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Structural Insights into
the Assembly of the Type lli
Secretion Needle Complex

Thomas C. Marlovits,? Tomoko Kubori,?2 Anand Sukhan,?*
Dennis R. Thomas,? Jorge E. Galan,? Vinzenz M. Unger{

Type Il secretion systems (TTSSs) mediate translocation of virulence factors
into host cells. We report the 17-angstrom resolution structures of a central
component of Salmonella typhimurium TTSS, the needle complex, and its
assembly precursor, the bacterial envelope—anchored base. Both the base and
the fully assembled needle complex adopted multiple oligomeric states in vivo,
and needle assembly was accompanied by recruitment of the protein Prg] as a
structural component of the base. Moreover, conformational changes during
needle assembly created scaffolds for anchoring both Prg) and the needle
substructure and may provide the basis for substrate-specificity switching

during type Il secretion.

Type II secretion systems (TTSSs) are
central to the virulence of many Gram-
negative bacteria pathogenic for animals
and plants (/, 2). In addition to the needle
complex (3), which is the core component of
these systems, TTSSs are composed of more
than 20 proteins, including a highly con-
served group of integral membrane proteins,
a family of customized cytoplasmic chaper-
ones, and several accessory proteins (I, 2),
placing TTSSs among the most complex
protein secretion systems known. In S.
typhimurium, the needle complex is formed
by a base and a filamentous needle, com-
posed of a single protein, Prgl, that projects
~50 nm from the bacterial surface (Fig. 1, A
and B) (3). The base is formed by InvG,
PrgH, and PrgK (4) and features four distinct
rings, two associated with the outer mem-
brane (OR1 and OR2 in Fig. 1A) and another
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and is believed to provide a conduit for the
direct transport of proteins from the bacterial
cytoplasm to the host cell. Here, we have
used electron cryomicroscopy to visualize
the detailed structural organization of the
S. typhimurium needle complex, as well as
structural changes that occur during the last
step of its assembly.

Quantitative amino acid analysis revealed
that the components of the base, InvG:
PrgH:PrgK, were present in 1:1:1 molar ra-
tios [fig. S1 (6)], suggesting that the three
proteins were structurally linked by a shared
rotational symmetry. Our attempts to deter-
mine this symmetry by labeling the base
with antibodies or gold, as well as by
scanning transmission electron microscopy
analysis, all yielded ambiguous results (7).
Moreover, the resolution in several recon-
structions stalled at ~30 A despite increas-
ing the number of particle images in the data
sets. This suggested sample heterogeneity. To
test whether the heterogeneity was caused by
different rotational symmetries, we used a

two that are in close proximity to the inner
membrane (IR1 and IR2 in Fig. 1A). The
entire complex is essential for virulence (5)
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Fig. 1. The needle complex and the base complex of the TTSS from S. typhimurium can adopt
different symmetries in vivo. (A) Nomenclature of the structural features of the needle complex.
The needle complex is divided into two distinctive substructures: the membrane-embedded base
and the extracellular needle filament. The base spans the periplasm and is associated with the
inner and outer membranes, where ringlike structures are visible in electron micrographs of
negatively stained needle complexes (2% phosphotungstic acid, pH 7) (B). The outer membrane—
associated rings (OR1 and OR2) are composed of the protein InvG, and the inner membrane—
associated rings (IR1 and IR2) contain the proteins PrgH and PrgK (4). The only protein identified
for the needle filament to date is Prgl (4). Bar, 30 nm. (C) Model-based multireference alignment
revealed significant differences in the diameters of the average projections obtained for different
rotational symmetries, as indicated by white arrows in the comparison of the IR1 of the 19- and
22-fold particles. (D) Distribution of different symmetries in needle complexes isolated from wild-
type S. typhimurium. The data were generated by examining 3577 particles. (E) After sorting of the
particles and 3D reconstruction without enforcing any symmetry, the true rotational symmetries
could be derived from cross sections through IR1 of the reconstructed needle complexes, as shown
for the 20- and 21-fold particles.
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supervised classification procedure by con-
structing a multireference data set for image
alignment (6). As reported for other single-
particle specimens (8, 9), this strategy im-
proved resolution and resolved the data sets
for the base and the entire needle complex
into subpopulations of particles with differ-
ent and well-defined symmetries (Fig. 1, C
to E). Specifically, complexes with 20- and
21-fold rotational symmetry (-fold) were the
most abundant species, accounting for about
40% of the total number of particles each
(Fig. 1D). Whether the differently sized
complexes serve different physiological pur-

poses or reflect a functionally silent polymor-
phism remains unclear.

Sorting of the images into symmetry
classes enabled us to reconstruct three-
dimensional (3D) structures for the 20- and
21-fold bases and needle complexes. Final
density maps were filtered to 17 A resolution
based on the 0.143 Fourier Shell Correlation
criterion (6). The base appeared as a
cylindrical structure, 300 A tall and 240 A
wide, that could be divided into two distinct
substructures localized to the outer and
inner membranes (Fig. 2, A and B). In sur-
face renderings, only the IR rings showed
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-

Fig. 2. Surface renderings of the structures of the base (A) and the needle complex (B) show
individual subunits within the IR rings, but the OR rings appear smooth. The structure shown here
is that of the 20-fold complex with 20-fold symmetry imposed. The absolute hand of the
reconstruction was not determined. (A) The contouring threshold represents ~120% of the
expected mass of the 20-fold base (2.69 MDa), assuming a protein density of 0.844 dalton/A3
(IMAGIC-5, Image Science Software GmbH, Germany) and including a 13% contribution of the
detergent bound to the two membrane-embedded regions of the complex. Owing to the
uncertainty in the number of Prgl and Prg] subunits present in the final reconstruction of the
needle complex (B), the clearly defined subunits of IR1 of the base were used as a point of
reference for thresholding of the needle complex because this part of IR1 is largely unaffected
by the conformational changes during needle assembly and, hence, should closely match the
appearance in the base (movie S2). Structural differences between the base and needle complex
are described in the text. (C)Removal of the front half of the base shows its internal chamber.
A socketlike structure, marked by an asterisk, extends into the chamber’s interior and serves as an
anchoring point for the “inner rod” in the needle complex.

LOW I HIGH

Fig. 3. Needle assembly induces large conformational changes in the base. (A) Contoured
longitudinal sections show the distribution of protein density within the base and needle
complexes. Protein densities are represented by 14 evenly spaced contour levels starting at 1o
above the mean densities of the volumes. (B) An overlay of the longitudinal sections for the base
(blue) and needle complex (gray) reveals regions of high conformational flexibility (light blue). (C)
Key dimensions of the needle complex, given in A, were measured from center to center because
such measurements are independent of contouring thresholds and increments.
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a division into distinct subunits, whereas the
OR rings appeared mostly featureless (Fig. 2,
A and B; movie S1). This difference most
likely was due to the predicted high content
of B structure in InvG, and the fact that the
smaller diameter of the OR rings, compared
to the IR rings (Fig. 3C), caused subunit
spacing to be at or below the resolution
limit.

Overall, the structures of the base and
needle complex appeared similar (Fig. 2, A
and B), yet tilted views of their volumes
revealed notable differences. Both the base
and needle complex showed a cuplike protru-
sion, which extended from the center of a
basal plate that is part of IR1. This protrusion
was larger in the needle complex (Fig. 2B)
than in the base (Fig. 2A) and may serve as a
point of entry for proteins that are to be
secreted and/or may serve as a docking site
for the export apparatus, which was absent in
our samples. At its apical side, the base was
closed by a septum (Fig. 2A), most likely
formed by a domain of InvG, whereas in the
needle complex, a filamentous needle pro-
truded from the base projecting outward from
the cell surface (Fig. 2B). Cropping of the
reconstruction revealed that the base was
hollow inside (Fig. 2C). Bounded by the
septum at its apical side, the internal chamber
was closed by a continuous plate at its basal
side. A socketlike structure extended into the
hollow chamber from the basal plate (Figs. 2C
and 3A) and served as an anchor for the
channel (referred to as “inner rod”) that, in
the needle complex, traversed the chamber
of the base (Fig. 3A). Notably, the socket
may also function as an adaptor that cou-
pled the N-fold IR1 to the inner rod, whose
symmetry is likely to be different from the
symmetry of the base.

Contoured longitudinal sections revealed
conformational changes that occurred during
the transition from the base to the fully
assembled needle complex (Fig. 3, A and B).
The cuplike protrusion that emerged from
the basal plate of IR1 moved down, while an
inward, clamping movement of IR2 rede-
fined the shape of the cavity that is located
below the basal plate of the base (movie S2).
These conformational changes may provide
the structural basis for the functional repro-
gramming of the TTSS machinery, which
upon completion of needle assembly, switches
from secreting the needle protein Prgl, the
inner-rod protein Prgl (see below), and the
regulatory protein Inv] (4, 10—13) to secreting
the effector proteins that are delivered into
the host cell (12, 14). On the opposite side of
the basal plate, the socketlike structure under-
went an outward movement, which created an
attachment point for the inner rod (movie S2).
A similar outward movement was observed
for OR1, which created space for the needle
to dock at the outermost perimeter of the
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Fig. 4. Prg] is recruited
as a structural compo-
nent to the base during
needle assembly. (A)
Electron micrographs
of needle complexes
before (pH 8.0) and
after subjection to pH
105 to affect needle

C

il =

disassembly. (B) West-
ern blot analysis of

untreated and pH 10.5-

PrgH/K
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protein Prgl, as ex-
pected based on the

images shown in (A), but did not affect the amount of PrgJ, which, therefore, must be located
within the base. (C) Model cartoon summarizing the proposed organization of the five major structural
components of the needle complex: PrgH, PrgK, Prg], InvG, and Prgl. Hatched coloring indicates the
uncertainty in the exact boundaries of Prgl, InvG, and Prg]. The asterisk marks the location where the
secretion tunnel markedly narrows at the entry point to the needle, which attaches to the outermost

periphery of the base through a contact with InvG.

base (movie S2). These changes were com-
plemented by an outward movement of OR2
and a drastic remodeling that flattened the
septum, sealing the apical side of the base,
against OR2 during needle assembly (Fig. 3,
A and B; movie S2). This rearrangement of
the septum is essential for creation of the
secretion channel and transformed part of
InvG from being a barrier into forming
two scaffolds that enable assembly of the
needle and the inner rod. Like the socket
structure at the basal end of the chamber,
these new scaffolds likely serve as adapt-
ors, accommodating the symmetry mismatches
between the base, the needle, and the inner
rod.

at its outermost periphery and identified a
new substructure formed by InvG and PrgJ.
Moreover, visualization of conformational
changes that contribute to reprogramming of
TTSS to secrete effector proteins provides es-
sential insights into structure-function rela-
tionships of this important virulence factor.
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Tracking SNARE Complex

Formation in Live Endocrine Cells
Seong J. An and Wolfhard Almers*

The diameter of the secretion channel
narrowed at the outermost boundary of the
base before opening to the central channel of
the needle substructure (Figs. 3A and 4C).
This change of diameter could not be recon-
ciled with the helical symmetry of the filamen-
tous needle, formed by Prgl, and suggested
that the rod inside the base was formed by
another protein. The most likely candidate
to form the inner rod was PrglJ, which has
been detected in needle-complex preparations
(10, 13). To test this hypothesis, we subjected
purified needle complexes to an elevated
pH. This treatment caused disassembly of the
needle filament (Fig. 4A), yet did not affect
the amount of PrgJ (Fig. 4B), which therefore
must be localized within the base. Moreover,
quantitative amino acid analysis revealed
that in needle complexes, PrgJ and Prgl were
present in 1:6 molar ratios (fig. S3), which
was too high to support previous models

Syntaxin, synaptosome-associated protein of 25 kD (SNAP25), and vesicle-
associated membrane protein/synaptobrevin are collectively called SNAP
receptor (SNARE) proteins, and they catalyze neuronal exocytosis by forming
a “core complex.” The steps in core complex formation are unknown. Here, we
monitored SNARE complex formation in vivo with the use of a fluorescent
version of SNAP25. In PC12 cells, we found evidence for a syntaxin-SNAP25
complex that formed with high affinity, required only the amino-terminal
SNARE motif of SNAP25, tolerated a mutation that blocks formation of other
syntaxin-SNAP25 complexes, and assembled reversibly when Ca2* entered
cells during depolarization. The complex may represent a precursor to the
core complex formed during a Ca2*-dependent priming step of exocytosis.

The fusion of secretory vesicles with the
plasma membrane is essential for the release
of transmitters from neurons and of hormones

exocytic core complex that pulls membranes
close together (/) by forming a twisted bundle
of four parallel o helices (2). In this coiled
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suggesting that Prgl] exclusively caps the
tip of the needle (/3, 15) [such a ratio should
be at least 1:24 (6)].

Our structural analysis of the needle
complex of the S. typhimurium TTSS re-
vealed that the needle attaches to the base

from endocrine cells. It is catalyzed by the
combination of syntaxin (Syx) and SNAP25
on the plasma membrane with vesicle-
associated membrane protein/synaptobrevin
(Syb) on vesicles. The three proteins, collec-
tively called SNAREs, assemble into an

coil, one helix is formed by Syx, another by
Syb, and one each by the two SNARE motifs
of SNAP25. The core complex almost cer-
tainly forms in steps. Indeed, partial SNARE
complexes can form in solution (3), but it is
unclear which of them, if any, are core
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