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CONSPECTUS

E ssential biological processes such as cell motion, signaling,
protein synthesis, and pathogen—host interactions rely on
multifunctional molecular machines containing supramolecular
assemblies, that is, noncovalently assembled protein subunits.
Scientists would like to acquire a detailed atomic view of the
complete molecular machine to understand its assembly process
and functions. Structural biologists have used various approaches
to obtain structural information such as X-ray crystallography,
solution NMR, and electron microscopy. The inherent insolubility
and large size of these multicomponent assemblies restrict the use
of solution NMR, and their noncrystallinity and elongated shapes
present obstadles to X-ray crystallography studies. Not limited by
molecular weight or crystallinity, solid-state NMR (ssNMR) allows
for structural investigations of supramolecular assemblies such as
helical filaments, cross-g fibrils, or membrane-embedded oligomeric proteins.

In this Account, we describe recent progress in the application of sSNMR to the elucidation of atomic structures of
supramolecular assemblies. We highlight ssNMR methods to determine the subunit interfaces in symmetric arrangements. Our use
of [1-"3C]- or [2-"C]-glucose as a carbon source during bacterial protein expression results in significant C spin dilution that
drastically improves the spectral quality and enables us to detect meaningful structural restraints. Moreover, we can unequivocally
determine intermolecular restraints using mixed [(1 :1)1-13C/2-‘3C]-glucose labeled assemblies. We recently illustrated the power
of this methodology with the structure determination of the type IIl secretion system (T3SS) needle.

One crucial aspect in elucidating the atomic structure of these large multicomponent complexes is to determine the
subunit—subunit interfaces. Notably, we could probe the needle subunit interfaces by collecting '3C—"3Cintermolecular restraints.
In contrast, these interfaces are not accessible via high-resolution cryo-EM. This approach is readily applicable to other
supramolecular assemblies containing symmetrically repeating protein subunits, and could be combined with other techniques to
get a more complete picture of multicomponent structures. To determine near-atomic structures of assemblies of biological
interest, researchers could combine ssSNMR data collected at the subunit interfaces with the envelope obtained from cryo-EM and
potentially with monomeric subunit crystal structures.
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1. Introduction

Single- or multicomponent protein assemblies are intri-
guing systems that are implicated in a variety of pathologi-
cal phenomena ranging from bacterial and viral invasion
with the help of nanomachines, such as the type Il secre-
tion system (T3SS), to neurodegenerative disorders accom-
panied by amyloid aggregates as a constituent of brain
deposits. These molecular complexes are built up by the
noncovalent assembly of up to several hundred copies of a

2070 = ACCOUNTS OF CHEMICAL RESEARCH = 2070-2079 = 2013 = Vol. 46, No. 9

single polypeptide subunit, for example, in the case of the
T3SS'2 needle, F-actin,? the flagellar filament* or amyloid
fibrils formed by the aggregation of a-synuclein or Ag.
Sophisticated molecular machines often contain multiple
different protein assemblies, for example the nuclear pore
complex, the T3SS basal body and the ribosome.

As neither solubility nor crystallinity is required for solid-
state nuclear magnetic resonance (ssNMR) studies, large
filamentous structures, such as bacteriophages,>® the HIV
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capsid,”® or the secretion system needles*® are directly

accessible to magic-angle spinning (MAS) ssNMR structural
investigations at atomic detail. Over the past decade, several
studies of supramolecular assemblies using ssSNMR have
been reported. Due to their significant role in the propaga-
tion of neurodegenerative diseases, noncrystalline amyloid
fibrils are well-studied by ssSNMR techniques. Amyloid fibrils
are unbranched, stable objects of ~10—50 nm diameter
with lengths of up to several micrometers. A common
feature of amyloid fibrils is the observation of a “cross-5”
pattern in X-ray fiber diffraction measurements. Pioneering
studies by the groups of Griffin and Meredith'®'" have
demonstrated that sSNMR can provide structural insights
into the amyloid architecture. The location of f-strand
regions, the spatial intramolecular arrangement between
p-strands, the intermolecular hydrogen-bond registry, and
the supramolecular arrangement (i.e., parallel vs antiparallel)
are structural aspects accessible to sSNMR measurements.
For instance, fibrils from Alzheimer's disease related AfS
peptide were extensively studied by Tycko and co-
workers'#'® and more recently by Bertini et al.'* and Reif
and co-workers,'® and several structural models have been
generated on the basis of ssSNMR results.'?~ ' Many other
amyloid fibrils, including the ones involved in Parkinson's
disease formed by a-synuclein,'®2° Alzheimer's disease
implicated tau paired helical filaments,'*? functional hydro-
phobin amyloids,?® the human prion protein in amyloid
conformation®* and several yeast*>—>° or fungal®' prions
in fibrillar form were investigated on the atomic level.
Other large filamentous structures are of great interest in
modern structural biology, for instance, those involved in
host—pathogen interactions, that is, in bacterial secretion
systems with needles and pili or in filamentous phages. A
schematic view of the T3SS, a bacterial secretion machinery,
is presented in Figure 1. The complete machine comprises a
membrane-embedded basal body, an extracellular compo-
nent called the needle and a translocation pore formed in
the host membrane. Understanding the assembly process
and the functional aspects of such assembled machines will
be helpful to develop strategies against bacterial infection,
phage invasion, and so forth. Considering the complexity of
the complete object, the “divide-and-conquer” strategy is a
promising approach that relies on separately studying the
subcomponents, that is, for example, the needle in isolation.
Furthermore, the structure of the isolated monomeric needle
protein subunit can be solved at atomic resolution using
X-ray crystallography or solution NMR, followed by its
docking into the envelope of the supramolecular assembly
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FIGURE 1. Schematic illustration of the bacterial type Ill secretion
system (T3SS) architecture. The T3SS needle is represented by spherical
carbon and nitrogen atoms, adapted from the ssNMR structure.?

provided by cryo-electron microscopy (cryo-EM). However,
this approach has several limitations, as the subunit structure
is determined in a monomeric and monodispersed state that
does not reflect the conformational changes required during
the molecular assembly, which can lead to inaccuracies in the
determined assembly structure. Moreover, despite impressive
recent improvements in cryo-EM methodology,? the resolu-
tion of the map remains too limited to visualize the subunit—
subunit interfaces at the level of atomic details.

Revealing the atomic structures of supramolecular as-
semblies is a challenging task for structural biology, and the
need of an alternative method to study these intrinsically
noncrystalline and insoluble objects has promoted sSNMR
over the past decade to a method of choice.?>' This tech-
nique allows for structural and dynamical investigations of the
assembled entity (i.e., polymerized, fibrillized, or aggregated).
Recent ssNMR developments allowed for structural studies on
systems with growing complexity. However, protein structure
determination remains a formidable task. We review in the
following the defiance in investigations of supramolecular
assemblies and the tools for detecting valuable long-range
distances and for determining the multiple interfaces encoun-
tered in supramolecular assemblies. We summarize the cutting
2070-2079
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FIGURE 2. (A) '3C free induction decay of a "H—"3C cross-polarization (CP) experiment recorded on [1-'3C]-glucose-labeled T3SS Prgl needles. (B)
TH—"3C CP spectrum of [1-'3CJ-glucose-labeled T3SS Prgl needles. (C) Electron micrograph of T3SS Prgl needle used for the ssNMR analysis. (D) Two
dimensional '3C—"3C PDSD spectrum (zmix = 50 ms) of [U—"3C]-glucose-labeled T3SS Prgl needles; a 1D trace for Pro4 is shown.

edge methodological advances to determine local structures
and the global architecture in these complex systems. As a
benchmark, we will illustrate the case of the structure determi-
nation of the T3SS needle.?

2. ssNMR Investigations of Supramolecular
Assemblies

2.1. High-Resolution ssNMR Spectroscopy of the T3SS
Needle. The T3SS needle is the extracellular component of
the T3SS machine. Discrete and coordinated steps are in-
volved in the assembly of this machine. The construction
starts with the assembly of the basal body subcomponents
into several ringlike structures. The base is anchored in both
bacterial membranes, and once assembled starts to secrete
the needle protein subunit (Prgl for the Salmonella typhimur-
ium T3SS) that is able to self-polymerize intoa ~100 nm long
and 8 nm wide hollow filament. Once in contact with a host
cell, the T3SS starts to secrete translocator proteins that form
a translocation pore in the host cell membrane. In the
completed, intact T3SS (Figure 1), the needle forms the
connecting channel through which bacterial effector pro-
teins are injected into the host cell. For the structure deter-
mination of the T3SS needle, an in vitro preparation of needles
was employed,? based on the overexpression, purification,
2072 = ACCOUNTS OF CHEMICAL RESEARCH
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and polymerization of the protein subunit Prgl. Specific isotopic
labeling strategies can be envisaged as described in sections
2.2 and 2.3. By concentrating the Prgl solution after purification
to 0.1 mM, self-polymerization takes place, producing long
filamentous needles (shown in Figure 2Q) that resemble nat-
ural T3SS needles in diameter but are much longer since no
mechanism is active that would restrict the needle length as in
the context of full T3SSs with a base and a tip. The preparation
was carried out on wild-type Prgl protein, contrary to previous
studies involving Prgl mutants in which the last five C-terminal
residues were truncated? or which involved specific mutations
in the C-terminus,’ to render the subunit monodispersed or
soluble for X-ray crystallography or solution NMR studies,
respectively. The long in vitro needles form a gel-like sample
that is centrifuged into a pellet and then filled into an ssSNMR
rotor. When protein subunits are assembled in a symmetric
arrangement, a crystal-like degree of order between the sub-
units can be reached leading to extraordinarily high sSNMR
spectral resolution. For the S. typhimurium T3SS needle, the
free-induction decay after a cross-polarization transfer is ex-
ceptionally long (Figure 2A), with the '3C signal dearly visible
after 30 ms of acquisition, reflecting a high structural homo-
geneity. The resulting '>C-detected ssNMR spectra exhibit
excellent spectral resolution (Figure 2B), with '3C line-widths
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FIGURE 3. Excerpts of 2D '>C—"3C planes from a 3D '>N—"3C—"3C spectrum (magenta, 7,ix = 850 ms) superimposed with a 2D '>C—"3C PDSD
spectrum (gray, Tmix = 850 ms) recorded on [2- 3C]-glucose-labeled T3SS Prgl needles.

of ~70 Hz (~0.3 ppm on an 850 MHz spectrometer) in a
uniformly labeled sample.® As illustrated by the two-dimen-
sional '3C—"3C proton-driven spin-diffusion (PDSD) spectrum
(tmix= 50 ms) (Figure 2D), a single set of resonances is observed
for the 80 amino acid protein Prg], indicating the presence of a
unique subunit structure in the needle assembly. Such excel-
lent spectral quality is comparable to other noncrystalline
systems studied by ssNMR, such as the HET-s prion domain®'
or human o-synudein fibrils."®

2.2. '3C Spin Dilution Approach. The congestion of
ssSNMR spectra is a major limiting factor when aiming at an
accurate and robust spectral analysis. A straightforward
approach to circumvent the spectral crowding observed in
uniformly labeled protein spectra, consists of the use of '3C
spin dilution. By preparing T3SS needles for which the
subunits were recombinantly expressed using [1-'3C|- or
[2-1 3C]-glucose as carbon sources, we recently achieved very
well-resolved '3C ssNMR spectra (full line-width at half
height < 0.15 ppm;'®33 limited by the length of the free
induction decay). The use of selectively '3C-labeled glucose
as carbon source during heterologuous protein expression
creates a near-alternate '>C labeling pattern,3*35 similar, but
not identical, to the patterns that can be obtained from
[1,3-"3C]- or [2-'3C]-glycerol sources.>6~38 By removing the
majority of the one-bond dipolar and J-couplings, [1-'3C]-
and [2-'3CJ-glucose labeling improves the spectral resolu-
tion by a factor of ~2 or larger as measured on the T3SS
needle.?® As ~50% of the positions are '3C labeled,>*3" the
number of possible '*C—"3C correlations is reduced by a
factor of ~4. '3C—"3C correlations allow for rapid spin-
system identification in the initial stage of the sequential
assignment. The reduced number of labeled sites in [1-'3C]-
or [2-'3(]-glucose based samples (and similarly in [1,3-'3C]-
or [2-'3C]-glycerol-labeled samples®”) alleviates the spectral
overlap, and allows for the assignment of sequential and
medium-range correlations with high confidence, as achieved,
for example, with 200 and 400 ms PDSD spectra of the T3SS

needle.®* Moreover, the observed biosynthetic pathway for
[2-'3C-glucose has allowed us to propose a method® to
unambiguously obtain the stereospecific assighment of the
prochiral methyl groups of valine and leucine residues. PDSD
spectra recorded with a mixing period of 850 ms allowed to
detect numerous isolated cross-peaks using [1-'3C- and
[2-'3C]-glucose-labeled samples, leading to ~250 long-range
restraints.? An additional benefit of selectively labeled proteins
is the enhanced polarization transfer compared to uniformly
labeled systems, for which the polarization is split due to
numerous possible transfer pathways, leading to an overall
decrease of the cross-peak intensities. A simple and robust
ssNMR pulse sequence such as PDSD is well-suited for ' 3C spin-
diluted samples, as it results in broad-band polarization transfer
and does not require any 'H irradiation during the long mixing
period used to collect long-range restraints.

We proposed recently an assighnment method based on
bidirectional polarization transfer, as illustrated with a 200 ms
PDSD spectrum used to obtain Coy—Coy 1 correlations.®® An
alternative approach to obtain heteronuclear bidirectional
T5N,—"3CX,..; connectivities is based on PAIN-CP,*°® which is
relatively insensitive to dipolar truncation*® since it relies
on a second-order recoupling mechanism.

The discussed approach is applicable to larger or more
complex assemblies, finally limited by the size of the protein
subunit and its intrinsic line-width imposed by the degree of
structural homogeneity. In order to prepare the application
to larger systems, we have recently proposed*' a 3D exten-
sion of our approach that can resolve remaining ambigu-
ities. The implementation employs a standard NCoCX
(SPECIFIC-CP,** PDSD) experiment which is particularly effi-
cient to perform the sequential assignment, as it provides
bidirectional N;—Ca;—Caxq connections. With longer PDSD
mixing times, it is also suitable for the detection of long-
range correlations. Three 2D strips of a 3D NCo.CX spectrum
recorded on T3SS needles are shown in Figure 3. S13, S52,
and Y54 exhibit very similar Ca frequencies, but their contacts
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FIGURE 4. Head-to-tail helical architecture of the type Ill secretion system (T3SS) needle,? shown in a side perspective and a top view. (A) Axial rise per
subunit fromito i & 1. (B) Lateral interface between subunits i and i & 5. (C) Lateral interface between subunits i and i + 6. (D) Axial interface between
subunits iand i & 11, corresponding to an 171-start helical arrangement. (E) Axial head-to-tail interface involving the head (loop region A36-D40) and

the tail (extended N-terminal domain W5-Y8).

can easily be distinguished with the additional dispersion
provided by the '>N dimension. The 3D approach allows to
speed up the sequential assignment and to collect structural
restraints that are ambiguous in 2D spectra.*' Similar results
have also been obtained for the detection of long-range
restraints in a microcrystalline protein by means of [1,3-'3C]-
and [2-"3C]-glycerol-labeled samples.*?

2.3. Supramolecular Architectures and Intermolecular
Interfaces Determined by ssNMR. Biological nanoma-
chines such as the T3SS are governed by the hierarchical
organization of substructures that are responsible for func-
tional competences such as specific target recognition, pro-
tein secretion, effector protein export or signal transduction.
Although their functions differ considerably, these assem-
blies require several similar propetties, such as a rapid and
efficient molecular assembly, structural plasticity, and a high
mechanical stability to keep their structural integrity in
diverse environments such as lipid membranes or the ex-
tracellular space. To ensure these properties, a high degree
of symmetry is required in the architecture. Figure 4 depicts
the architecture of the T3SS needle, based on ssNMR dis-
tance restraints®> and mass-perlength (MPL) measurements
using scanning transmission electron microscopy (STEM).** In
a head-to-tail helical architecture, all subunits share the same
orientation relative to the needle filament axis. Hydrophobic

2074 = ACCOUNTS OF CHEMICAL RESEARCH = 2070-2079 = 2013 = Vol. 46, No. 9

interactions between the head (corresponding to the loop
region A36-D40 in Prgl) and the tail (the extended N-terminal
domain W5-Y8) stabilize the T3SS needle assembly (Figure 4E).
Besides, the presence of lateral interactions is required to
maintain the helical architecture. The head-to-tail interac-
tions, as illustrated in Figure 4, are called the “axial interface”
(Figure 4D and E), in contrast to the “lateral interfaces”
(Figure 4B and Q). According to the MPL measurements,*
the axial rise per subunit is ~4.0-4.4 A. This distance
corresponds to the axial rise between subunits j and i + 1
in Figure 4A. Based on the subunit structure derived from
intramolecular sSNMR restraints and on the intermolecular
restraints involving the lateral interface, an axial translation
of ~24 A could be extracted, corresponding to the axial rise
between subunitsiand i £ 5/6 in Figure 4B and C. These two
values give a number of subunits per turn of ~5.7, consistent
with an 11-start helical arrangement, where the subunits
iandi+ 11 are adjacent at the axial interface (Figure 4D). We
note that the distinction between the two lateral interfaces
(itoi+5anditoi=+ 6)is not possible on the basis of sSSNMR
restraints alone. A first round of modeling carried out with
the program Rosetta®> was used to resolve this ambiguity.
Then the three intermolecular interfaces could be determined
at the level of atomic details by the collection of sSNMR
restraints. The recently reported high-resolution cryo-EM data



of the T3SS needle (map obtained at a resolution of 7.7 A*®)
does not exhibit sufficient resolution to provide such detailed
information.

A straightforward NMR approach to identify the residues
at the intermolecular interface in protein complexes relies
on the detection of chemical shift perturbations between the
monomeric subunits and the subunits in the context of the
complex. The mapping of the perturbation can be translated
into semiquantitative structural information, such as used in
the program Haddock.*” Chemical shift mapping is particu-
larly useful to study the binding of a single molecule and has
already been applied in sSNMR for example in the context of
an ion channel—scorpion toxin complex*® or the binding of
Congo Red to HET-s amyloid fibrils.*° However, the sparse
information obtained cannot reveal the subunit—subunit
interfaces at atomic detail. In the case of a homo-oligomeric
assembly such as the T3SS needle, the needed information
has to come from intermolecular distance restraints that
report on subunit—subunit interfaces.

In such symmetrical supramolecular assemblies, all sub-
units exhibit the same structure and experience the same
environment in the assembly. This type of assembly gen-
erates a single set of sSNMR resonances. Thus, cross-peaks
encoding for long-range information can in principle result
from intra- as well as intersubunit polarization transfer. Solution
NMR methods to study protein—protein interactions® rely on
the use of an asymmetric isotopic labeling strategy to remove
the ambiguity of intra/intermolecular assignments. A first ap-
plication in ssNMR>" (Figure 5A) employed equimolar mixtures
of subunits that were exdlusively labeled either with '>N or with
13C ([(1:1)U-"3C/U—"N]). We recently reported 2D '"N—"3C
correlation spectra of the T3SS needle labeled with [1-'3C- or
[2-'3C]-glucose sources,>® based on the PAIN-CP scheme. Fol-
lowing the mixed '3C/'>N approach, samples such as
[(1:1)U-"°N/1-"3Cglucose] and [(1:1)U-">N/2-"3C-glucose]
(Figure 5B and G, respectively) could in principle also be used
to extract intermolecular ' >N—"3C distances. A similar approach
was reported by Griffin and co-workers for glycerol labeling
schemes,®? with a [(1:1)U—"°N/2-'3C-gylcerol] sample. How-
ever, such approaches suffer from the low sensitivity of experi-
ments based on '>N—"3C dipolar recoupling and from the small
5N spectral dispersion, leading to a high degree of assignment
ambiguity. In order to circumvent these limitations, we pro-
posed an alternative approach'® solely based on '3C—'3C
SSNMR spectroscopy to measure unambiguously intermolecu-
lar restraints. This approach is illustrated in Figure 5D. It relies
on an equimolar mixture of [1-'3C- and [2-'3C]-glucose-
labeled subunits, that is, a [(1:1)1-'>C/2-"3C]-glucose sample.
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FIGURE 5. ssNMR isotopic labeling strategies to detect intermolecular
subunit—subunit restraints in supramolecular assemblies. Equimolar mix-
ture of (A) uniformly >N and "3C-labeled subunits ([(1:1)U—"3C/U—"°N]),
(B) uniformly ">N and [1-'3C]-glucose-labeled subunits ([(1:1)U—">N/
1-"3C-glucose]), (O uniformly ">N and [2-'3(]-glucose-labeled subunits
([(1:1)U-"°N/2-"3*C-glucose]), and (D) [1-"3*C]-glucose and [2-'3C]-glucose-
labeled subunits ([(1:1)1-'3C/2-'3C]-glucose). (E) Diluted mixture of uni-
formly ['°N/'3CJ-labeled and natural abundance subunits.

The labeling pattemns of amino acids derived from [1-'3C]-
glucose and [2-'3CJ-glucose precursors are in many cases
complementary; that is, carbon atoms that are unlabeled in a
[1-'3C-glucose sample are labeled in the [2-'3C]-glucose sam-
ple and vice versa. Provided that this complementarity condi-
tion is fulfilled, unambiguous intermolecular contacts can be
obtained.

This method was applied by us to study the different
intermolecular interfaces in the T3SS needle.? As an example,
Figure 6A shows the intermolecular contacts between Y8Cj
(subunit /) and S39Ca, D40Co, and P41Co (subunit i-11). As
expected from the labeling pattern (Figure 6B), the spectrum
of [2-"3CJ-glucose labeled Prgl needles shows none of the
Y8CS-S39Ca, Y8CB-D40Ca, and Y8CH-PA41CH contacts, the
spectrum of [1-'3C]-glucose labeled Prgl only exhibits the
contact Y8C5-D40Ca, whereas the experiment on mixed
(I(1:1)1-"3C/2-"3C]-glucose) labeled Prgl discloses all three
proximities, defining Y8C3-S39Ca and Y8CS-P41Co unam-
biguously as intermolecular contacts.

An alternative approach to heterogeneous isotopic label-
ing as discussed above is the use of isotopic dilution, that is,
the dilution of uniformly (or selectively) labeled subunits into
an unlabeled subunit background (Figure 5E). Consequently,
the cross-peak intensities of subunit—subunit correlations
are reduced relative to intrasubunit ones. Thus, by compar-
ing 2D '3C—"3C spectra recorded on uniformly labeled and
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FIGURE 6. (A) Excerpts of '3C—"3C spectra of [1-'3C]-glucose- (in green), [2-' 2C|-glucose- (in magenta), and mixed [(1:1)1-'3C/2-"3CJ-glucose- (in blue)
labeled T3SS Prgl needles. $39Ca-Y8CS and P41Co-Y8CS cross-peaks encode intermolecular proximities. (B) '3C positions labeled in S, D, P, and Y
residues. Highlighted in yellow are atoms which are involved in the contacts displayed in (A).
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FIGURE 7. (A) Atomic model of the T3SS Prgl needle.? (B) Zoom on the axial interface between subunitsiand i+ 11.(C) "H—"3CINEPT spectrum of Prgl
needles. N-terminal glycine and histidine non-native residues are present after protease cleavage of the His-tag used for purification. (D) Axial
interface between subunits i and i + 11, with dashed lines representing ssSNMR restraints (red and blue for intra- and intermolecular distances,
respectively).
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on diluted samples, cross-peaks encoding for intermolecular ~ that allows to discard intermolecular contacts in microcrys-
interactions can be identified. A ratio of 1:4 labeled:unla-  tals of the SH3 domain’ without concomitant loss of too
beled proteins was shown to be an adequate compromise  much sensitivity, and a ratio of 1:2.5 was used in the

2076 = ACCOUNTS OF CHEMICAL RESEARCH = 2070-2079 = 2013 = Vol. 46, No. 9



structure determination of the HET-s prion domain in its
amyloid state.?’

3. Toward Atomic Resolution Structures of
Supramolecular Assemblies: The Salmonella
typhimurium T3SS Needle

Near-atomic resolution structures of insoluble proteins can be
calculated as demonstrated for microcrystalline samples”>3~57
and several 3D models of fibrillar assemblies'>~'%3! have been
reported using sSNMR-derived distance restraints. Based on the
13C spin dilution approach, we have determined an atomic
model of the S. typhimurium T3SS needle? (Figure 7A). A set of
PDSD spectra with long mixing time (z,x = 850 ms) of the
[1-'3C- and [2-'3C-glucose-labeled needles provided 359 in-
trasubunit distance restraints. Prgl in the assembled state
adopts a helical hairpin motif with a rigid extended N-terminal
domain comprising residues P4—Y8. The first two residues
(Met1 and Ala2) are flexible and therefore detectable in a 2D
TH—"3C INEPT experiment (Figure 7C), while T3 is observed in
both INEPT- and CP-based spectra. The observation of a rigid
extended N-terminal domain was unexpected, as these resi-
dues, not observed in the X-ray crystal structure, presumably
due to disorder, were modeled in a-helical conformation in
previous models*® of Shigella flexneri T3SS needles. Moreover,
in the same study,*® a part of the Cterminal helix was
proposed to adopt a small s-hairpin conformation, in order
to fit the high-resolution (7.7 A) cryo-EM map. This g-hairpin
motif is not observed in the ssNMR T3SS structure. Further-
more, 162 subunit—subunit restraints were detected in stage ()
using the mixed [(1:1)1-'3C/2-"3(]-glucose-labeled sample as
presented in section 2.3, and then in stage (1) also with the help
of the [1-"3>Cl-glucose and [2-'>C]-glucose-labeled samples.
They reveal the subunit—subunit interfaces at atomic detail,
exemplified with the axial interface between subunits i and
i+ 11 in Figure 7B and D. In addition to the differences in
secondary structure in the N-terminal domain and the C-term-
inal helix between our ssNMR atomic model? and the cryo-EM
based model,* also the global architecture of the T3SS needle
differs considerably: the N-terminal domain is postulated to
face the lumen in the cryo-EM model, whereas it is located on
the outer surface of the needle in the ssSNMR structure. To
corroborate the placement of the N-terminal domain as found
in the ssNMR-distance based atomic model, immunogold
labeling experiments were performed both in vitro and in vivo
(i.e., directly on Salmonella typhimurium cells). His- or Strep-tags
were added at the N-terminal domain, recognized by antibo-
dies that can be visualized using EM. These experiments
proved unequivocally that the N-terminus decorates the
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needle surface.? In addition to the immunolabeling experi-
ments, mutagenesis data showed that mutations of essential
residues identified in the ssNMR structure disrupt the needle
assembly and abrogate host cell invasion in vivo. Such experi-
ments are important because they show the relevance of in
vitro structural data for representing the situation in vivo: in the
context of needles in complex with a T3SS base in Salmonella
cells. Moreover, we have very recently reported®® that the
ssNMR atomic model of the Salmonella typhimurium T3SS
needle? fits well into the high-resolution cryo-EM map (7.7 A)
published by the group of Namba and co-workers,*® providing
an independent validation of the sSNMR structure.

4. Concluding Remarks

ssNMR constitutes a powerful technique to structurally in-
vestigate biological supramolecular assemblies at atomic reso-
lution. Notably, the collection of subunit—subunit intermolecular
ssNMR distance restraints offers the unique possibility to eluci-
date the supramolecular interfaces at atomic resolution.

A combined approach, based on ssNMR restraints and
complemented by immunolabeling expetiments and MPL
measurements (from STEM*%), has enabled us to solve the
structure of the T3SS needle in the assembled state. Multiple
copies of Prgl subunits in a highly symmetrical helical assembly
constitute the needle, which is inaccessible to solution NMR
and crystallographic studies but represents a perfect target for
high-resolution ssNMR studies. Combining [1-'3C]-glucose-,
[2-"3C]-glucose-, and mixed [(1:1)1-"3C/2-"3C]-glucose-labeled
samples, we obtained numerous unambiguous intra- as well as
intermolecular restraints.

We anticipate that a similar approach will be very useful
for the investigations of other protein assemblies® 2 includ-
ing assemblies that are more complex than the T3SS needle,
for example, the flagellar filament.* For these systems, the
larger size of the protein subunit would require the com-
bined use of 3D ssNMR and '3C spin dilution to collect
atomic information, as well as more detailed information
about the global architecture, ideally provided by recent
improvements in high-resolution cryo-EM.*®
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