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Atomic model of the type III secretion system needle
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Pathogenic bacteria using a type III secretion system (T3SS)1,2 to
manipulate host cells cause many different infections including
Shigella dysentery, typhoid fever, enterohaemorrhagic colitis and
bubonic plague. An essential part of the T3SS is a hollow needle-
like protein filament through which effector proteins are injected
into eukaryotic host cells3–6. Currently, the three-dimensional
structure of the needle is unknown because it is not amenable to
X-ray crystallography and solution NMR, as a result of its inherent
non-crystallinity and insolubility. Cryo-electron microscopy com-
bined with crystal or solution NMR subunit structures has recently
provided a powerful hybrid approach for studying supramolecular
assemblies7–12, resulting in low-resolution and medium-resolution
models13–17. However, such approaches cannot deliver atomic
details, especially of the crucial subunit–subunit interfaces,
because of the limited cryo-electron microscopic resolution
obtained in these studies. Here we report an alternative approach
combining recombinant wild-type needle production, solid-state
NMR, electron microscopy and Rosetta modelling to reveal the
supramolecular interfaces and ultimately the complete atomic
structure of the Salmonella typhimurium T3SS needle. We show
that the 80-residue subunits form a right-handed helical assembly
with roughly 11 subunits per two turns, similar to that of the
flagellar filament of S. typhimurium. In contrast to established

models of the needle in which the amino terminus of the protein
subunit was assumed to be a-helical and positioned inside the
needle, our model reveals an extended amino-terminal domain
that is positioned on the surface of the needle, while the highly
conserved carboxy terminus points towards the lumen.

Wild-type S. typhimurium T3SS needles were obtained by in vitro
polymerization of recombinantly produced full-length PrgI protomers.
The diameter of the resulting needle-like filaments (Supplemen-
tary Fig. 1b) agrees with that of T3SS needles from natural sources3.
The addition of wild-type PrgI protomers also elongated needles of
isolated S. typhimurium T3SSs up to several micrometres in length
(Supplementary Fig. 2), showing the functionality of the recombinant
protein (as previously reported for PrgI* (ref. 18)). Recently we
demonstrated that excellent-quality solid-state NMR (ssNMR) spectra
of PrgI needles can be obtained by 13C spin dilution19, which allowed us
to achieve the complete ssNMR resonance assignment. As determined
from conformation-dependent chemical shifts, PrgI adopts a rigid
conformation (except for Met 1 and Ala 2) comprising four distinct
structural elements (Fig. 1a): an N-terminal extended domain
(Thr 3–Tyr 8), an a-helix (a1) (Leu 9–Ala 35), a loop (Ala 36–Pro 41)
and a C-terminal a-helix (a2) (Ala 42–Arg 80). Very narrow 13C
linewidths (,0.15–0.3 p.p.m.) and the presence of a unique set of
NMR signals exclude the possibility of conformational heterogeneity
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Figure 1 | Structural data from ssNMR. a, Secondary structure analysis.
Positive and negative secondary chemical shifts are indicative of a-helical and
b-sheet structure, respectively. b–f, Collection of ssNMR distance restraints.
b, 13C–13C PDSD spectra of [1-13C]Glc-labelled T3SS needles. c, 13C–13C
spectra of [2-13C]Glc-labelled (in magenta) and [(1/2)-13C]Glc-labelled (in
blue) T3SS needles. Intersubunit restraints can be obtained from the [(1/

2)-13C]Glc-labelled spectrum, for example, Gly 19Ca–Ala 35Cb and
Gly 19Ca–Ala 36Cb. d, 13C–13C spectra of [1-13C]Glc-labelled (in green),
[2-13C]Glc-labelled (in magenta) needles. e, 13C–13C spectra of [(1/2)-13C]Glc-
labelled (in blue) T3SS needles. Intersubunit restraints are encoded in the
[(1/2)-13C]Glc-labelled spectrum: Pro 41Cd–Tyr 8Cb and Ser 39Ca–Tyr 8Cb.
f, 15N–13C PAIN-CP spectrum of [2-13C]Glc-labelled T3SS needles.
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in the wild-type needle state, whereas in X-ray structures of soluble,
C-terminally truncated protein17 or the double-mutant PrgI* (V65A/
V67A)18 the first ,18 N-terminal residues are disordered (Sup-
plementary Fig. 1c). In particular, ssNMR reveals a highly ordered
N-terminal segment (Thr 3–Tyr 8) with unusual chemical shifts that
do not correspond to regulara-helical orb-sheet conformation. A kink
(Val 20–Asn 22) interrupts the helix a1 that is not observed in the
monomeric X-ray crystal structures18. In PrgI* needles, b-strand con-
formation was observed at the C terminus18 (Supplementary Fig. 1c), in
contrast with the wild-type needle preparation. However, the observed
structural differences could represent different functional states of the
filament, as suggested previously6.

The sparse [1-13C]Glc or [2-13C]Glc labelling significantly improves
the quality of 13C–13C ssNMR spectra19, and numerous cross-peaks
can readily be assigned to long-range distance restraints (see Sup-
plementary Figs 3–7 and Methods). The [1-13C]Glc-labelled20 sample
(Fig. 1b) provides many methyl-based long-range restraints. Similarly,
the [2-13C]Glc-labelled21 sample (Fig. 1c) shows excellent spectral reso-
lution in the aromatic region, permitting the collection of unambiguous
restraints. In total, 521 restraints were assigned (including 247 long-
range ones; see Supplementary Table 1 and Methods), including long-
range 15N–13C restraints (detected in a PAIN-CP (proton-assisted
insensitive nuclei cross-polarization) spectrum22; Fig. 1f). Roughly
twice as many unambiguous long-range restraints were found per
residue than in the current benchmark in ssNMR structural studies,
the HET-s prion domain23.

To distinguish intrasubunit from intersubunit distance restraints,
we compared spectra of [1-13C]Glc-labelled, [2-13C]Glc-labelled and
mixed [(1/2)-13C]Glc-labelled PrgI needle samples24 (Fig. 1d, e) and
identified 162 intersubunit and 359 intrasubunit interactions that
together define the overall organization of the T3SS needle assembly
(Fig. 2).

Intrasubunit restraints (Fig. 2, red lines) reveal a helical hairpin
motif in PrgI. The kink segment (Val 20–Asn 22) disrupts the a1–a2
interactions, with no intrasubunit long-range restraints detected for
residues Asp 17–Asn 22 and their counterpart Arg 58–Asn 59. The
N-terminal part of a1 is again interacting with the C-terminal part
of a2. Multiple restraints (Fig. 2, bold lines) were detected between
Leu 9 and Lys 69, the most N-terminal and C-terminal residues that
take part in the helical hairpin motif. No intrasubunit long-range
restraints were detected for the N-terminal (Thr 3–Tyr 8) and
C-terminal (Asp 70–Arg 80) segments, but the high intensity of their
NMR signals19 clearly demonstrates their rigidity and well-defined
structure, indicating that these residues are stabilized through inter-
subunit contacts as described below.

The intersubunit distance restraints (Fig. 2, blue lines) reveal a
lateral interface, mostly formed by helix–helix packing, and an axial
interface. The lateral interface connects neighbouring PrgI subunits by
means of a1–a1 and a2–a2 helix–helix packing in an arrangement in
which the subunits are staggered along the filament axis with an axial
translation of ,24 Å (indicated for example by restraints involving
Ala 60 of one molecule and Ile 76 of an adjacent one). The last five
C-terminal residues that are known to be essential for the needle
formation and infectivity, in particular Ile 76 and Phe 79, are involved
in multiple intersubunit restraints. The central part of a1 helices
(Asp 17–Leu 23, including the kink) interacts with adjacent subunits
through the extended N terminus, in particular the Trp 5 aromatic
ring, and also through the end of helix a1 (Ala 35–Lys 37) of the
adjacent subunit. The ssNMR restraints also reveal strong intersubunit
interactions between the extended N-terminal domain (Thr 3–Tyr 8)
and the loop region (Ala 36–Pro 41), defining the axial packing
between subunits on top of each other (Fig. 2).

According to previous scanning transmission electron microscopy
(STEM) measurements25, the axial rise per subunit in PrgI needles is
,4.2 Å. The intermolecular distance restraints show that laterally
adjacent subunits are axially translated from one turn to the next by

,24 Å, which divided by ,4.2 Å yields ,5.7 subunits per turn. These
values are consistent with a helical arrangement in which roughly 11
subunits are arranged in two turns. To generate three-dimensional
models of the filament, rather than docking preformed monomeric
structures which would not capture possible conformational changes
on assembly, we extended the Rosetta symmetric fold-and-dock pro-
tocol26 to helical symmetry. Starting from a helically arrayed set of
extended polypeptide chains, we optimized the total energy of the
system including the ssNMR restraints and conformation-dependent
chemical shifts by simultaneously sampling both the internal degrees
of freedom of the monomers and the five rigid body degrees of freedom
(the radius of the needle was restrained using the previously published
cryo-electron microscopy map25 ). Models were generated for 9-start,
11-start, 13-start and 15-start helices (see Methods); the 11- start
models had helical parameters more consistent with the STEM data25

and had more favourable ssNMR restraint energies (Supplementary
Table 3).

In an 11-start helical arrangement, interactions between subunits i
and i 6 11 constitute the axial interface, and subunit i is laterally
surrounded by subunits i 6 5 and i 6 6. We used first-round models
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Figure 2 | Architecture of the T3SS needle assembly as determined by
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(in blue) ssNMR distance restraints. Bold lines indicate the detection of more
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generated with only the unambiguous axial and intramolecular
restraints to resolve the (5/6) ambiguities in the lateral restraints in
two successive rounds of structure calculations (Supplementary Fig. 8).
Whereas the inner a2 helices are parallel in the final models, the a1
helices present a cross-fenced pattern that emerges from the inclusion
of two clusters of restraints, one involving Trp 5–Val 20 and the other
Val 20–Ala 36 lateral interactions (Fig. 3; alternative assignments of
these restraints resulted in significantly higher energy structures). The
cross structure is further corroborated by the chemical shift data,
which indicate a kink at Val 20 (Fig. 1a) as well as the lack of long-
range intramolecular restraints for the same residue (Fig. 2). The com-
bination of the ssNMR restraints with all-atom Rosetta refinement
may yield near-atomic resolution; for example, the turn connecting
the two helices has a backbone root mean squared deviation (r.m.s.d.)
to the crystal structure of the monomer of less than 0.5 Å (Sup-
plementary Fig. 8g).

The resulting T3SS needle model (Fig. 3 and Supplementary Fig. 9)
consists of a ,80-Å outer diameter tube with a ,25-Å axial lumen

(Fig. 3b). The N-terminal domain was proposed to be a-helical in
previous studies of the homologous Shigella flexneri needle17,27 and
to form the inner shell of the filament. Our atomic model of the
T3SS needle clearly diverges from this prediction: the N-terminal
domain is not a-helical and is located on the exterior surface of the
needle, not on the inner side.

To corroborate this finding, we performed immunoelectron micro-
scopy on both S. typhimurium cells and needles polymerized in vitro
(Supplementary Figs 10 and 11). S. typhimurium prgI-knockout cells
complemented with prgI fused to an upstream Strep-tag II were
labelled with monoclonal anti-Strep antibodies (Supplementary Figs
11 and 13). The Strep-PrgI is fully functional in HeLa cell invasion
assays of complemented S. typhimurium prgI-knockout cells (Sup-
plementary Fig. 14). Similarly, in vitro needles of an N-terminal His-
tag fusion with wild-type PrgI bind to an anti-His-tag monoclonal
antibody that decorates the exterior surface of such needles (Sup-
plementary Figs 10 and 12b). These results confirm that the PrgI
N terminus is surface-exposed, an arrangement similar to that of the
flagellar filament14, which shares a genetic origin with the T3SS needle.

The rigid extended conformation of the N-terminal residues
reported here clearly differs from previous models. The two aromatic
residues Trp 5 and Tyr 8 form the basis of the axial N-terminal-
domain–loop interface (Fig. 3c). Indeed, in vivo invasion assays show
that the single point mutant Y8A leads to decreased invasiveness of
S. typhimurium (Supplementary Fig. 14), and the double mutation
W5A/Y8A completely abrogates host cell invasion (Supplementary
Fig. 14). Trp 5 also seems to have a crucial function in the lateral i to
i 1 6 interface (Fig. 3d; and W5A/V20A double mutant in
Supplementary Fig. 14). Furthermore, the atomic model reveals that
the lateral i to i 6 5,6 interface strongly involves a2–a2 helix–helix
contacts (Fig. 3e) and that the last C-terminal residues Ile 75, Ile 76
and Phe 79 are essential. This is confirmed by the non-invasiveness of
the I76A/F79A PrgI double mutant (Supplementary Fig. 14). In addi-
tion, we compared S. typhimurium wild-type and prgI-knockout cells
either complemented with wild-type or mutated prgI by using effector
secretion assays and transmission electron microscopy (TEM) of a
negatively stained specimen. The results obtained (Supplementary
Fig. 16) agree well with the invasion assays shown in Supplementary
Fig. 14. SDS–PAGE and western blot analysis showed that the double
mutations (W5A/Y8A and I76A/F79A), but not the single mutations
(W5A and Y8A), abolish effector secretion (Supplementary Fig. 16a, b).
However, the W5A/V20A double mutant can secrete effector proteins,
which is also in agreement with the results previously obtained by
bacterial invasion assays. TEM analysis of these strains confirmed
needles only in wild-type and prgI-knockout cells complemented with
wild-type prgI (Supplementary Fig. 16c, d) but not in the mutant
strains, which might be an indication of decreased needle stability.

Residues conserved between S. typhimurium, Shigella flexneri,
Yersinia pestis and Escherichia coli T3SS needle proteins are mostly
facing towards the lumen (Supplementary Figs 15 and 17). Weakly or
non-conserved residues are exposed to the needle surface and are thus
accessible from outside the pathogen, which could reflect a bacterial
strategy to evade a host-cell immune response. The inner surface of the
channel consists mainly of polar residues (see Supplementary Fig. 18
for the electrostatic surface potential of the T3SS channel). In a similar
manner to the situation in the flagellar filament, the most C-terminal
residue Arg 80 (in flagellin this is Arg 494 (ref. 14)) places a positive
charge into the channel.

Our approach opens an avenue for the investigation of the subunit
interfaces of other homo-oligomeric assemblies at atomic resolution in
their native-like state28–30. For larger or more complex systems, such as
the flagellar filament14, our combination of atomic-level ssNMR struc-
tural restraints and cryo-electron microscopy data could bridge the
gap between X-ray or NMR structures of monodisperse subunits and
cryo-electron microscopy data of the filamentous state.
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METHODS SUMMARY
Sample preparation. 15N-labelled and 13C-labelled PrgI protomers were
expressed in E. coli. Polymerization of purified PrgI was allowed to take place at
room temperature (22 uC) for 1 week.
Solid-state NMR. Experiments were conducted on 14.1-T and 20.0-T wide-bore
Bruker spectrometers at magic angle spinning (MAS) frequencies of ,11 kHz.
13C–13C proton-driven spin-diffusion (PDSD) spectra were recorded with mixing
times as indicated in the main text.
Structure calculation. T3SS needle structures were calculated with a modified
Rosetta fold-and-dock protocol, using a 29-subunit system. The calculations con-
verge within 2.1 Å backbone r.m.s.d.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Expression, purification and polymerization of 15N-labelled and 13C-labelled
wild-type PrgI protein. The synthetic full-length PrgI encoding DNA was pur-
chased from GeneArt and cloned into a modified pET16b vector (Novagen). The
resulting construct codes for a fusion protein with an N-terminal His7 tag followed
by a tobacco etch virus (TEV) protease cleavage recognition sequence that con-
nects it to the PrgI protein sequence. Thus, after protease cleavage the released PrgI
protein contains the non-native N-terminal residues glycine and histidine. The
construct was transformed into E. coli strain BL21(DE3). Expression of labelled
PrgI protein was performed in minimal medium with 15NH4Cl as nitrogen source
and D-[U-13C6]glucose, D-[1-13C]glucose or D-[2-13C]glucose as carbon source.
An overnight minimal medium culture was inoculated 1:25 (v/v) into 1 l of
minimal medium. The culture was shaken at 37 uC until a D600 nm of 0.7.
Protein expression was induced by adding 0.7 mM isopropyl b-D-thiogalactoside;
5 h after induction the cells were harvested and stored at 280 uC.

The cell pellet of a 1-litre expression culture was dissolved in 50 ml of lysis
buffer (100 mM sodium phosphate, 10 mM Tris-HCl, pH 8.0, 8 M urea, 0.5 mM
phenylmethylsulphonyl fluoride (PMSF)) and stirred for 1 h at room temperature.
Subsequently, the suspension was centrifuged for 30 min at 33,000g and the super-
natant was incubated on a rocking shaker for 1 h with 3 ml of Ni21-nitrilotriacetate
(Qiagen) resin that had been pre-equilibrated with the lysis buffer. The resin
suspension was filled into a 10-ml disposable plastic column (Pierce). The column
was washed with 60 ml of lysis buffer and the protein was eluted with 8 3 2 ml of
elution buffer 1 (100 mM sodium phosphate, 10 mM Tris-HCl, pH 5.9, 8 M urea,
0.5 mM PMSF) and 8 3 2 ml of elution buffer 2 (100 mM sodium phosphate,
10 mM Tris-HCl, pH 4.5, 8 M urea, 0.5 mM PMSF). The elution fractions were
analysed on a 17.5% SDS–PAGE gel. Fractions containing the fusion protein were
combined and concentrated with a Vivascience 5-kDa molecular mass cut-off
concentrator (Sartorius Stedim Biotech) to a final volume of 4 ml. Subsequently,
2-ml aliquots of the sample were loaded onto a 8 mm 3 250 mm semipreparative
HPLC column (RP18 Eurospher 100; Knauer) that had been pre-equilibrated with
0.1% aqueous trifluoroacetic acid (TFA). The column was washed with ten column
volumes of 0.1% TFA, and the protein was eluted at a flow rate of 3 ml min21 with
a 150-ml linear gradient of 0–100% acetonitrile/0.1% TFA. The elution peaks were
analysed by electrospray ionization mass spectrometry (ESI-MS). Elution frac-
tions containing the fusion protein without any further detectable impurities were
combined and freeze-dried.

The freeze-dried protein was dissolved in ice-cold water by vortex-mixing and
then incubated for 1 h on ice. Subsequently, using cold stock solutions, the fol-
lowing buffer was adjusted in this aqueous protein solution: 50 mM Tris-HCl,
pH 8.0, 0.5 mM EDTA, 1 mM dithiothreitol, 0.5 mM PMSF. To this buffered
protein solution TEV protease was added at a final ratio of 3 mg of TEV protease
per 100 mg of fusion protein. The digestion was performed for 20 h at 4 uC. The
released PrgI protein was further purified by reverse-phase HPLC as described
above for the fusion protein. Elution fractions containing pure PrgI protein
according to ESI-MS analysis were combined and freeze-dried.

The freeze-dried protein was dissolved at 0.085 mM concentration
(e280 5 10,810 M21 cm21) in ice-cold water by vortex-mixing and dialysed at
4 uC against 20 mM MES, pH 5.5, 0.02% sodium azide. Finally, the sample was
concentrated with a Vivascience 5-kDa molecular mass cut-off concentrator to a
final concentration of 0.1 mM.

The polymerization of the PrgI protein took place by incubation at room tem-
perature for 1 week without shaking the sample. Thereafter the needles were
centrifuged for 30 min at 52,000g. The protein pellet was washed extensively with
20 mM MES pH 5.5 before transfer to the ssNMR rotor.
Invasion assays. HeLa cell invasion assays were performed as described in ref. 18.
In brief, cells were infected with S. typhimurium SL1344 and PrgI mutants at
multiplicity of infection of 10:1 after inducing their expression with 0.2mg ml21

anhydrotetracycline for 1 h. After 20 min of infection, the cells were washed with
PBS, and fresh medium supplemented with 100mg ml21 gentamicin was added.
Cells were incubated for a further 2 h to allow intracellular survival and replication
of bacteria. They were then lysed with 0.1% Triton X-100 and the lysates were
plated on tryptic soy agar plates to count the number of viable bacteria after 16 h.
Secretion assays. Single colonies of S. typhimurium SL1344 and PrgI mutants were
inoculated in Luria–Bertani medium with 0.04mg ml21 anhydrotetracycline and
incubated with shaking at 37 uC for 16 h. The cultures were centrifuged at 4,354g
for 10 min to remove the bacteria. The supernatants were filtered through 0.22-mm
filters and precipitated with trichloroacetic acid. Pellets were washed once with
acetone, dried, resuspended in SDS loading buffer and analysed by SDS–PAGE.
Preparation of cells for electron microscopy analysis. Cultures of S. typhimurium
were grown as described above, and 1 ml aliquots were fixed with 2% para-
formaldehyde for 1 h. The fixed cells were washed once with PBS and resuspended
in 200ml of PBS for electron microscopy analysis.

ssNMR spectroscopy and detection of distance restraints. ssNMR experiments
were conducted on 14.1-T and 20.0-T (1H resonance frequencies of 600 and
850 MHz, respectively) wide-bore spectrometers (Bruker Biospin) equipped with
4 mm triple-resonance (1H, 13C and 15N) MAS probes. Samples were packed in
4-mm MAS rotors, using protein quantities of ,10 mg. Spectra were recorded at
MAS spinning rates of 10.75 or 11 kHz and were calibrated with 4,4-dimethyl-4-
silapentane-1-sulphonic acid (DSS) as an internal reference. The temperature-
dependent position of the water proton resonance was used to measure the
temperature inside the MAS rotor31. All experiments were conducted at a sample
temperature of 278 K. High-power 1H–13C decoupling (SPINAL-64)32 with a
radiofrequency amplitude of 83 kHz was applied during evolution and detection
periods. An initial ramped cross-polarization was used to transfer magnetization
from 1H to 13C with a contact time of 1.5 ms. 13C–13C polarization transfer was
achieved by means of PDSD33 with mixing times as indicated in the text and in the
supplementary figures.

A 15N–13C PAIN-CP spectrum was recorded as described in ref. 19. Total
experimental times were 4–9 days depending on the number of scans (maximum
acquisition times t1 of 12 ms for [1-13C]Glc-labelled and [2-13C]Glc-labelled
samples, and 7 ms for the mixed-labelled sample were used). Distance restraints
with a unique assignment (spectrally unambiguous) were collected in a first round
of analysis (corresponding to ,70% of the total number of restraints) and used to
clarify the assignment of additional ambiguous restraints (with four or fewer
assignment possibilities). Intermolecular distance restraints were first assigned
in the [(1/2)-13C]Glc-labelled sample by direct comparison with [1-13C]Glc-
labelled and [2-13C]Glc-labelled samples, as described in ref. 24. On the basis of
this first set of restraints, additional intermolecular distances were later identified
in spectra of the [1-13C]Glc-labelled and [2-13C]Glc-labelled samples.
NMR spectra were analysed with CcpNmr34.
Modelling. A modification of the fold-and-dock protocol26, now part of the
standard Rosetta 3.3 distribution, was used for all model calculations. All symmetric
subunits within the needle helix are treated explicitly in a 29-subunit system. The
protocol consists of backbone fragment insertion trials that are replicated among
symmetric subunits and symmetrical rigid body trials of adjacent subunits using a
coarse-grain representation of the system, followed by side-chain packing and all-
atom refinement of the side chain, backbone and rigid body degrees of freedom,
using a physically relevant energy function35.

The chemical shift assignments of the backbone 15N and 13C atoms from
ssNMR experiments were used to bias the selection of overlapping three-residue
and nine-residue fragments of backbone conformations. Using these fragments
and the intrasubunit and intersubunit restraints, we performed a series of model
calculations, starting from a helix of extended chains. A pseudo-energy term was
used to restrain the calculations according to the agreement with the experimental
distances, while optimizing the Rosetta energy function. ssNMR cross-peaks were
converted to internuclear C–C and C–N distance restraints with an upper limit of
5 Å and a penalty that grew exponentially with distance.

Intersubunit distance restraints were first classified into two categories: the
‘axial’ restraints corresponding to i to i 6 11 (equivalently i to i 6 n for an n-start
arrangement in the more general case) intersubunit interactions and the ‘lateral’
restraints corresponding to i to i 6 5/6 intersubunit interactions. The resolution of
(5/6) ambiguities was made through the manual identification of self-consistent
clusters of contacts between subunits i and i 1 5 or between subunits i and i 1 6.

In detail, this was done in three stages. In stage I, using the axial and intrasubunit
restraints alone, we identify two clusters of helical arrangements (Supplementary
Fig. 8b). The first cluster corresponds to a left-handed helix of 5.6 subunits per turn
that showed lateral interactions between subunits i to i 1 5 and i to i 1 6, and the
second cluster is a right-handed helix with 11 subunits per turn that shows lateral
interactions between subunits i to i 2 1 and i to i 1 1. This model is in disagree-
ment with the estimates of subunits per turn of ,5.6 from STEM and ssNMR data
(see the text). We therefore focus on the first cluster, using which we can easily
assign two sets of lateral ssNMR restraints that report on the i to i 1 5 and i to i 1 6
interfaces between the inner (C-terminal) helices (Supplementary Fig. 8a). Using
the axial, intrasubunit and the stage I assigned lateral restraints we perform a
second set of calculations, one for each helical handedness as the same lateral
interactions can be satisfied by a right-handed helix and by a left-handed helix
(stage IIR and stage IIL). This is done by keeping the axial and intersubunit inter-
actions fixed but interchanging the restraints assigned for the i to i 1 5 and i to
i 1 6 interfaces (Supplementary Fig. 8d). Using this second round of models we
can further assign two clusters of restraints that correspond to lateral interactions
connecting the outer helices (Supplementary Fig. 8c). This corresponds to two
clusters of interactions involving W5 from subunit i 1 11 and A36 from subunit i
with the V20 kink region of subunit i 1 6 in the left-handed model, shown with
red and yellow dashes, respectively, in Supplementary Fig. 8c. A final stage of
calculations is then performed using all assigned lateral restraints for each helix
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(right-handed and left-handed) and the resulting ensembles are reported as the
final models. The calculations converge within 2.1 Å backbone r.m.s.d. for the
right-handed and 2.3 Å r.m.s.d. for the left-handed model (Supplementary Fig.
8e, f). Both models satisfy the experimental restraints with a minimal number of
violations, although the right-handed model shows more favourable restraint and
interface energies. Furthermore the two ensembles show very similar helical para-
meters (number of subunits per turn, radius and axial rise) and also full-atom
interface energies (Supplementary Table 2). We note that the central part of the
needle protein (Leu 34–Leu 43) is highly conserved between our atomic model and
the crystal structure of PrgI* (ref. 18) (Supplementary Fig. 8g).

The radius of the needle was restrained during each calculation by using a
pseudo-energy function that measures the correlation of the whole model to the
previously published cryo-electron microscopy map25. In all calculations, no
assumptions were made about the helical parameters of the needle (that is, the
degree of angle rotation and unit translation along the helical axis). Instead, these
parameters emerge in the final structural ensemble according to the interpretation
of the intermolecular interactions. Calculations are repeated for different inter-
pretations of the intersubunit distance restraints according to 9-start, 13-start and
15-start helical arrangements in addition to the 11-start presented here. These

complementary calculations result in converged structural ensembles with similar
axial and lateral interfaces but involving interactions between different symmetry-
related monomers and helical parameters (Supplementary Table 3). Although no
unambiguous distinction can be made between these geometries in terms of
agreement with the ssNMR distance restraints alone, the symmetry considerations
presented in the main text suggest that the 11-start arrangement agrees better with
the complementary STEM measurements. This was the basis for selecting the 11-
start needle as the final model.
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