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Here we present an isotopic labeling strategy to easily obtain unambiguous long-range distance
restraints in protein solid-state NMR studies. The method is based on the inclusion of two biosynthetic
precursors in the bacterial growth medium, o-ketoisovalerate and a-ketobutyrate, leading to the produc-
tion of leucine, valine and isoleucine residues that are exclusively '3C labeled on methyl groups. The
resulting spectral simplification facilitates the collection of distance restraints, the verification of carbon
chemical shift assignments and the measurement of methyl group dynamics. This approach is demon-
strated on the type-three secretion system needle of Shigella flexneri, where 49 methyl-methyl and
methyl-nitrogen distance restraints including 10 unambiguous long-range distance restraints could be
collected. By combining this labeling scheme with ultra-fast MAS and proton detection, the assignment
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of methyl proton chemical shifts was achieved.
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1. Introduction

Solid-state NMR (ssNMR) is a powerful analytical technique
which provides site-specific information on the local molecular
structure of complex biological systems. It is capable of investigat-
ing challenging samples: high molecular weight, insoluble and
non-crystalline systems. Biomaterials which have been studied
by ssNMR include amyloid fibrils [1-4], membrane proteins
[5-7], virus capsids [8,9], bacterial filamentous proteins [10,11],
fibrillar proteins such as collagen, keratin and silk [12,13] and bone
and teeth mineral materials [14]. Solid-state NMR studies of large
systems are however technically challenging due in part to the
high crowding of spectra, in addition to the intrinsically low sensi-
tivity and broad line-width of NMR resonances in the solid state.
New techniques have been recently introduced to improve the
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resolution and sensitivity of magic-angle spinning (MAS) ssNMR
spectra, including the use of high external magnetic fields, novel
pulse sequence implementations for the observation of long-range
distance correlations, an increase in the magic-angle spinning rates
[15], proton detection and the introduction of various isotopic
labeling strategies (see below). Major steps in structural studies
of biomolecules by ssSNMR are the assignment of chemical shifts
for various nuclei, the collection of structural restraints such as
long-range distance restraints, and the study of local dynamics.
Here we present a strategy for the isotopic '>C labeling of leucine,
valine and isoleucine methyl groups and demonstrate how this
labeling scheme facilitates the collection of distance restraints,
the verification of carbon chemical shift assignments and the mea-
surement of methyl group dynamics. We combined this labeling
scheme with ultra-fast MAS (>60 kHz MAS) and proton detection
in order to obtain the chemical shift assignments of methyl
protons.

Solid-state NMR spectra recorded on uniformly-labeled samples
contain a large number of carbon resonances which have broad
line-widths due to one-bond dipolar and scalar '*C-'>C homonu-
clear couplings. Both factors contribute to low spectral resolution
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and high ambiguity of cross-peaks. Uniformly-labeled samples
present further disadvantages for the collection of long-range
restraints: as the initial signal is shared among a large number of
13C labeled nuclei, the intensity of cross-peaks is reduced; as well,
the presence of strong dipolar truncation in uniformly labeled sam-
ples suppresses the transfer of magnetization between weakly cou-
pled nuclei, hindering the detection of long-range distances.

In the past, different approaches have been presented to obtain
structural information on uniformly-labeled samples. One such
approach is the development of new pulse sequences to collect
long-range distance restraints: (1) CHHC and NHHC for proton-
proton distances [16,17]; (2) third-spin assisted sequences: PDSD
[18,19], RAD/DARR [20,21] and PAR [22] for carbon-carbon dis-
tances; (3) PAIN [23] for heteronuclear correlations such as
13C-15N. Alternatively, REDOR [24] and TEDOR [25] are first-order
dipolar recoupling experiments suited to measure heteronuclear
distances, respectively.

Former solutions to the dipolar truncation problem also exploit
sparse !3C labeling schemes, in which different '3C labeled precur-
sors act as the sole '3C source in the growth medium during bacte-
rial expression of the protein. Sparsely '3C labeled protein samples
present in addition to the reduction of dipolar truncation two
advantages: first, spectra are simplified since a smaller number
of 13C atoms are labeled in the protein; second, the resolution of
13C peaks is increased due to the removal of one-bond dipolar
and scalar '>C-'3C couplings. Both result in a strong reduction of
cross-peak overlap in ssSNMR spectra, leading to a simpler determi-
nation of unambiguous long-range distances restraints. Examples
of sparse labeling schemes used in ssNMR comprise [1,3-13C]-glyc-
erol (Glyc) and [2-'3C]|Glyc [26-29], [1-'3C]-glucose [30] (Glc),
[2-13C]Glc [31,32], [1-'3C]-acetate [33] and various '3C labeled
pyruvates [34]. Long-range distance restraints are obtained in
combination with sparse labeling by recording ssSNMR experiments
suited for the observation of long-range distances as previously
mentioned, or also with '>C-13C first-order dipolar recoupling
sequences such as RFDR [35,36] as demonstrated using [2-!3C]Glyc
labeling [37]. Significant improvements in the resolution of 3C-13C
ssNMR spectra have been demonstrated by using [1-!3C]Glc and
[2-13C]Glc sparsely-labeled proteins [38,39]. With these labeling
schemes, a strategy was presented to determine intermolecular
interactions of proteins in a self-assembled molecular system
[31]. Additionally, the [2-'3C]Glc labeling allows the easy stereo-
specific assignment for the amino acids valine and leucine [40]
and can be used for the recording of long-range distance restraints
in 3D spectra [41].

Previous studies exhibit the prevalent application of sparsely
labeled methyl groups to gain structural, functional and dynamics
information of proteins [42-45]. In addition, unambiguous long-
range correlations between methyl groups are important as methyl
groups tend to be found deep in the hydrophobic core of proteins.
However, a drawback of the glycerol and glucose labeling schemes
lies in the high spectral crowding of the methyl '3C region. Many
amino acids containing methyl groups - threonine, alanine, valine,
isoleucine, leucine and methionine - often have their methyl
groups concurrently labeled in [1,3-'3C]Glyc and [1-'3C]Glc label-
ing schemes, maintaining a strong ambiguity of cross-peaks in
13C ssNMR spectra.

We propose to resolve this problem by utilizing the biosynthetic
precursors o-ketoisovalerate, similar to recent investigations by
Huber et al. [46], and a-ketobutyrate [47]. In contrast to previous
studies we are investigating protonated rather than deuterated pro-
tein samples and focus on carbon-carbon distance restraints which
would be difficult to obtain with deuterated proteins under ultra-
fast spinning conditions. Considering the biosynthetic metabolism
of amino acids (Fig. 1), one obtains only 3C labeled methyl groups
on leucine and valine when using labeled a-ketoisovalerate. The

C51 methyl group of isoleucine can be '3C labeled by using labeled
o-ketobutyrate. This leads to an improvement of the information
content obtained from the methyl-methyl region of 3C-'3C 2D
spectra as the ambiguity of methyl-methyl cross-peaks is largely
reduced. This benefit facilitates collecting unambiguous distance
restraints between carbons of methyl groups that are close in space.
Here, we demonstrate the detection of long-range restraints in the
type-three secretion system (T3SS) needle of Shigella flexneri. We
also analyze the intensity of intra-residue cross-peaks and the
relaxation properties of methyl carbons. Employing ultra-fast
MAS rates and sparse '3C labeling of methyl groups, we also obtain
high-resolution proton-detected '>C-'H correlations yielding the
assignment of methyl protons.

2. Material and methods
2.1. Sample preparation

MxiH proteins were expressed recombinantly in Escherichia coli
strain BL21(DE3) in minimal medium during 5 h. For the production
of the [LV-'3C methyl]-labeled sample, sodium o-ketoisovalerate
[2-keto-3-(methyl-'3C)-butyric acid-4-'3C sodium] (125 mg/L)
was added as carbon source one hour prior to induction. For the
[U-°N, ILV-"3C methyl]-labeled sample, '>NH,4Cl was used as nitro-
gen source. One hour before induction, sodium o-ketoisovalerate
[2-keto-3-(methyl-'3C)-butyric acid-4-'3C sodium] (125 mg/L) and
sodium o-ketobutyrate [2-Ketobutyric acid-4-'3C  sodium]
(125 mg/L) were added as carbon source. Both proteins were puri-
fied by following the protocol established for Salmonella typhimuri-
um Prgl needles [38]. The N-terminal hepta-Histidine (His) tag was
cleaved using tobacco etch virus protease, releasing MxiH proteins
containing the non-native N-terminal residues glycine and histi-
dine. The protein concentration was raised to 0.2 mM during poly-
merization, which took place at 37°C for 16days and
approximately 20 mg of needles were produced.

2.2. Solid-state NMR

MxiH needles were ultra-centrifuged and transferred into a
4.0-mm and a 1.3-mm ZrO, ssNMR rotor. Solid-state NMR experi-
ments for the [LV-'3C methyl] and the [U-'°N, ILV-'3C methyl]-
labeled samples were recorded on an 18.8-Tesla spectrometer
(Bruker Biospin, Germany). The [U-'3C]Glc-labeled and
[2-13C]Glc-labeled spectra were conducted on a 20-Tesla spec-
trometer (Bruker Biospin, Germany). Carbon-detected experiments
were conducted at 11 kHz MAS frequency (4.0-mm rotor) and a
temperature of 7.5 °C, while in proton-detected experiments the
sample was spun at 60 kHz MAS frequency (1.3-mm rotor) and
had an effective sample temperature of +35 °C. Proton-detected
experiments were conducted only the [U-'°N, ILV-'3C methyl]-
labeled sample. The temperature was calibrated via the 'H chemi-
cal shift of water in reference to DSS [48].

All spectra were processed using Bruker Topspin 3.1. For 2D and
3D spectra, the free induction decay (FID) signals were apodized
prior to Fourier transform, using sine squared window functions:
the sine bell shift was 45° for all carbon-detected spectra, respec-
tively 43° and 47° for the 'H and '3C dimensions of the 2D (H)CH
spectrum (Fig. 7a) and 47° for all dimensions of the 3D (H)CCH
spectrum (Fig. 7b). The chemical shift assignment of spectra was
carried out using the Sparky software [49].

2.3. Carbon-detected solid-state NMR

The 1D CP spectra (Fig. 2a and b, Fig. 4a) were acquired with the
following parameters: maximal acquisition time AQ = 50 ms, recy-
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Fig. 1. Biosynthetic labeling patterns of the residues isoleucine, leucine and valine based on the provided precursors (a) sodium o-ketobutyrate resulting in '*C81-labeled
isoleucine and (b) sodium o-ketoisovalerate resulting in '3Cy1,'3Cy2-labeled valine and '3C51,'>C82-labeled leucine.
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Fig. 2. (a) Excerpts of 1D CP spectra of (black) [U-'3C]Glc-, (red) [1-'*C]Glc- and (violet) [LV-'3C methyl]-labeled MxiH needles. (b) Comparison of the [LV-'>C methyl]-labeled
sample (blue) with the [U-'>N, ILV-'3C methyl]-labeled sample (yellow; with full line widths at half-height (FWHH) indicated for isolated resonances). (c) Electron
microscopy image of T3SS MxiH needles used in this study. (d) Intensities of intra-residue cross-peaks obtained from the 2D PDSD spectrum of the [LV-!3C methyl]-labeled
sample presented in (e). Asterisks indicate overlapping cross-peaks, see residues listed at the bottom. (e) 2D PDSD spectrum of [LV-'3C methyl]-labeled MxiH needles
recorded with a mixing time of 50 ms. The cross-peak L37 C51/C52, located on the diagonal, was confirmed by a '*C-'3C double-quantum single-quantum (DQ-SQ) spectrum

recorded on the uniformly-labeled sample [39]. The 2D spectrum was recorded on an 800
color in this figure legend, the reader is referred to the web version of this article.)

cling delay (RD) of 5 s. No window function was applied in the pro-
cessing. The build-up of >N magnetization transferred during
15N-13C SPECIFIC-CP [50,51] was determined in a series of 1D
experiments (Fig. 6b) where the contact time of the >N-13C CP

MHz spectrometer at 11 kHz MAS frequency. (For interpretation of the references to

was varied from 5 ms up to 15 ms in steps of 2.5 ms. The experi-
ments were recorded using the following parameters: AQ = 10 ms,
RD of 2.5 s and a number of scans (NS) of 5120. The nutation fre-
quencies employed during the '>N-'3C CP transfer were 8.8 kHz



H.K. Fasshuber et al./Journal of Magnetic Resonance 252 (2015) 10-19 13

20

< 0

o

N
(]

<4— 5C /ppm
w
o

35

44 43 42 41 40

35 30 25 20

<4—35"C /ppm

Fig. 3. 2D PDSD spectra of [U-'3C]Glc- (in black) and [2-'3C]Glc-labeled (in magenta) T3SS MxiH needles, recorded with a PDSD mixing time of 50 ms. Spin system
correlations of V74, L59 are highlighted in blue. The stereospecific assignment for the methyl carbons of valine and leucine can be identified using the appearance of Cp-C51
and Cy-C&2 cross-peaks in leucine, and Ca-Cy1 and Ca-Cy2 in valine, following the method introduced in Ref. [40]. The experiments were conducted on an 850 MHz
spectrometer at 11 kHz MAS frequency. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. (a) 1D CP spectrum of [U-'°N, ILV-'3C methyl]-labeled sample. (b) '*>C T, relaxation curves of leucine and valine methyl groups that can be unambiguously assigned in
the 1D spectrum. (c) 'C T; relaxation curves for isoleucine methyl groups. For (b) and (c), the apparent '3C T, relaxation times calculated from fitting are indicated in red
(Avg. £ SD). The spectra were acquired on an 800 MHz spectrometer at 11 kHz MAS frequency. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

RF on the '3C channel, 4.5 kHz RF on the '°N channel and 58 kHz RF
on the 'H channel.

For the [LV-'3C methyl]-labeled sample, two 2D PDSD spectra
were acquired (Figs. 2e and 5a), with PDSD mixing times of
50 ms or 800 ms, using the following parameters: AQ; =12 ms
(indirect dimension), AQ, = 15 ms (direct dimension), spectral win-
dow SWj =22 ppm (indirect dimension), SW; = 346 ppm (direct
dimension), RD of 3 s, CP contact time of 0.8 ms, NS =256 (for
PDSD 50 ms) or NS = 1856 (for PDSD 800 ms), for total experimen-

tal times of 23 h (for PDSD 50 ms) and 6 days 19 h (for PDSD
800 ms). For the [U-'°N, ILV-3C methyl]-labeled sample, a PDSD
spectrum with mixing time of 800 ms was recorded (Fig. 5a) using
the following parameters: AQ;=12ms (indirect dimension),
AQ, =15 ms (direct dimension), spectral window SW; =80 ppm
(indirect dimension), SW; =345 ppm (direct dimension), RD of
3's, CP contact time of 0.5 ms, NS = 320, for a total experimental
time of 5 days 11 h. The spectrum of the [U-'3C|Glc-labeled sample
(Fig. 3) was recorded with a PDSD mixing time of 50 ms, using
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maximum acquisition times of 19 ms (direct dimension) and 15 ms
(indirect dimension). The total experimental time was 1 day 17 h.
The spectrum of the [2-!3C]Glc-labeled sample (Fig. 3) was
recorded with a PDSD mixing time of 50 ms, using maximum
acquisition times of 21 ms (direct dimension) and 15 ms (indirect
dimension). The total experimental time was 1 day 7 h.

The NCX spectrum (Fig. 6a) was recorded on the [U-'°N, ILV-13C
methyl]-labeled sample with AQ; =10 ms (indirect dimension),
AQ, =10 ms (direct dimension), spectral window SW; = 39.8 ppm
(indirect dimension), SW, =282 ppm (direct dimension), RD of
3.7 s, initial 'TH-'>N CP contact time of 1400 ps. The '>N-'3C SPE-
CIFIC CP [50,51] transfer was achieved using a contact time of
12 ms with a decoupling of 58 kHz RF on 'H, a number of scans
NS = 1408, for a total experimental time of 3 days 21 h.

The apparent '3C longitudinal relaxation times T; were mea-
sured on the [U-'°N, ILV-'3C methyl]-labeled sample in 1D '3C
experiments (Fig. 4b and c). Following initial cross-polarization
to '3C, carbon magnetization was placed along the longitudinal
axis during a variable relaxation delay, then brought back to the
transverse plane for detection. The relaxation delay was set in
the range from 1 ps to 4.5s. Experiments were recorded with
AQ=30ms, NS=256, RD of 10s and a total experimental time
for all experiments of 21 h.

2.4. Proton-detected solid-state NMR

The proton-detected 2D '>C-'H heteronuclear correlation spec-
trum (Fig. 7a) was recorded according to the conventional (H)CH
pulse sequence [52] presented in Supplementary Fig. S4A. The
acquisition times for the direct and indirect dimensions were
8 ms and 40.7 ms, respectively. In the 3D (H)CCH experiment (Sup-
plementary Fig. S4B), *C-13C homonuclear dipolar interactions
were recoupled by RFDR [35,36], thus yielding information about
carbon-carbon contacts. Maximal acquisition times were
AQq =22.6 ms, AQ, = 16.8 ms (indirect dimensions) and AQs = 7 ms
(direct dimension). RFDR-16 recoupling was applied during

19.2 ms and the applied carbon RF field was 45 kHz. In all the
experiments during 'H-'3C CP, the carbon RF field was ramped
down from 100% to 70% with an average value of 15 kHz, while
the proton RF field was kept constant at 45 kHz. The CP contact
times were 520 us and 320 ps for 'H-'3C and '3C-'H transfer,
respectively. During '2C evolution, 'H-'3C couplings were removed
by application of low-power XiX [53] on the proton channel with
an RF strength of 12 kHz. During proton detection, the 'H-'3C sca-
lar couplings were removed using WALTZ-16 decoupling [54] with
an RF strength of 7 kHz. The experiment times were 20.5 h and
4 days 12 h for the 2D and 3D experiment, respectively.

3. Results and discussion
3.1. Isotopic labeling pattern

The knowledge of the biosynthetic pathways of amino acids
(Fig. 1) allows prediction of the labeling pattern which can be
achieved in proteins expressed in E. coli [55]. To identify the label-
ing pattern obtained in our approach, we recorded solid-state NMR
experiments on assembled MxiH needles. Two MxiH needle sam-
ples were produced: first, an [LV-'3C methyl]-labeled sample was
prepared using the sodium o-ketoisovalerate precursor '>C labeled
at both methyl groups; second, a [U-'°N, ILV-'3C methyl]-labeled
sample was produced using three labeled precursors: sodium o-
ketoisovalerate and sodium o-ketobutyrate [56,57] 13C labeled at
the methyl groups and ">NH4CI.

Solid-state  NMR 1D cross-polarization (CP) spectra were
recorded for these samples and compared to spectra obtained from
two established '3C labeling strategies [39]: uniform labeling
[U-13C]Glc, and sparse labeling [1-'3C]Glc (Fig. 2a). As previously
demonstrated, the [1-'3C]Glc- and [2-3C]Glc-labeled spectra show
a large improvement in '3C resolution and line-widths relative to
[U-3C]Glc-labeled spectra, due to the removal of a majority of
one-bond '>C-'3C dipolar and J couplings [32]. However, 2D
13C-13C correlation spectra are highly crowded in the chemical
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shift range from 15 ppm to 30 ppm which corresponds to the
methyl region of amino acids since methyl carbons can be '3C
labeled for all amino acid types in the [1-'3C]GlIc labeling scheme.
For some amino acids, carbon resonances from CH, groups can also
be found in the same chemical shift range as methyl groups. In
contrast, the [LV-!3C methyl]-labeled MxiH spectrum shows only
signals from leucine and valine methyl carbons, in the chemical
shift range from 15 ppm to 28 ppm (shown in Fig. 2a; see also Sup-
plementary Figs. S1 and S2).

The comparison between the [U-'°N, ILV-'3C methyl]-labeled
sample with the [LV-'>C methyl]-labeled sample demonstrates
the similarity of the valine and leucine methyl resonances both
in resolution and signal intensity as well as the addition of the
C81 methyl carbons of isoleucines in the [U-'°N, ILV-'3C methyl]-
labeled sample (Fig. 2b), which are essentially absent from the
[LV-13C methyl] spectrum. No significant signals were detected in
other regions of the 1D CP spectra, demonstrating the absence of
scrambling (i.e. undesired biosynthetic pathways) in the labeling
patterns. This was further confirmed by recording 2D PDSD spectra
with short mixing time (50 ms PDSD, Fig. 2e) for both the LV- and
ILV-labeled samples. Cross-peaks only appear where predicted
according to the published chemical shifts [39] (see Supplemen-
tary Table S1 and BMRB entry 18651).

A remarkable advantage of the '>C methyl labeling strategies is
that the high resolution obtained in [1-'3C]Glc- and [2-'3C]Glc-
labeled samples is conserved (Supplementary Fig. S1), due to the
absence of neighboring '3C labeled nuclei. Indeed, the carbon res-
onances are very sharp, with line-widths measured on isolated res-
onances ranging from 29.1 Hz (0.14 ppm) to 52.1 Hz (0.26 ppm)
(Fig. 2b).

The prochiral methyl carbons of leucine and valine residues
were stereospecifically assigned by means of the [2-'3C]Glc label-
ing strategy as previously introduced [40]. The stereospecific

assignment of valine residues was obtained based on the pres-
ence of cross-peaks for Ca—Cy1 and CB-Cy2 as illustrated with
the assignment of V74Cy1 and V74Cy2 (Fig. 3). For leucine resi-
dues, the unambiguous assignment of the prochiral methyl
groups is extracted from the presence of cross-peaks in >C-13C
correlation spectra for CB-C81 and Cy-C82, shown in Fig. 3 for
the spin system of L59. The stereospecific assignment of methyl
groups is structurally relevant since side-chain rotamer confor-
mations can be identified from the methyl *C chemical shifts
[58].

3.2. Dynamics in the MxiH needle

Next, we analyzed line widths and relaxation of the Leu, Val and
Ile methyl groups. We observed strong differences in the signal
intensities of intra-residue cross-peaks (Fig. 2d) measured from
the short mixing time 2D PDSD spectrum (Fig. 2e). Peaks corre-
sponding to amino acids located in the C-terminal helix of the
MxiH needle were more intense. The C-terminal helices, lining
the inside lumen of the needle assembly [38,39], may be more
tightly packed than the N-terminal helices present at the outer sur-
face of the needle. Similar differences in cross-peak intensities
were also observed in a DNP study of MxiH needles [59]. Among
different bacterial species, it was observed that the amino acid
sequence of the T3SS needle protein is more conserved in this C-
terminal helix [39].

We also measured the apparent '3C T relaxation times of Leu,
Val and Ile methyl groups in MxiH, as knowledge of this parameter
is highly valuable to choose appropriate mixing times in PDSD
experiments for recording distances restraints. Due to the highly
resolved carbon resonances in the 1D CP spectrum of [U-'°N,
ILV-13C methyl]-labeled MxiH (Fig. 4a), we are able to select six
isolated methyl peaks. The apparent '3C T; relaxation times mea-
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frequency.

sured at 11 kHz MAS on an 800 MHz spectrometer range from
318 ms to 485 ms for leucine and valine residues.

The isoleucine resonances show a longer apparent T;: the
171C381 resonance exhibits a T; value of 743 ms; the isoleucine
178 and 179 resonances overlap; however, the fitted curve corre-
sponds to a T; value of 1.32 s (Fig. 4c). Although the values for T,
differ between residues, a structural interpretation of the T, values
is difficult due to the strong influence of carbon-carbon spin diffu-
sion during the measurements at 11 kHz MAS. Ultra-fast MAS rates
(=60 kHz) would be required to suppress this effect. For the obser-
vation of long-range distance cross-peaks, PDSD mixing times
longer than 400 ms are usually employed to allow sufficient trans-
fer of magnetization. However, the inspection of the '3C T; decay
curves for leucine and valine residues reveal that mixing times
longer than 1s would result in a reduction of the magnetization
amount to 10% of its initial level. We can suggest PDSD mixing
times in the range of 400-800 ms for the observation of long-range
distance correlations corresponding to a decay of 40-20 %.
Although some mixing schemes such as RAD/DARR [20,21] provide
faster magnetization transfer, we employed the PDSD mixing
scheme [18,19] for the recording of all correlation spectra. In PDSD,
no RF irradiation is applied, increasing the safety of the probehead.

3.3. 13¢-13C distance restraints

In order to collect long-range distance restraints, we recorded
2D spectra with a long PDSD mixing time of 800 ms for both the
[LV-13C methyl]- and [U-'°N, ILV-'3C methyl]-labeled sample
(Fig. 5a). By comparing those spectra with short PDSD mixing time
spectra (Fig. 2e), multiple long-range cross-peaks can be observed.
A long-range correlation is defined to be between residue i and j

where [|i —j| > 5]. In our analysis, we picked all peaks in the spec-
trum and excluded all short-range [1 < |i — j| < 2] correlations.

The long-range cross-peaks were classified as frequency unam-
biguous (also known as spectrally unambiguous), structurally
unambiguous, or ambiguous. For each cross-peak, all assignment
possibilities were considered which had a chemical shift deviation
of less than 0.15 ppm between the resonance frequency and the
frequency present in the BMRB (BMRB entry 18651). If only one
assignment possibility is present in the tolerance window, the cor-
relation is classified as frequency unambiguous (Supplementary
Table S2). The frequency unambiguous correlations define
unequivocally the 3D fold of the subunit and the supramolecular
subunit-subunit interfaces. As an example, all four possible
methyl-methyl contacts between residues L12 and V68 are fre-
quency unambiguous and highlighted in magenta in Fig. 5a. During
the analysis of the distance restraints, some of the remaining long-
range correlations can then be further assigned unambiguously by
employing the 3D structure initially identified using the frequency
unambiguous cross-peaks. Indeed, long-range correlations are usu-
ally assigned in an iterative procedure [60-62]. To determine the
number of such structurally unambiguous correlations that can
be obtained using our labeling approach, we used the atomic struc-
ture of the MxiH needle assembly recently determined on the basis
of a cryo-EM density map, solid-state NMR restraints and Rosetta
modelling [63].

For each long range cross-peak, we calculated the distance for
every assignment possibility, including intra-molecular and inter-
molecular distances. A frequency-ambiguous correlation was clas-
sified as structurally unambiguous when the shortest distance was
more than 2 A shorter than any other assignment (Supplementary
Table S3). As an example, the L59 methyl carbons C51 and C32 have
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systematically shorter distances to 179C31 than to 178C581, as pre-
sented in Fig. 5c. The structurally unambiguous correlations
[79C81-L59C31 and 179C51-L59C382 are highlighted in green in
Fig. 5a. When more than a single possibility remained, correlations
were classified as ambiguous (Supplementary Table S4) and the
corresponding cross-peaks are colored in blue in Fig. 5a. For this
statistical analysis, the 10 lowest energy conformations of the
ensemble were considered: the distances reported in Supplemen-
tary Tables S2-S4 are reported as average + standard deviation.
The ambiguous correlations can be used further in a structure cal-
culation procedure since many software packages allow the use of
ambiguous restraints [60,64]. They can also be used as indepen-
dent data for validation of the structure.

From the PDSD 800 ms spectrum of the [LV-'3C methyl]-labeled
sample (Fig. 5a), we obtained 10 frequency unambiguous correla-
tions (Supplementary Table S2), 7 structurally unambiguous corre-
lations (Supplementary Table S3), and 4 ambiguous correlations
(Supplementary Table S4). We observe that the frequency unam-
biguous restraints are detected in pairs or in sets of 4 correlations
(Supplementary Table 2). This redundancy corroborates the unam-
biguous detection of these long-range interactions. The long-range
interactions between residues L12 and V68 are highlighted on the
protomer structure (Fig. 5b). This information confirms the intra-
molecular packing of the second a-helix close to the beginning of
the first a-helix of the MxiH-protein. Evaluating the spectrum of
the [U-"°N, ILV-'3C methyl]-labeled sample, one can detect addi-
tional correlations between the L-V methyl carbons to the C81
methyl group of 178 and 179: 4 structurally unambiguous and 4
ambiguous new correlations were found. Overall, a total of 10
unambiguous carbon-carbon distance restraints could be col-
lected, with distances varying from 3.9 A to 10.3 A, and an average
of 6.7 A.

3.4. °N-13C distance restraints

With NH,CI as the sole nitrogen source in the expression
medium, the recombinant proteins become uniformly >N labeled,
such that ultra-sparse methyl 3C labeling schemes can be used to
collect N-C distance restraints by recording an NCX spectrum. In
contrast to conventional ssSNMR experiments such as NCA and
NCO where a one-bond N-C transfer is required for the '>N-13C
CP step, the backbone >N and methyl 3C atoms are separated
by three chemical bonds (valine) or four bonds (leucine, isoleu-
cine). The intra-residual distances from the backbone °N to the
13C labeled methyl carbons are larger compared to one-bond
15N-13C distances: on average 3.4 A for valine, 4.3 A for leucine
and 4.4 A for isoleucine. As a result, the contact time of the N-C
transfer step has to be increased. The 1D build-up curves of the
15N-13C CP contact time starting from 5 ms up to 15 ms are shown
in Fig. 6b. It can be seen that signals are still increasing.

A crucial element for this type of experiments is the manage-
ment of the RF irradiation time. For the sake of probe safety, we
have chosen a CP contact time of 12 ms with a 'H decoupling
strength of 58 kHz and low-power irradiation on the carbon and
15N channels (8.8 kHz RF on '3C, 4.5 kHz RF on '°N). The 2D NCX
spectrum contains intra-residue cross-peaks and sequential
cross-peaks which can be used to confirm the >N and '3C chemical
shift assignment. Indeed, we assigned six cross-peaks for N; to C;_;
correlations and one cross-peak for N; to C.q, with distances rang-
ing from 3.5A to 6.4A. From the 2D NCX spectrum, we also
obtained a total of 12 structurally unambiguous distance restraints
(Supplementary Table S3) and 8 ambiguous restraints (Supplemen-
tary Table S4). The formation of the axial interface between needle
subunits i and i + 11 is illustrated in Fig. 6¢ by a structurally unam-
biguous contact between E49N and 178C31. Distance restraints

were detected with distances ranging from 5.6 A to 12.1 A and an
average of 7.3 A.

3.5. Proton-detected solid-state NMR

Ultra-fast MAS (>=60kHz MAS) and high external magnetic
fields provide attractive conditions to use proton detection in fully
protonated samples [15,65]. This approach provides better sensi-
tivity compared to '3C detection and improved resolution via the
additional proton dimension. In addition, low-power heteronu-
clear decoupling schemes can be efficiently employed at ultra-fast
spinning rates [53], and thus very long '3C evolution times can be
used to gain high resolution originating from the very sharp carbon
lines.

Fig. 7a shows a 2D proton-carbon heteronuclear correlation
experiment, recorded on the 800 MHz spectrometer at 60 kHz
MAS, which demonstrates the possibility to assign methyl proton
chemical shifts, in part due to the reduced number of resonances.
Proton line-widths vary from 160 to 300 Hz, which indicates a high
variation in the mobility of methyl groups as well as on a possible
disorder and heterogeneity of the molecular assembly. The line-
width of the '3C resonances is shown in the 3C projection pre-
sented in Supplementary Fig. S3.

In the same conditions as for the 2D spectrum, we recorded a
3D (H)CCH experiment (Fig. 7b) using RFDR [35] to recouple
13C-13C homonuclear dipolar interactions and obtain information
about carbon-carbon contacts. Although the RFDR recoupling
period lasted moderately long (19.2 ms), we observed only intra-
residual contacts as long-range magnetization transfers were
suppressed by dipolar truncation [66]. The conducted experiments
allowed the assignment of almost all methyl proton signals on the
basis of the carbon resonance assignments which were obtained
previously [39] and confirmed in Figs. 2e and 5a. The chemical shift
of methyl protons can reveal local structural features, such as the
shielding and deshielding effects of aromatic rings. As proton
chemical shifts are highly sensitive to the surrounding environ-
ment, they can also be used as a basis for the comparison of
different sample preparations, for instance to detect the binding
sites of ligands and to characterize the influence of binding
partners. Considering the recent improvements in the performance
of chemical shift prediction software packages [67-69], the
determination and validation of side-chain conformation could
employ side-chain chemical shifts similarly to the present use of
backbone chemical shifts.

4. Conclusions

We have reported a straightforward isotopic labeling strategy
for the 3C labeling of isoleucine, leucine and valine methyl groups
in proteins. For the type-three secretion system needle assembly of
MxiH proteins we obtained 10 frequency unambiguous distance
restraints, 23 structurally unambiguous distance restraints and
16 ambiguous distance restraints. We could show that the use of
the two biosynthetic precursors, sodium o-ketoisovalerate and
sodium o-ketobutyrate, is a helpful tool to achieve clear and
ultra-sparsely labeled '3C methyl group spectra, with a high reso-
lution for '3C resonances (line-widths as low as 22.2 Hz; see Sup-
plementary Fig. S3). We demonstrated the possibility of
recording NCX spectra where long-range distance correlations
were detected. As well, the high resolution of peaks and the spec-
tral simplification enabled many important applications for the
study of proteins: the assignment of methyl proton chemical shifts,
the collection of long-range restraints, and the study of dynamics.
The proposed labeling strategy can be employed to advance the
study of large and complex protein systems.
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