the role of ion channel plasticity before and
after inactivation. This flexibility could be closely related
to modal gating that represents an effective regulatory
mechanism by which ion channels control the extent and
time course of ionic fluxes. Our experiments identified
specific selectivity filter residues that exhibit conforma-
tional flexibility before (Thr 74) and after inactivation (Thr
75, Thr 101). These observations underline that both gates
are coupled (Ader et al. 2009a; Cuello et al. 2010a) and
support emerging views (Chakrapani et al. 2011; Wein-
garth et al. 2014) that small structural fluctuations of the
filter backbone can have drastic effects on gating changes.
Compared to earlier DNP studies that were mostly con-
ducted at 400 MHz, we find reduced overall signal
enhancements at 300 MHz DNP conditions. This reduction
is higher than predicted from theoretical studies (Hu et al.
2011) but it is in line with recent studies of AMUPol at
lower magnetic fields (Sauvee et al. 2013; Fricke et al.
2013). As discussed before, the actual signal enhancements
may also depend on the details of the sample conditions.
For further studies on this subject, the membrane-embed-
ded KcsA channel for which ssNMR resonance assign-
ments as well as structural data are available (Schneider
et al. 2008; van der Cruijsen et al. 2013) may represent a
valuable experimental reference.

In parallel, further optimizations of the instrumental
details including the use of lower temperatures (Barnes
et al. 2012) or of pulsed DNP setups (Smith et al. 2012)
may greatly improve DNP enhancements at high magnetic
field. Moreover, our results using AMUPol and deuterated
KcsA versions indicate that modifications of the polarizing
agent (see, e.g., Ref. Zagdoun et al. 2013a) or of the proton
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density of the target molecule itself (Kagawa et al. 2009;
Akbey et al. 2010; Maly et al. 2012; Zagdoun et al. 2013b)
additionally enhance the potential of DNP-supported
structural biology. Note that in such studies reference data
obtained using conventional NMR setups that we here used
to examine the high field DNP performance and the details
of the PRE mechanism would not be required. These
considerations provide additional opportunities for in-depth
studies of the conformational landscape that describes the
workings of complex (bio)molecules using high field DNP
technology.
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