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Abstract: Solid-state NMR spectroscopy is an emerging tool
for structural studies of crystalline, membrane-associated,
sedimented, and fibrillar proteins. A major limitation for
many studies is still the large amount of sample needed for the
experiments, typically several isotopically labeled samples of
10–20 mg each. Here we show that a new NMR probe, pushing
magic-angle sample rotation to frequencies around 100 kHz,
makes it possible to narrow the proton resonance lines
sufficiently to provide the necessary sensitivity and spectral
resolution for efficient and sensitive proton detection. Using
restraints from such spectra, a well-defined de novo structure of
the model protein ubiquitin was obtained from two samples of
roughly 500 mg protein each. This proof of principle opens new
avenues for structural studies of proteins available in micro-
gram, or tens of nanomoles, quantities that are, for example,
typically achieved for eukaryotic membrane proteins by in-cell
or cell-free expression.

Reducing the sample amount for structural studies of
proteins by solid-state NMR spectroscopy[1] by a factor of
40, which is what we describe here, in a standard setup with
a 3.2 mm MAS rotor that contains 20 mg of protein would
reduce the signal-to-noise ratio by the same factor. Alter-
natively, by linearly scaling down the size of the coil and
sample container, the reduction approach reduces the sensi-
tivity by a factor of 402/3� 10,[2] still making experiments

unacceptably long. Using 1H instead of 13C detection is an
appealing way to improve the sensitivity of the experiment,
taking advantage of the four times higher gyromagnetic ratio
of the proton. The corresponding gain in sensitivity of about
an order of magnitude (43/2 = 8) is sufficient to offset the
reduction in sample amount, but it can only be realized if the
proton line is as narrow as the 13C line. This presents
a challenge since the strong proton–proton dipolar interac-
tions must be adequately suppressed by the experimental
scheme. A conceptually simple approach is to increase magic-
angle sample spinning (MAS)[3] frequencies, because, in the
relevant spinning regime, the observed proton linewidth
decreases linearly with the spinning frequency. Since in the
past, technically feasible frequencies did not allow sufficient
averaging, previous approaches often combined MAS with
isotopic dilution,[4] which, however, results in undesired loss
of sensitivity. At MAS frequencies of 50 kHz and above,
proton detection of deuterated and fully backprotonated
proteins (meaning amide and exchangeable side-chain pro-
tons are protonated) becomes feasible.[3b,5] Spinning frequen-
cies of up to 60 kHz can be reached with 1.3 mm rotors, which
contain roughly 2.0 mg protein, that is, four times more than
the amount in the the 0.8 mm rotors used for 100 kHz
spinning. The use of the 0.8 mm rotors is thus associated with
a sensitivity loss of 42/3� 2.5. This is almost offset by the
proton linewidth which narrows roughly by a factor of 2 (vide
infra) when going from 50 to 100 kHz. MAS data at 55 kHz
and 60 kHz have been used, together with data from larger
rotors or paramagnetic restraints, to derive NMR structur-
es.[4c,6]

We show here that with MAS frequencies of 100 kHz[7]

proton lines are narrowed sufficiently to provide the neces-
sary resolution and sensitivity for de novo 3D structure
determination of sub-milligram amounts of ubiquitin as
a model protein. With protein samples less than 500 mg five
experiments for the assignment of protein backbone signals
were recorded in about two days, while 1H–1H distance
restraints extracted from 3D/4D spectra were recorded in
about eight days of measurement time. For structure deter-
mination, we rely on the combination of three elements:[8]

1) TALOS-N[9] dihedral-angle backbone restraints based on
chemical shifts to define secondary-structure elements;
2) HN–HN distance restraints particularly useful to define
the b-sheets; 3) and proton distance restraints between
methyl groups central for defining the hydrophobic core
and providing the global fold.

Figure 1a shows the 0.8 mm diameter rotor used in this
study, compared to a standard 3.2 mm rotor. The active
volume of the 0.8 mm rotor is roughly 20 times smaller and
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accommodates 0.7 mL of sample. Taking into account the
amount of water in such samples, this corresponds to less than
500 mg of protein. Figure 1b shows the proton-detected 2D
1H,15N HSQC spectrum of ubiquitin recorded at 99 kHz MAS
within 9 min. The repetition rate was limited by the T1 of the
protons and could be further reduced by paramagnetic doping
of the sample.[10] The proton linewidths in the spectrum are in
the range from 19 to 73 Hz for the different resonances, with
a mean of 41 Hz, while 15N linewidths are 30–68 Hz with
a mean of 39 Hz (all values measured without apodization,
see Table S1). The average signal-to-noise (S/N) ratio of the
peaks in Figure 1b is 31� 11. Even around MAS frequencies
of 100 kHz, the 1H linewidth is still found to be inversely
proportional to the MAS frequency and would, therefore,
benefit from spinning at even higher frequen-
cies.[11] Between 60 kHz and 93 kHz MAS
frequency, the average experimental proton T2’
was found to increase from 8.4 ms to 13.5 ms,
confirming the linear decrease in homogeneous
linewidth. For a ubiquitin sample in solution,
typical proton linewidths are 6–9 Hz, while 15N
linewidths can vary between 3–15 Hz depending
on the protein concentration.[12] Thus, the
observed linewidths in solids are, under these
conditions, within a factor of 3–10 of those in
solution. For larger proteins, solution spectra
become broader whereas in solids no change is
expected.

Five 3D experiments were recorded for
backbone assignment, namely (H)CONH
(H)CANH (H)CA(CO)NH,[3b] all using dipolar
polarization-transfer steps, a (H)(CA)CB(CA)-
NH[5a] with a combination of dipolar and scalar
transfer steps, as well as a J-transfer-based out-
and-back (H)(N)(CA)CB(CA)NH,[12] where all
polarization-transfer steps, except the HN trans-

fer, were mediated by the J-coupling. A
measurement time of 58 hours was used
to record the five spectra. The assign-
ment, together with the resulting
TALOS-N[9] prediction for the backbone
torsion angles are given in Table S2. A
total of 13 peaks in the methyl [1H–13C]
HSQC spectrum could be assigned based
on unique 13C solid-state chemical shifts,
while proton resonances obtained under
similar conditions in solution were used
to help in assigning the other resonances
(details in Table S3).[13] No significant
changes in resonance frequencies were
detected compared to spectra at lower
spinning frequency, indicating that
100 kHz spinning has no effect on the
protein.

We used the (2H,15N,13C) sample with
100 % protonation at exchangeable sites
to observe amide–amide contacts. Corre-
lations between amide protons can be
resolved in 3D 15N-1H-1H spectra and

they provide distance restraints for structure calculation. The
HN–HN polarization transfer was achieved by means of spin
diffusion in the rotating frame (see the Experimental Section
in the Supporting Information). A total of 386 correlation
signals were automatically picked in the spectrum,[14] from
which 199 cross-peaks could be uniquely assigned. Represen-
tative strips from the 3D spectrum, along with the assignment,
are shown in Figure 2. In Figure 2 the corresponding inter-
proton vectors, mainly between amide protons in amino acids
involved in b-sheets, are visualized on the ubiquitin X-ray
structure (PDB code: 3ONS).[15] A complete list of assigned
peaks is provided in the Supporting Information (Table S4).

All 33 ILV methyl correlations expected for ubiquitin are
observed in the 2D 1H–13C HSQC spectrum (Figure 3a).

Figure 1. a) Comparison of a 0.8 mm rotor to a 3.2 mm rotor, which can be considered the
standard rotor for structural studies. b) 1H-detected 2D 1H–15N spectra of a 100% back-
exchanged U-(2H,13C,15N)-ubiquitin sample at a MAS frequency of 99.2 kHz recorded in about
10 min using less than 0.5 mg of protein sample. c) Three typical row traces from the 2D
experiment to illustrate the signal-to-noise ratio in the spectrum.

Figure 2. Amide restraints from 3D spectra of backprotonated (2H,13C,15N)-ubiquitin.
a) Strip plot from a 1H-detected 3D 15N-resolved rotating-frame [1H,1H] spin-diffusion
experiment. The ambiguous crosspeaks are highlighted by gray boxes around the label;
all other labeled crosspeaks are spectrally unambiguous. b,c) Map of the correlations
observed in the strip plots in (a) to the structural element from the X-ray structure
(PDB code: 3ONS).
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Figure 3b–f shows five 1H–13C 2D planes from a 4D HSQC-
DREAM-HSQC experiment, which correlates the HSQC
spectra of the source and the destination spin, providing the
detailed polarization-transfer pathways.[8] The cross-peaks in
the 2D planes shown identify the source of the polarization
(by its 1H and 13C frequency), which is subsequently
transferred to the methyl group corresponding to the signal
with blue contours in each panel. In most globular proteins,
methyl groups are predominantly located in the hydrophobic
core.[16] Cross-peaks in the 4D spectrum correspond almost
exclusively to long-range HMet–HMet contacts and provide key
distance restraints. Eighty-two cross peaks were identified in
the spectrum. Of these, 73 could be spectrally unambiguously
assigned, while nine cross peaks have two assignment
possibilities. A table with the observed contacts is provided
in the Supporting Information (Table S5). As an example, the
correlations observed for the L67Hd2 and the I3 Hd1 protons
in the 2D planes are shown on the X-ray structure in
Figure 3g,h).

The restraints summarized in Table 1 are sufficient to
obtain the well-defined structure shown in Figure 4a) with
a backbone rmsd of (0.6� 0.1) � which is comparable to the
reference X-ray structure (3ONS) in Figure 4b. Details of the
structure calculation are given in Table S7. The backbone

rmsd between the NMR and X-ray structures
is 2.0 � (using residues 2–71) and predom-
inantly caused by shifts in the relative
position of the well-defined helices and
sheets and by differences in the semiflexible
loop. The stability of the structure calcula-
tion against input variation was confirmed by
independently varying the upper-distance
limit of the methyl–methyl contacts between
4.5 and 7 � and of the amide–amide contacts
between 5 and 7 � on a 2D grid. Each
calculation was also repeated for different
initial seeds for the calculation. The rmsd for
the bundle of these structures was (0.7�
0.2) �. Despite the smaller amount of
sample, the number of long-range HN–HN

(HMet–HMet) distance restraints obtained at
ca. 100 kHz is about a factor of 3.0 (1.5) times
larger than those previously obtained at
60 kHz MAS frequency with significantly
larger amounts of protein.[4c]

We have demonstrated the feasibility of
de novo protein structure determination
using less than 500 mg (59 nanomol) of pro-
tein sample by solid-state NMR spectrosco-
py. The comparison in proton transverse
relaxation times confirmed the expected
improvement in homogeneous linewidth
with faster spinning, improving the spectral

Figure 3. Spectra of ILV-labeled ubiquitin. a) 2D [1H,13C] HSQC spectrum at a MAS
frequency of 94.5 kHz and a sample temperature of 20 8C. b–f) 2D planes (f1–f2 dimen-
sions) of the nonuniformly sampled 4D HSQC-DREAM-HSQC experiment. Positive peaks
(diagonal peaks) are depicted in blue while negative peaks (cross-peaks) are depicted in
red. 2D planes of b) I61Hd1, c) L69Hd1, d) L67Hd2, e) V26Hg1, and
f) I3Hd1. g,h) Representation of the methyl–methyl correlations
observed in the 4D experiments for the L67d2 and I3d1 methyl groups
by red lines on the X-ray structure. CHD2 groups are depicted as cyan
spheres.

Table 1: Number of structural restraints used for the structure calcu-
lation.

Type of restraint HN–HN HMet–HMet

total Distance restraints 130 82
automated[a]/manual automated manual
unambiguous 130 73
short range (j i�j j �1) 44 0
medium range (2� j i�j j <5) 50 5
long range (j i�j j >5) 36 68
dihedral angle restraints (TALOS-N) 120

[a] For a detailed list of the automatically assigned peaks see Table S4.

Figure 4. a) Bundle of ten lowest-energy structures determined by
NMR experiments, derived from an ensemble of 200 calculated
structures. The cyan, orange, and the gray colors depict b-sheets, a-
helices, and loops in the protein. b) Overlay of the solid-state NMR
structure (red) and X-ray structure (blue, PDB code: 3ONS) of
ubiquitin.
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resolution and sensitivity: The total measurement time for all
spectra was 11 days (2.4 days for assignment, 8.5 days for
structure restraints). This leaves room for progressing to
larger proteins, protein complexes, or proteins diluted in
lipids, as the quality of the spectrum, when defined in terms of
linewidth, is expected to be independent of the protein size
although it may be dependent on dynamic aspects of the
protein investigated. We believe that future technical advan-
ces will further improve the linewidth and signal-to-noise
ratio. The methodology described here will expand the
applicability of solid-state NMR spectroscopy to proteins
that are difficult to express in multi-milligram quantities, like
many eukaryotic membrane proteins, where amounts often
do not surpass milligram amounts per liter (in-cell expression)
or milliliter (cell-free expression).
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