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Protein NMR Spectroscopy at 150 kHz Magic-Angle
Spinning Continues To Improve Resolution and Mass

Sensitivity

Maarten Schledorn®® Alexander A. Malar",” Anahit Torosyan®,”” Susanne Penzel,”
Daniel Klose,” Andres Oss,™ Mai-Liis Org,”™ Shishan Wang,"” Lauriane Lecoq,"
Riccardo Cadalbert,” Ago Samoson,*®™ Anja Béckmann,*'? and Beat H. Meier*"

Spectral resolution is the key to unleashing the structural and
dynamic information contained in NMR spectra. Fast magic-
angle spinning (MAS) has recently revolutionized the spectro-
scopy of biomolecular solids. Herein, we report a further
remarkable improvement in the resolution of the spectra of
four fully protonated proteins and a small drug molecule by

Introduction

The knowledge of the three-dimensional structure of a protein
is an essential first step to understanding its biomolecular
function. In addition, it is vital for interfering with it, for example
in the context of drug development. Solid-state NMR plays an
important role in de novo 3D structure determination of
particular protein classes, such as amyloids."™ The method
allows conformational details to be studied with particularly
high sensitivity,*® and can, for example, identify drug-binding
sites or characterize dynamic features.”'”

Information content of the NMR spectrum increases with
improved spectral resolution. For solid-state NMR, such reso-
lution requires mechanical rotation of the sample around a
fixed axis with respect to the magnetic field, known as magic-
angle spinning (MAS)."*'” Until very recently, most applications
in biomolecular solid-state NMR have been based on carbon-13
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pushing the MAS rotation frequency higher (150 kHz) than the
more routinely used 100 kHz. We observed a reduction in the
average homogeneous linewidth by a factor of 1.5 and a
decrease in the observed linewidth by a factor 1.25. We
conclude that even faster MAS is highly attractive and increases
mass sensitivity at a moderate price in overall sensitivity.

detection because proton resonances were spectrally not
sufficiently resolved. This was principally caused by insufficient
averaging of large 'H-'H dipole interactions by MAS. However,
with MAS frequencies approaching and exceeding 100 kHz, the
linewidth for fully protonated proteins is reduced to a degree
that makes proton-detected solid-state NMR an attractive
alternative to carbon-13 detection."®* Of course this holds
true also for deuterated proteins that were back-exchanged to
protons at exchangeable sites.

When comparing a 3.2 mm rotor (standard for '*C-detected
experiments on proteins with about 50 mg of sample) to a
0.7 mm rotor (for 'H with about 0.5mg sample), proton
detection has the important advantage of reducing the
required sample amount at comparable sensitivity by roughly
two orders of magnitude, due to the narrowing of proton lines
at faster spinning and the higher gyromagnetic ratio.?%*%*"
Further increases in spinning frequencies are expected to bring
additional spectral resolution.®* However, this obvious trend
is countered by a considerable engineering complexity required
to handle sample containment in a sub-millimeter range at the
limit of mechanical rupture.

We here present experimental data recorded at 150 kHz
MAS with a prototype 0.5 mm triple-resonance MAS probe
(NMR Instituut, Tallinn, Estonia), for four representative proteins:
the microcrystalline model protein ubiquitin (8.6 kDa), the
archaeal RNA polymerase subunits 4 and 7 protein complex
(Rpo4/7, 33.5 kDa), the prion domain of HET-s in its amyloid
form (HET-s(218-289), 7.8 kDa, monomer weight), and the
hepatitis-B viral capsid core protein (Cp149, 16.9 kDa x 240). We
also investigated a small drug molecule as an organic reference
structure for a many-spin system. The data show that the
predicted improvements in spectral resolution and relaxation
rate constants can be realized with increasing spinning
frequencies, up to 150 kHz and predictably beyond, and that
resulting gains in the signal-to-noise ratio (SNR) compensate for
the scaling loss.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Resolution and sensitivity considerations

The smaller the linewidth the better, at a fixed static magnetic
field, the spectral resolution. For the fast spinning limit the
resolution increases linearly with spinning frequencies which,
with current technology requires to linearly decrease the rotor
diameter d (see, e.q., the review in ref. [32]). We assume here a
uniform scaling of the dimensions of the rotor and of the coil
by a factor x =d/d, that describes the ratio of the rotor diameter
d with respect to the reference rotor with diameter d,. The rotor
length is assumed to scale by the same factor k. We assume for
the following discussion that k < 1 (the reference rotor is always
the larger of the two) and, for simplicity assume that the rotor
walls are infinitely thin. The fact that the two rotors to be
compared need to be completely full with sample is obvious,
but not trivial in practice. Notes on sample filling are made in
the closing paragraph of the Sample Preparation section of the
Supporting Information.

Comparing a 0.7 mm rotor to a 3.2 mm yields k~0.22. The
sensitivity 0=35/S, of the experiment as a function of k depends
on a number of factors, such as the sensitivity change by the
sample volume (o), the coil sensitivity (o), and so forth. S
denotes the peak amplitude of the NMR signal from the
considered rotor, and S, represents the peak amplitude from
the reference rotor. The sample volume and therefore the
number of spins scales as x* and provides a factor of o, =« to
the total sensitivity. Note that we have assumed here that the
rotor length also scales with k; if the length could be kept
constant for the two rotors compared, which seems to be
difficult in practice, the signal loss would only be o,=x
Furthermore, detection with optimized smaller coils (fitting the
rotor diameter) increases the sensitivity per unit volume (the
mass sensitivity) by a factor of approximately o ;=x". We
note that this is a rough estimation and the actual value
depends on the details of the circuits. To compensate the
resulting geometry-related signal loss (for samples that are not
mass-limited in the sense that the amount of protein available
is not a limiting factor) of 0,0.;=x> as much as possible,
further signal gains need to be achieved by increased spinning
frequencies. Two factors are involved: i) a decrease in proton
linewidths (oyas), and ii) a gain in polarization-transfer efficien-
cies (Opr).

The total proton linewidth (A™) can be described by two
different contributions, a homogeneous and an inhomogene-
ous one: AY(y,)=AM" (y)+A"M°™ B4 Ope should mention
that A™™ in turn is composed by coherent, incoherent and
exchange contributions: A™™(y,) = A“"(y,) + A™"(v,) 4 A9,
where the coherent contribution, representing the incompletely
averaged dipole interactions, is found to be dominant for well-
ordered and rigid samples: A"™(v,)2A®"(,).2>* |n the follow-
ing, we neglect possible contributions from chemical exchange
(as discussed, e.g., by Marion and colleagues®™). The ratio of
the proton homogeneous linewidths at two different spinning
frequencies is, to first approximation, inversely proportional to
the ratio of the spinning frequencies which, in turn, are

Acoh (1/)

proportional to K : Ouus = zary) = KB

In summary, for
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samples where the homogeneous contribution dominates the
total linewidth, the predicted NMR sensitivity is expected to
scale linearly with the rotor dimensions oyas0y0qi = k.

Lastly, the polarization- and coherence-transfer processes
during the NMR experiment have efficiencies that depend on
the relaxation-rate constants R,” and R,,, which both are known
to become smaller with faster spinning.®** It has been
demonstrated that the polarization-transfer efficiency at 90 kHz
MAS is roughly between 0.20 and 0.90 for each transfer step™™
resulting, for experiments showing multiple transfers, in low
overall efficiencies, often below 0.10, for example, 0.03 for an
hcocaCBcacoNH 3D experiment™® including seven polarization-
transfer steps. Improved polarization transfer at faster MAS thus
has immense potential to enhance global sensitivity, notably in
high-dimensional spectra,™® which contain multiple transfer
steps and will profit correspondingly stronger. Ideally the gain
can be ogy;r=x"" or higher in which case the absolute signal of
the smaller rotor exceeds the one from the larger rotor if both
rotate at their maximum frequency: GprOMasOVOi > 1, Whereas
k<1.

Results and Discussion
Multidimensional protein spectra recorded at 150 kHz MAS

Using a 0.5 mm triple-resonance MAS probe, we recorded a set
of proton-detected spectra (hNH, hCH, hCANH) on different
proteins. Figure 1 shows the 2D and 3D spectra (see also
Figure S1) of a fully protonated protein complex of Rpo4 and
Rpo7 (Rpo4/7), in which only Rpo7 is uniformly "*C/"*N-labeled
and therefore visible in our spectra. Although frictional heating
was significant (30°C without external cooling), the cooling
system allowed to stabilize the sample temperature at approx-
imately 10°C (Figure S2). The resonance assignment has been
reported.”"! The spectra provide a complete fingerprint of the
protein, as they display all its backbone 'H, C and "N
resonances, with the exception of the prolines. The hNH 2D
spectrum, given in Figure 1A, predominantly shows backbone-
nitrogen to amide-proton (HY) correlations that are then addi-
tionally correlated to the backbone Ca resonances in a 3D
hCANH spectrum, shown in a set of planes in Figure 1B.
Resolved Ha-Cf and HB-Ca crosspeaks are visible in the 2D
hCH Figure 1C; some further aliphatic side-chain crosspeaks are
also observed. Experimental parameters can be found in the
Materials and Methods in the Supporting Information and
Table S1.

Linewidth and sensitivity improve with faster MAS using
same rotor size

The spinning-frequency dependence of the linewidths is
illustrated by comparing hNH spectra of Rpo4/7 recorded at
100 and 150 kHz in Figure 2. From the stack plots in Figure 2A
and B it becomes immediately appreciable that the total
linewidth reduces, whereas peak amplitudes concomitantly

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 1. 2D and 3D heteronuclear correlation spectra of the Rpo4/7 complex recorded at 150 kHz MAS. A) hNH correlation spectrum processed with a QSINE
4 apodization function and cutoff just above the noise level. B) Representative planes from a hCANH 3D spectrum (cf. Figure S1 for further details). C) hCH 2D
correlation spectrum with crosspeaks to Ho, H, and further aliphatic protons (aromatic region of the spectrum not shown).

increase at faster spinning. Overlays of the 100 and 150 kHz
MAS spectra as contour plots are given in (Figure 2C) with the
assignment™" of the peaks that were analyzed residue-specifi-
cally with respect to sensitivity. We observe an average increase
in signal intensity by a factor 0®°=1.54+0.2 when MAS
increases from 100 to 150 kHz (Figure 2F). This improvement
can be due to both line-narrowing (oyss) and higher transfer
efficiencies (0pp): 0%° =0yas0pr. For all peaks labeled in Fig-
ure 2C, some of which are illustrated with traces in Figure 2D,
we observe a mean linewidth decrease by 36+8 Hz (from
193+7 to 15744 Hz), which corresponds to a reduction in
linewidth by a factor of 1.23 +0.05. This indicatates that half of

ChemBioChem 2020, 21, 25402548 www.chembiochem.org

the gain in intensity (1.5) is obtained from the reduction of the
linewidth, leaving the other half to be improvement of the
cross-polarization transfer. The improvement in cross-polar-
ization intensity (Figure S3) is not necessarily expected but
seems to be found also in other systems. It is the subject of
further investigation.

Sensitivity considerations between rotor sizes

The measurements at 100 kHz described above could have
been done in a 0.7 mm instead of 0.5 mm probe, increasing the

2542 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 2. Comparison of resolution and signal intensity for an hNH correlation spectrum of Rpo4/7 at 100 and 150 kHz MAS. A) and B) 3D plots of 2D
correlation experiments recorded at 100 and 150 kHz MAS, respectively. Spectra are plotted at the same absolute intensity scale and were obtained, in a back-
to-back measurement, in the 0.5 mm probe, with identical acquisition and processing parameters, except for the spin-lock fields matching the two different
MAS frequencies. C) Overlay of the spectra as contour plot. The peaks that are indicated with an assignment label in (C) were used for site-specific relaxation
analysis (Figure 4). D) 1D extracts, with 100 kHz in red and 150 kHz in blue. E) Summary of the corresponding linewidths of the 37 labeled peaks in (C) as
boxplots, indicating the minimum and maximum linewidths, the first and third quartile (forming the interquartile range), and the median values indicated by
the thick lines at 187 and 153 Hz. Outliers were defined as more than 1.5 times the interquartile range above the third quartile. Mean linewidths (not indicated
in the boxplots) are 193+7 and 157 £4 Hz, at 100 and 150 kHz MAS, respectively. F) Site-specific signal intensity at both MAS frequencies. All peak intensities
are normalized to the most intensive peak (99 V at 150 kHz), with mean normalized peak intensities indicated as dashed lines at 0.324+0.02 (100 kHz) and

0.48 £0.03 (150 kHz), corresponding to an intensity gain of a factor 1.48 £0.13 for 150 compared to 100 kHz MAS.
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diameter by a factor k=1.4 and the sample volume by a factor
k=27 theoretically, and about 1.9 in our setup (where, e.qg.,
the rotor walls are not infinitely thin; cf. sample volumes below).
Therefore, we experimentally compared full 0.7 and 0.5 mm
rotors with uniformly C/"°N-labeled capsids of the hepatitis B
virus (HBV) core protein Cp14972% in their respective probes at

100 and 150 kHz MAS (Figure S4 and Table S2). We note that " [Hz] c? [kHZY ¥ [kHZ]
additional factors like different probe efficiencies for the two Rpo4/7 01410 1441 o
probe heads used can influence this comparison. At 150 kHz HET-s (218-289) 0-8+9 1541 0
MAS, in a 0.5 mm rotor, we find an SNR/\/h reduced by a factor | CP149 —09+£10 131 0
0 —0,66+0.09 wh dtoa07 tor at 100 kHz, | “Diavitin S 143 0
0" =0. .09 when compared to a 0.7 mm rotor a z, meldonium NH o 1345 20106
despite the reduction of sample volume by a factor of 6,=0.52 meldonium CH; 0 1241 11402
(0.59 vs. 0.31 pulL volumes). This clearly indicates that the higher | meldonium CH, 0 47+4 0.7£0.5

coil efficiency, the line narrowing and improvements in polar-
ization-transfer efficiency indeed increase the mass sensitivity
by: 0ciiOmasOpr=1.27 £0.17.

Bulk coherence lifetimes increase with faster MAS frequencies

We investigated the amide—proton proton bulk homogeneous
linewidths A"™™(v,)=1/xT,, an average over all residues, by
Hahn echo transverse relaxation experiments in four different
fully protonated proteins. Although bulk data are obviously less
informative than site-specific data, they have the advantage
that they can be measured in a short experiment. The values for
Rpo4/7 are given in Figure 3A, over a MAS-frequency range of
90-150 kHz, according to A™™ (1) =c"+c?/v,+ /2 As ex-

Table 1. Parameters describing the spinning-frequency dependence of the
homogeneous linewidth for a range of MAS frequencies from 90 to
150 kHz (Figure 3). Values at zero (without error bars) were fixed in the
respective evaluation (see also Table S3). Errors are given as 20, roughly
equivalent to the 95% confidence intervals drawn as dashed lines in
Figure 3.

Ahomo(vr) —_ C(T) +C(2)/Vr+C(3)/‘Vrz

pected for the fast-spinning regime, the linewidth decreases
linearly with the inverse of the MAS frequency A™™(v)=c?/v,
with ¢® =14+ 1 kHz* for Rpo4/7. For HET-s (218-289), a fungal
prion in its B-sheet-rich amyloid form,"*? we obtain ¢?=15+
1 kHZ* (Figure 3B), for Cp149 (Figure 3C) we find c?=134+
1 kHZ%, and for microcrystalline ubiquitin (Figure 3D) c¢? =144
3 kHz> Site-specific data are presented below, but we note here
that c® is remarkably similar for the NH region of all four fully
protonated proteins investigated (Figure 3 and Table 1).
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Figure 3. Bulk homogeneous linewidths of amide protons in a MAS range of 90 to 150 kHz are similar for various protein samples, but differ for meldonium
protons. The fully protonated "*C,"*N-labeled samples of A) Rpo4/7, B) HET-s (218-289 s), C) human Cp149 capsids, and D) microcrystalline ubiquitin, can all be
fitted by a linear function with a slope of 13-15 kHz? while intercepting the origin within a confidence interval of 95% (indicated by dashed lines above and
below each fit). E) In contrast, the homogeneous linewidth for meldonium CH,, NH, and CH; groups decreases much faster for shorter rotor periods and a
significant quadratic component is observed. At the same time, the homogeneous broadening in general is much stronger than for protein amide protons;
this can be explained by stronger proton—proton couplings resulting from the molecular structure of the small compound as well as from the chemical-shift
differences (see also Figure 5). F) All samples in relation to each other. G) Expansion of the dashed box in (F) to distinguish the various protein samples that
are very similar in slope and intercept. Colors in (G) correspond to those in (A)-(D).

ChemBioChem 2020, 21, 25402548 www.chembiochem.org

2544

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA


https://doi.org/10.1002/cbic.202000341

ChemBioChem

Full Papers
doi.org/10.1002/cbic.202000341

Chemistry
Europe

European Chemical
Societies Publishing

Site-specific homogeneous linewidths improve for all protein

residues

To go beyond the bulk linewidths, we extracted site-specific

mean homogeneous linewidth at 100 kHz MAS gives 132+

6 Hz. The corresponding improvement factor from 100 to
150 kHz (132 +£6 Hz/90+3 Hz=1.47 £ 0.09) corresponds to the

homogeneous linewidths from a selection of baseline-separated  the ratio of the spinning frequencies.

peaks of Rpo4/7 at MAS frequencies of 90, 120 and 150 kHz
(Figure 4A). Consistently, the homogeneous linewidths decrease
with increasing spinning frequency, as expected from the bulk
behavior (Figure 3A). A™™ for the three data sets at 90, 120,
and 150 kHz reaches a median value of 140+10, 116+5, and
90+ 3 Hz, respectively. Interpolating these values to obtain the

The inhomogeneous contribution
Rpo4/7 (data at 150 kHz MAS) is given on a per-residue basis in
Figure 4B, with a mean value of 76 +6 Hz, compared to a mean
homogeneous contribution of 8743 Hz. Figure 4B also gives
site-specific inhomogeneous contributions in HET-s (218-289)
and Cp149. All three data sets in Figure 4B show a residue-
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Figure 4. Protein-site-specific T,’ relaxation analyses for varying MAS frequencies. A) Relaxation data were recorded at three MAS frequencies in eight 2D
spectra for each, with various delays. Peaks that were resolved in all 24 spectra (Figure 2C) were used for site-specific analysis, of which the result is expressed
as (nT,)™" [Hz], representing the homogeneous contribution. The three instances where a 90 kHz histogram bin is missing are troubled by peak overlap in the
2D spectrum and were consequently excluded from this figure. The shown error bars correspond to 20, where o indicates the experimental error, and are
symmetric to the negative side although not shown in this direction for graphic clarity. Median values for each of the three data sets are given as dashed
lines, with the corresponding value in Hz toward the far left of the panel. B) Homogeneous and inhomogeneous linewidth contributions for Rpo4/7, HET-s
(218-289), and Cp149 residues at 150 kHz MAS. Mean inhomogeneous contributions to the total linewidth are 45, 51, and 58 % respectively.
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dependent inhomogeneous contribution. We conclude that, for
most residues, the dominant contribution to the linewidth still
comes from coherent contributions, but the inhomogeneous
contribution is of comparable magnitude, and even becomes
larger for a number of residues in the HBV core protein. As the
HBV capsid has four different molecules in the unit cell,*!
unresolved peak doubling™® of the four expected signals
might contribute to the inhomogeneous linewidth.

The drug molecule meldonium

We investigated the homogeneous linewidth of NH and CH,
protons of the organic drug molecule meldonium (Figure 3E
and F), for which proton spectra and their assignment are given
in Figure 5A" In contrast to the investigated protein amide
protons, meldonium protons show a very different correlation
between homogeneous linewidth and MAS frequency, with
linear fit components ¢?=1345, 1241, and 47 +4 kHz* for
NH, CH;, and CH, values, respectively (Figure 3E), and with non-
vanishing quadratic contributions ¢® (Tables 1 and S3) thus
indicating significantly stronger proton-proton couplings.
Although the spectral lines are thus significantly broader than
the protein NH resonances at all spinning frequencies, their
width decreases even more spectacularly with increasing
spinning frequency (Figure 5A).

The homogeneous linewidth at 150 kHz for the three
assigned proton resonances in the meldonium spectrum
amounts to 340+ 20 Hz for the CH, group; 121+5 Hz for the
CH,; and 250420 Hz for the NH group (Figure 5B). In compar-
ison, the fitted FWHM A" for each of these components is 660,
270, and 470 Hz, respectively (Figure 5C), thus indicating that
also in this case, the homogeneous broadening still forms a

substantial contribution to the linewidth. We note that in
particular the CH, proton resonances are very broad and of
relatively low amplitude compared to the 9:4 abundance of
methyl to methylene protons, even at 150 kHz MAS. To verify
that these broader lines are indeed caused by a stronger
dipolar-coupling network, we calculated the coherent line-
widths at this spinning frequency from the crystal structure”
and the observed chemical shifts by using a second-moment
approach.”” We obtain homogeneous linewidths of 415 Hz for
the CH,, 228 Hz for the CH,, and 398 Hz for the NH groups, thus
indicating that the homogeneous line broadening is again the
dominant contribution. The meldonium spectrum, expected to
be representative for many drugs and dense spin networks, is
thus predicted to particularly benefit from MAS frequencies
beyond those presently realized. In fact, for some lines such as
that of the CH, group (at 6, =2.5 ppm), the improved resolution
due to faster MAS reveals a line that would otherwise be
broadened completely beyond visibility.

Conclusion

In this work, we have presented protein NMR spectroscopy of
fully protonated samples at 150 kHz MAS. Spectra of four
proteins were recorded within experimental times and resulting
SNR per /h similar to 100 kHz experiments with respectively
larger rotors. For the protein complex Rpo4/7, we found a linear
improvement of homogeneous linewidths with the inverse
spinning frequency in the range between 90 and 150 kHz MAS
and a narrowing of the total linewidth from 193+7 to 157+
4 Hz, improving by a factor 1.234+0.05. The mass sensitivity
increases by a factor of 1.27 +£0.17.

A B MAS frequency v, / kHz C
150 kHz 150 120 100 150 kHz spec. |
—— 140 kHz CH, 600 I Total fit |
—— 120 kHz ( --=--CH,
100 kHz i NH
—— 80 kHz j N 500 e CH T CH, ‘
—— 60 kHz 2 — Other |
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PN /\)J\ o =
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4 470 Hz
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3,("H) / ppm Rotor period 7, / us 3,('H) / ppm

Figure 5. Resolution improvement in meldonium over the range 60-150 kHz MAS. A) 1D proton spectra at 60-150 kHz MAS, with assignment of the NH and
triple CH; groups, as well as one of the CH, groups shown in the molecular structure of meldonium. B) Experimental homogeneous linewidths for the three
assigned groups, with widths at 150 kHz (rotor period of 6.7 ps) of 340, 250, and 121 Hz, for CH,, NH, and CH,, respectively. C) FWHM fit of the three assigned

groups in the 150 kHz 1D spectrum, performed with DMFIT.*’
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Our data demonstrate that biomolecular solid-state NMR
spectroscopy can greatly benefit from MAS spinning frequen-
cies beyond the presently often applied 100-111 kHz. The
homogeneous linewidth of the backbone amide proton as a
function of the spinning frequency shows a universal behavior
for all four proteins investigated. Proton networks of strongly
coupled spins with near-degenerate resonance frequencies, like
the drug meldonium investigated here, but also CH, groups in
proteins still exhibit remarkably broad lines, even at 150 kHz.
However, their resolution also benefits considerably from
increased MAS.
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