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Abstract 13C spin diluted protein samples can be produced
using [1-13C] and [2-13C]-glucose (Glc) carbon sources in
the bacterial growth medium. The 13C spin dilution results in
favorable 13C spectral resolution and polarization transfer
behavior. We recently reported the combined use of [1-13C]and [2-13C]-Glc labeling to facilitate the structural analysis
of insoluble and non-crystalline biological systems by solidstate NMR (ssNMR), including sequential assignment,
detection of long-range contacts and structure determination
of macromolecular assemblies. In solution NMR the beneficial properties of sparsely labeled samples using [2-13C]glycerol (13C labeled Ca sites on a 12C diluted background)
have recently been exploited to provide a bi-directional
assignment method (Takeuchi et al. in J Biomol NMR
49(1):17–26, 2011 ). Inspired by this approach and our own
recent results using [2-13C]-Glc as carbon sources for the
simplification of ssNMR spectra, we present a strategy for a
bi-directional sequential assignment of solid-state NMR
resonances and additionally the detection of long-range
contacts using the combination of 13C spin dilution and 3D
NMR spectroscopy. We illustrate our results with the
sequential assignment and the collection of distance
restraints on an insoluble and non-crystalline supramolecular assembly, the Salmonella typhimurium type III secretion
system needle.
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Introduction
3D structure determination by solution nuclear magnetic
resonance (NMR) spectroscopy relies on the unambiguous
and reliable assignment of the NMR signals and the
detection of long-range distance restraints (Wüthrich 1986;
Guntert 1998; Ferentz and Wagner 2000; Markwick et al.
2008; Banci et al. 2010). However, solution NMR techniques are limited to protein states with sufficiently short
correlation times sc, which is not the case for a broad range
of biological systems. This includes high-molecular weight
protein assemblies, fibrils, aggregates and membrane proteins in a native-like lipid environment that can be readily
studied by solid-state NMR (ssNMR) [for reviews see
(Griffin 1998; Tycko 2006; McDermott and Polenova
2007; Renault et al. 2010; Hong et al. 2012b; Sun et al.
2012; Reif 2012)]. Recent progress in high-resolution
ssNMR has allowed investigating protein assemblies and
membrane protein structures of growing complexity
(Petkova et al. 2002; Wasmer et al. 2008; Helmus et al.
2008; Nielsen et al. 2009; Schneider et al. 2010; Jehle et al.
2010; Barbet-Massin et al. 2010; Ader et al. 2010; Hu et al.
2010; Lewandowski et al. 2011; Ward et al. 2011; Bertini
et al. 2011; Comellas et al. 2012; Hong et al. 2012a, b;
Lopez del Amo et al. 2012; Eddy et al. 2012; Loquet et al.
2012b; Habenstein et al. 2012). Yet, the assignment of the
ssNMR signals remains error-prone, labour-consuming and
a major experimental time investment. Sequential assignment strategies in ssNMR are based on the combination of
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several two-dimensional (2D) spectra. For more complex
systems three-dimensional (3D) spectroscopic techniques
are increasingly applied to alleviate the spectral overlap,
enabling assignment of proteins up to 33 kDa (Habenstein
et al. 2011). The spectroscopic features of 13C spin diluted
protein samples, based on sparsely labeled glucose or
glycerol (LeMaster and Kushlan 1996; Hong 1999; Castellani et al. 2002; Teilum et al. 2006; Lundstrom et al.
2007; Higman et al. 2009; Loquet et al. 2010, 2011,
2012b), provide an additional tool to access more complicated biomolecules. In solution NMR, favorable spectroscopic properties of sparsely labeled samples using
[2-13C]-glycerol (13C labeled Ca sites on a 12C diluted
background) have recently been used by the Wagner’s
group (Takeuchi et al. 2011) to establish a bi-directional
assignment strategy. In line with this approach and our
experience on proteins labeled with [2-13C]glucose carbon
sources (Loquet et al. 2010, 2011, 2012b; Lv et al. 2012),
we propose a simple strategy for ssNMR resonance
assignment using a combination of 13C spin dilution and
3D NMR spectroscopy, including only one bi-directional
spectrum. Furthermore we show that essentially the same
approach, employing longer 13C–13C mixing times, allows
for the detection of long-range distance restraints with high
sensitivity and resolution.
We demonstrate the applicability of our method on the
needle of the Salmonella typhimurium type 3 secretion
system (T3SS) (Cornelis 2006; Galan and Wolf-Watz
2006; Loquet et al. 2012a), a complex nanomachine
involved in bacterial infection. The needle consists of
multiple copies of a single protein subunit (protein PrgI,
8.8 kDa), assembled into a filamentous suprastructure. The
atomic structure of the T3SS needle was recently solved in
our laboratory (Loquet et al. 2012b) on the basis of ssNMR
distance restraints.

Materials and methods
Sample preparation
We overexpressed, purified and polymerized the S. typhimurium PrgI protein as described in ref (Loquet et al.
2012b). The PrgI needle filaments (corresponding approximately to 10 mg of material) were packed into a 3.2 mm
solid-state NMR rotor. 4,4-dimethyl-4-silapentane-1-sulphonic acid (DSS) was added as an internal reference for
chemical shift and sample temperature referencing.
NMR spectroscopy
Solid-state NMR spectra were recorded on a 20 T widebore spectrometer (Bruker Biospin, Germany), equipped
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with a triple-resonance 3.2 mm MAS probe. A spinning
rate of 11 kHz was used at a sample temperature around
7 °C (280 K). Chemical shifts were calibrated with DSS as
internal reference. 1H–15N transfer was achieved by a
ramped cross-polarization (CP) of 1750 ls, and 15N–13C
transfer by a SPECIFIC CP (Baldus et al. 1998) step of
7 ms using a tangential ramp on 13C. PDSD (Bloembergen
1949) was used for the 13C–13C transfer with mixing times
as indicated in the main text. 1H decoupling with an r.f.
field strength of 83 kHz was applied during the 15N–13C
transfer (CW) and acquisition times [SPINAL-64 (Fung
et al. 2000)], and scalar 13C–15N couplings were refocused
with a 180° pulse on 13C during the 15N evolution period or
by WALTZ decoupling during 13C evolution periods
(Shaka et al. 1983). Maximum acquisition times were 5 ms
for the indirect dimensions and 15 ms for the direct
dimension, leading to a total experimental time of 10 and
13 days for the spectra with 250 and 850 ms mixing time,
respectively. All NMR spectra were processed with
NMRpipe7 (Delaglio et al. 1995).
Assignment analysis
All NMR spectra were analyzed using CcpNmr (Vranken
et al. 2005).

Results
Our method combines 3D ssNMR techniques and the
spectroscopic features of 13C spin diluted protein samples.
The use of protein samples, isotopically labeled using
[2-13C]-glucose (Glc) as sole carbon source, provides a
reduced number of 13C labeled carbon sites (Hong 1999;
Teilum et al. 2006; Lundstrom et al. 2007). This engenders
an improved spectral resolution by removing the majority
of one-bond J- and dipolar 13C–13C couplings [an
improvement in linewidth by a factor of *2 as measured
on the T3SS needle protein PrgI for the 13C dimension
(Loquet et al. 2011)] and an increased sensitivity in 2D
proton-driven spin diffusion [PDSD (Bloembergen 1949)]
spectra that results from enhanced polarization transfer due
to the very sparse 13C labeling, reducing the number of
possible polarization pathways and therefore increasing the
cross-peak signal-to-noise (Loquet et al. 2010). Notably,
13
C spin dilution based on [2-13C]-Glc as the sole carbon
source during protein expression introduces 13C labeling in
all Ca positions except for leucines and no simultaneous
Ca/Cb labeling except for valines and isoleucines. The
improved linewidth and enhanced polarization transfer
efficiency compensates the loss of sensitivity due to the
sparse 13C occurrence (max. labeling efficiency of 50 %
for Ca). The 13C labeling pattern and the good sequential
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Ca–13Ca polarization transfer in PDSD-type experiments
suggests the implementation of a straightforward 3D
NiCaiCXi±n experiment (Supporting Information, Figure
S1), where the Ni–Cai pair provides a starting point for the
assignment and the Cai–CXi±n transfer establishes
sequential and long-range contacts. The experiment consists of an initial 15N–13Ca step followed by a PDSD
mixing period. The length of the mixing period will
determine the extent of signals encoding for sequential,
medium or long-range distance restraints visible in the 3D
spectrum.
First, in order to address the sequential assignment of
the NMR resonances of the T3SS needle protein PrgI, the
3D experiment is implemented with maximal sequential
Cai–Cai±1 polarization transfer, achieved using a short
PDSD mixing period (250 ms). The preceding 15N–13Ca
step is optimized for a maximal polarization transfer to Ca
(i.e. SPECIFIC Ni–Cai) (Baldus et al. 1998) and the
polarization then further diffuses to the neighboring Cas
and establishes bi-directional sequential i to i ± 1 connectivities (Fig. 1a), reminiscent of the above discussed
solution NMR approach (Takeuchi et al. 2011). The
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proposed method, implemented in a 3D fashion, takes
advantage of the good polarization transfer, similar to a
previous approach proposed by Oschkinat and coworkers
to facilitate the identification of ssNMR signals of selectively glycerol labeled proteins (Castellani et al. 2003;
Higman et al. 2009). Our approach benefits from a higher
spin dilution (one carbon labeled out of 6), leading to
favourable spectroscopic features as described in details in
(Loquet et al. 2011) that make the implementation of a bidirectional spectrum possible. The approach allows for a
rapid and simple analysis of the 3D NCC spectrum, where
the resonance peaks can sequentially be assigned following
the scheme shown in Fig. 1b. The 15N plane of the residue
i 15N resonance frequency is plotted in the middle of the
assignment scheme. From the intraresidue NiCaiCai correlation peak on the diagonal (black) two pathways are
discernible at the Ca resonance frequency of residue i: one
towards the i - 1 residue (NiCaiCai-1 correlation peak in
blue) and one towards the i ? 1 residue (NiCaiCai?1 correlation peak in pink). In the 15N plane of the following (or
preceding) residue, three correlation peaks again reveal the
intraresidue
Ni?1Cai?1Cai?1
correlation
(or

Fig. 1 Solid-state NMR
sequential resonance
assignment via a bi-directional
3D NCaCX experiment.
a Scheme of the polarization
transfer pathway in a [2-13C]Glc labelled peptide. From the
nitrogen of residue i (Ni; grey)
the magnetization is transferred
to Cai and then further to Cai?1
(pink) and Cai-1 (blue);
b Sequential walk starting from
the 15N (middle 15N plane) and
Ca resonance frequencies of
residue i (black circle) towards
Cai?1 (pink) and Cai-1 (blue)
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Fig. 2 3D assignment of the
stretch Val65 to Lys69 of the S.
typhimurium type 3 secretion
system needle protein PrgI;
shown with 2D 13C–13C planes
extracted from the 3D NCaCX
(smix = 250 ms)

Fig. 3 Sequential assignment of the S. typhimurium type 3 secretion
system needle. Assignment of sequential and medium range (i - j B 4)
contacts in a 3D NCaCX spectrum, with a smix = 250 ms and
b smix = 850 ms. The primary sequence is plotted above the

connectivity plot in which filled circles indicate the observed correlations in blocks of 10 residues. The colour scheme indicates the different
types of observed correlations: NiCaiCai black; NiCaiCXi red;
NiCaiCXi±n blue (big circles for sequential NiCaiCXi±1 correlations)

Ni-1Cai-1Cai-1), the connection to residue i, N i?1Cai?1Cai (or Ni-1Cai-1Cai), as well as to the next
neighbor (i ± 2), Ni?1Cai?1Cai?2 (or Ni-1Cai-1Cai-2).
The described approach allows for the navigation through
the 2D NCa planes of one 3D spectrum using two constant
frequencies (e.g. of Cai and Cai?1) throughout each step of
the sequential walk (a requirement for the unambiguous

sequential assignment). Other 3D methods, based on the
use of uniformly labeled samples, usually involve the
recording of several 3D spectra (Pauli et al. 2001; Shi et al.
2009; Sperling et al. 2010; Schuetz et al. 2010; Habenstein
et al. 2011): one for the spin system identification
(NiCaiCbi, NiCaiCXi, Ni(Cai)CbiCXi), one to establish the
sequential connectivity to the residue i - 1 (CaiNiCOi-1,
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CaiNi(COi-1)Cai-1, CaiNi(COi-1)CXi-1) and one to
identify the spin system of residue i - 1 (NiCOi-1Cai-1,
NiCOi-1CXi-1, Ni(COi-1)Cai-1Cbi-1). In contrast, our
approach allows for a bi-directional sequential assignment
using a single spectrum.
Figure 2 shows 2D 15N–13C strips of a 3D NCaCX
spectrum (PDSD mixing time: 250 ms) recorded on
[2-13C]-Glc labeled T3SS PrgI needles (sequential walk for
the stretch Val65 to Lys69). Despite the small spectral
dispersion (PrgI is a predominantly a-helical protein (Loquet et al. 2012b)) and the high abundance of Leu for
which Ca is not labeled (10 % of all residues) we achieved
an 80 % complete ab initio sequential assignment using
only the 3D and a previously recorded 2D 13C–13C PDSD
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spectrum [20 ms mixing to detect intra-residue connections
as described in (Loquet et al. 2011)]. Figure 3a summarizes
all connectivities that have been used throughout the
sequential assignment. The [2-13C]-Glc sparse labeling has
the additional advantage to provide a characteristic 13C
pattern for aromatic residues. Ca and Cc are labeled (Cb
and Cd are unlabeled which results in enhanced 13Ca–13Cc
polarization transfer), leading to very intense NiCaiCci
cross-peaks (Fig. 4a). A rapid and unambiguous identification of the aromatic residues, including their 15N resonance frequency (see Fig. 4b) is therefore straightforward.
The sequential assignment is also facilitated by the
occurrence of side-chain interresidue cross-peaks
(NiCaiCXi±n) in addition to the NiCaiCai±n correlations

Fig. 4 Aromatic region of 3D
NCaCX spectrum
(smix = 250 ms) of T3SS PrgI
needles (red). Projections of the
spectrum a onto the 15N
dimension (112–130 ppm) and
b onto the aromatic region in
the direct dimension (13C,
111–141 ppm), superimposed
with a 2D NCa spectrum in blue
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Fig. 5 a Secondary structure of
the S. typhimurium type 3
secretion system needle PrgI
extracted from the analysis of a
single 3D NCaCX spectrum
(smix = 250 ms), positive DdCa
values indicate a-helical
structure; b complementary
secondary structure information
from the 3D NCaCX spectrum
with long mixing time
(smix = 850 ms; blue)

Fig. 6 Collection of long-range solid-state NMR distance restraints.
Restraints collected for Tyr8 (a) and Val67 (b), using the 3D NCaCX
spectrum with long mixing time (smix = 850 ms); shown are 2D
13
Ca–13CX planes. Long-range restraints are highlighted in yellow.

The restraints are shown on the solid-state NMR atomic model of the
type 3 secretion system needle [PDB entry 2LPZ, (Loquet et al.
2012b)], for Tyr8 (c) and Val67 (d)

(Fig. 2). At this stage, a unique 3D NCaCX spectrum has
allowed for the identification and confirmation of the global secondary structure of the T3SS needle assembly (see
Fig. 5a). We note that our approach could push the limits
of reliable sequential assignments to higher protein
molecular weights, as the 13C spin dilution decreases the
spectral crowding in 3D experiments through the
improvement of resolution and the reduced number of
observable 13C resonances. For biological systems that

exhibit moderate to low spectral resolution, such as several
reported amyloid fibrils (Tycko 2006), the improvement of
resolution mostly corresponding to the removal of onebond 13C–13C J-couplings will become negligible, while
spectral crowding will still be reduced due to the sparse 13C
labeling and an additional dimension.
The collection of 1H–1H–NOE-based distance restraints
is the basis for structural investigations by solution NMR
(Wüthrich 1986). In ssNMR dipolar truncation effects,
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Fig. 7 Summary of the solid-state NMR distance restraints collected
on the S. typhimurium type 3 secretion system needle PrgI detected in
the 3D NCaCX (smix = 850 ms) spectrum. Lines indicate intrasubunit (purple) and intersubunit (blue) long-range contacts

present in uniformly 13C labeled proteins, complicate the
detection of small dipolar couplings (i.e. long distances)
(Hodgkinson and Emsley 1999).
We recently demonstrated the feasibility to detect longrange distances by the use of 13C spin dilution based on
[1-13C]- and [2-13C]-Glc (Loquet et al. 2010, 2011) and
ultimately to determine high-resolution protein structures
(Loquet et al. 2012b), employing 2D 13C–13C experiments.
A major issue during the collection of long-range distance
restraints is the unambiguous identification (i.e. a unique
chemical shift frequency per dimension) of cross-peaks.
Here we extend our approach to 3D spectroscopy, in order
to reduce the chemical shift degeneracy problem occurring
in 2D experiments, by implementing the NCaCX experiment with a long mixing period (tmix = 850 ms, see Supplementary Figure S2 for several 15N planes representing
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2D 13Ca–13CX correlations), adequate to detect long-range
correlations in 2D (Loquet et al. 2012b).
Figure 3b summarizes the collection of signals that
encode for medium-range (|i - j| B 4) information based
on the 850 ms mixing spectrum. We collected 181 medium-range correlations that helped to complete and crossvalidate the sequential assignment to a high level (93 % of
the 13Ca and 15N atoms). The combination of both 3D
spectra permits therefore the near-complete secondary
structure analysis (Fig. 5b). In addition to medium-range
correlations, we assigned 73 signals encoding for longrange distance restraints. The ambiguity in the assignment
of long-range restraints in a 3D spectrum is minimized
compared to the assignment in 2D—providing restraints
that involve at least one Ca. Figure 6 exemplifies the
collection of long-range contacts that are established by the
N–Ca pair of residues Tyr8 and Val67, as shown with 2D
13
C–13C strips (Fig. 6a, b). Most of the long-range
restraints involving these residues correspond to intermolecular (i.e. PrgI subunit–subunit) contacts, as presented in
Fig. 6c, d. The 73 long-range restraints include 31 previously unassigned signals compared to the input data used
for the structure calculation of the T3SS needle (Loquet
et al. 2012b) and will be used to refine the atomic model we
have reported. In Fig. 7 all observed long-range signals are
presented on the structural model. In 8 cases multiple
connections per residue are observed which makes these
contacts more reliable (Ala60–Ile76; Tyr8–Ser39; Ala36–
Gly19; Ala35–Gly19; Val65–Ser13; Leu56–Lys69; Tyr47–
Leu34; Leu56–Ile76). The detected restraints in the 3D
experiment yield therefore unambiguous information about
the different inter-subunit interfaces in the T3SS needle
assembly. The third dimension significantly increases the
long-range restraint assignment reliability, leading to
additional restraints compared to the previous analysis only
based on 2D spectra (Loquet et al. 2012b). The latter result
confirms previous ssNMR investigations using [1,3-13C]or [2-13C]glycerol as carbon source where long-range distances could be obtained for a microcrystalline protein
using 3D techniques (Castellani et al. 2003).
The here demonstrated approach is simple and sensitive
and therefore likely to be of general use for the rapid
assignment of proteins with highly variable molecular
weights. It will be a valuable approach to tackle larger
filamentous bacterial systems, such as flagellar filaments
(Yonekura et al. 2003).
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