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Atomic structures of a bactericidal contractile nanotube in its
pre- and postcontraction states

Peng Gel:2, Dean Scholl3, Petr G Leiman?, Xuekui Yul2, Jeff F Miller}:2, and Z Hong Zhou?l:2

1Department of Microbiology, Immunology and Molecular Genetics, University of California, Los
Angeles (UCLA), Los Angeles, California, USA. 2California NanoSystems Institute (CNSI), UCLA,
Los Angeles, California, USA. 3AvidBiotics, South San Francisco, California, USA. “Ecole
Polytechnique Fédérale de Lausanne (EPFL), Institute of Physics of Biological Systems,
Lausanne, Switzerland.

Abstract

R-type pyocins are representatives of contractile ejection systems, a class of biological
nanomachines that includes, among others, the bacterial type V1 secretion system (T6SS) and
contractile bacteriophage tails. We report atomic models of the Pseudomonas aeruginosa
precontraction pyocin sheath and tube, and the postcontraction sheath, obtained by cryo-EM at
3.5-A and 3.9-A resolutions, respectively. The central channel of the tube is negatively charged, in
contrast to the neutral and positive counterparts in T6SSs and phage tails. The sheath is
interwoven by long N- and C-terminal extension arms emanating from each subunit, which create
an extensive two-dimensional mesh that has the same connectivity in the extended and contracted
state of the sheath. We propose that the contraction process draws energy from electrostatic and
shape complementarities to insert the inner tube through bacterial cell membranes to eventually
kill the bacteria.

Contractile ejection systems are ubiquitous in bacterial. Pathogens such as Vibrio cholerae
and Burkholderia pseudomallei use contractile T6SSs to translocate protein virulence factors
into target eukaryotic cells?3, and T6SSs are also used for interbacterial competition?.
Myovirus bacteriophages, exemplified by phage T4, use a similar contractile machine to
translocate DNA and proteins into bacterial cells°/. Some bacteria secrete insecticidal
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protein complexes that deliver toxins by contraction®?, and others induce metamorphosis in
marine animals by using morphologically similar structures'®. These nanomachines use a
sheath-tube assembly to create an opening in the envelopes of target eukaryotic or bacterial
cells to translocate molecules or ions across lipid membranes. These events are accompanied
by a massive structural transformation that involves contraction of the sheath and linear
motion of the tube. In the absence of atomic-resolution information, how these machines
work has remained poorly understood.

R-type pyocins produced by P. aeruginosa use the same contractility to kill competing
bacteriall. However, these pyocins are unique because, unlike other contractile systems,
they are not known to be delivery vehicles for DNA or toxins but appear to function by
creating a channel in the envelope of their target bacterial cell that dissipates the cell's proton
potential. Five R-type pyocins (R1-R5) have been identified, and they differ primarily in the
C terminus of the tail fiber that confers target-strain specificity2-13. Owing to their high
killing capacity!4, R-type pyocins have attracted attention for antimicrobial and
bioengineering applications12-15-17,

All known contractile machines have a similar architectural organization!®, Most details
regarding assembly and contraction pathways have been derived from extensive studies of
the phage T4 tail. Contraction has been hypothesized to be driven by energy stored in the
extended state of the particle during assembly®. The sheath has been proposed to assemble
into its initial, extended, high-energy metastable state by using the central tube as a scaffold
because both sheath and tube appear to have the same symmetry, at least in phage T4 (ref.
20). In the contracted state, the sheath is an extremely stable oligomeric structure that is
resistant to chemical dissociation??.

Structural studies of several bacteriophage tails have shown that contraction is accompanied
by large changes in the orientation of sheath subunits. However, none of these studies were
based on atomic descriptions of either the tube or the sheath, and the details of how energy
is stored in the precontraction particle and how sheath structure is maintained during the
massive conformational changes have remained unclear?:>-7-22, Finally, how the tubes of
these seemingly similar contractile machines can be used for translocating such different
cargos—protons and other cations for pyocins, proteins for T6SSs and nucleic acids for
phages—has remained a mystery.

We set out to understand the mechanism of contraction for these nanomachine assemblies.
Here we report the atomic structures of the pyocin R2 sheath and tube in its extended
precontraction form, at 3.5-A resolution, and the sheath in its postcontraction form, at 3.9-A
resolution, both obtained by cryo-EM. Our atomic model of the precontraction state
describes sheath-sheath, sheath-tube and tube-tube interactions, and the model for the
postcontraction state describes alternative sheath-sheath interactions. These structural data
suggest how energy is stored in the extended state, how it is released during contraction and
how the pyocin tube is optimized for dissipating proton motive force to kill bacteria, a task
different from those of other contractile machines.
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RESULTS

Overall structure

As seen in cryo-EM images and the montage three-dimensional (3D) model, the R2 pyocin
can be divided into three major parts: baseplate, trunk and collar (Fig. 1a—c and
Supplementary Video 1). The baseplate is a ring-like structure of 240 A in diameter. Six
tail fibers extend from the outer side of the baseplate. Their proximal parts are well resolved
in the cryo-EM map. The inner side of the baseplate ring is connected to the central spike
protein?3 via spokes. Although many of the structural features of the central spike are lost,
owing to averaging, the central metal ion at the tip of the spike complex23 is resolved when
the cryo-EM map is viewed at a high density threshold. At the other end of the pyocin is its
collar, where the trunk diameter becomes 65 A. The precontraction trunk is formed by the
sheath and tube and has a helical structure. We reconstructed the precontraction trunk to 3.5-
A resolution by averaging about 372,000 asymmetric units (Supplementary Videos 2—4
and Online Methods). Similarly to all known contractile ejection systems and to
bacteriophage tails in general, the structure has an axial six-fold rotational symmetry and
can be considered to be made of discs, each containing six sheath subunits and six tube
subunits. The discs are related to one another by an 18.3° right-handed rotation and a 38.4-A
translation up the rotational axis. The subunits of the sheath protein display large globular
protrusions, which create six prominent ridges with grooves in between (Fig. 1d,g). The
internal tube is smooth and devoid of any prominent surface features (Fig. 1e,f). Each
asymmetric unit of the helical structure consists of one copy of the sheath protein (41.2 kDa)
and one copy of the tube protein (18.1 kDa) (further described below).

The tube as a proton-conducting channel

The tube protein has two major secondary-structure elements, which consist of two
antiparallel B-sheets with an angle of ~90° between the directions of their strands (Fig. 2a
and Supplementary Video 5). Two B-hairpins that originate from the first f-sheet join to
form a second B-sheet, and the entire structure forms a roll. This -sheet roll is distinct from
the highly conserved jelly-roll fold242% found in many viral and cellular proteins26. The fold
of the pyocin tube protein is very similar to that of the T6SS tube protein Hcp?/, the
bacteriophage A tube protein28 and the T4 gp27 hub-protein tube domain2®.

Six tube-protein subunits create a ring-like structure that probably represents an assembly
unit of the pyocin tube (Fig. 2b,c). The ring structures display complementary surface
charges on their contacting interfaces: one is predominantly negatively charged, and the
other is positively charged. This creates an electrostatic dipole, which is probably required
for directional self-assembly (Supplementary Fig. 1).

24 B-strands line up along the inner surface of the tube to form a barrel, one of the largest p-
structural pores ever resolved in a protein structure. An equally large pore is found in a
bacterial pilus usher (PDB 2VQI30). This surface displays a prominent negative charge (Fig.
2c,d). We compared this property of the pyocin tube with that of other tail-like systems,
such as the T6SS Hcp protein (PDB 3EAA31), bacteriophage A (PDB 2K4Q28) and
bacteriophage PS17 (with SWISS-MODEL homology modeling based on our pyocin tube
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structure) (Fig. 2e), all of which have high sequence homology. We found that none of the
other structures are negatively charged. Consistently with its function, the inner surface of
the T6SS tube is largely neutral (Fig. 2f), and, unlike those of pyocins and phages, T6SS
tubes do not appear to involve active transport. Instead, the central channel and tip of the
T6SS contain protein effectors, or effector domains, that are delivered into target cells in
their loaded conformation32. By contrast, the two bacteriophage tubes are positively charged
and function to translocate negatively charged DNA (Fig. 2g,h). Thus, internal charge
differences appear to reflect adaptation to different functions.

The contractile sheath is a highly interwoven mesh

The sheath protein consists of a large N-terminal domain (N domain, residues 21-280), a
smaller C-terminal domain (C domain, 281-361) (Fig. 3a—d and Supplementary Video 6)
and long extension arms at both termini of the polypeptide chain (residues 2—20 and 362-
386). The N domain contains a central six-stranded p-sheet sandwiched between six a-
helices (three on each side of the sheet, Fig. 3c). A similar fold was reported for the sheath
proteins of several bacteriophages!®22 and a T6SS33, although the latter contains two
proteins instead of one. This domain forms the prominent ridge on the surface of the pyocin
sheath. The inner C domain consists of a four-stranded p-sheet with two a-helices running
along its length. Two strands in this sheet are formed by the extension arms that originate
from two neighboring sheath subunits belonging to a disc above (Figs. 3c—e and 4).
Residues 375-386 of the C-terminal arm extend even further to a disc below, and this arm
thus connects three consecutive sheath subunits within the same ridge. Hydrogen bonds
between the extension arms and the rest of the C domain are reinforced by extensive
hydrophaobic interactions. The C domains of the pyocin, several phages and T6SS VipB
sheath proteins have a fold similar to that of the T4 gp25 baseplate protein (PDB 4HRZ),
thus suggesting that all of these domains have a common function.

The B-sheet augmentation is the most prominent interaction within the pyocin sheath. The
free energy of this interaction in the extended state (—20 kcal/mol as calculated by PISA34)
is twice that of all other sheath-sheath and sheath-tube interactions combined (a total of —10
kcal/mol). Apart from the extended arms, the sheath subunits do not interact with each other
within a disk—all interactions are confined to a single ridge (Fig. 3a). Interestingly,
oligomerization of bacterial pili involves a similar f-sheet-augmentation mechanism32. The
[3-sheet in each pilus subunit is augmented by a single strand to give rise to a linear structure
that is strong enough to attach a bacterial cell to a surface. In contrast, the C domain of the
pyocin sheath contains two strands that belong to two different subunits and create a highly
interwoven two-dimensional mesh (Figs. 3e and 4). Indeed, this mesh- like organization by
[3-sheet augmentation has also been observed in the structures of postcontraction T6SSs from
both Francisella novicida® and V. cholerae®’, and the N- and C-terminal extended arms
have been shown by mutagenesis to be critical to contractile function but not assembly.

Sheath-tube interaction

The sheath-tube interaction is largely electrostatic and has a free energy of -5 kcal/mol per
pair of sheath-tube subunits. The outer surface of the tube subunit displays a triangular
negatively charged patch (Fig. 5). The C domain of the sheath subunit binds to this patch via
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a complementary, triangular-shaped patch of positive charges on one of its two a-helices
(“attachment helix”) (Fig. 5).

Structure of the contracted sheath

To determine the mechanism of pyocin contraction, we also solved the structure of the
contracted trunk to 3.9-A resolution (Fig. 6a—d, Supplementary Fig. 2 and Supplementary
Video 7). Upon contraction, the length of the sheath decreases by a factor of 2.4, its
diameter increases from 180 to 240 A, and it detaches from the tube, to allow the latter to
extend beyond the plane of the baseplate (Supplementary Video 8). The relationship
between the adjacent discs changed to a right-handed 33.1° rotation and a 16.2-A translation
up the rotational axis. The structure of the tube upon contraction is unknown, but the helical
symmetry of the contracted sheath does not match that of the tube. In the figures presented
here, the tube density is smeared out and is masked off for clarity. This quaternary sheath
arrangement is similar but of opposite handedness to the contracted T6SS sheaths36:37,

Except for the -sheet—augmentation regions at the N and C termini, the structure of the
sheath subunit in the pre- and post-contraction conformations is essentially unchanged. The
subunits belonging to the two conformations can be superimposed with an r.m.s. deviation
of 1.5 A with all residues participating in the alignment (Supplementary Fig. 3a,b).
Remarkably, the B-sheet augmentation of the C domain and the intersubunit mesh that binds
the subunits together are both preserved in the contracted structure. Considering that the free
energy of B-sheet augmentation is lower than that for any other intersubunit interaction
within the sheath, and p-sheet augmentation is unchanged in the initial (extended) and final
(contracted) state of the sheath, we propose that the mesh is preserved through the
contraction event. This mesh conceivably gives the sheath stability and maintains the
integrity of the entire structure during contraction (Fig. 4). Furthermore, because the
contraction is known to propagate from the baseplate in a disc-by-disc manner38, the mesh is
probably responsible for the pulling force that acts between discs during contraction.

DISCUSSION

A model for assembly

The tube is known to have a critical role in the assembly of the sheath in the extended state
of the phage T4 tail183%. However, the free energy of sheath-tube interactions alone is
insufficient to direct the assembly of the extended conformation because the contracted state
is energetically much more favorable (as described below). A possible solution to this free-
energy puzzle can be inferred by considering that the assembly of the pyocin sheath
probably starts from the baseplate, as is the case for the T4 tail3°. Together, the baseplate
and the tube create a platform that binds the first disc of sheath subunits in the extended
conformation. The tube and the existing disc of sheath subunits then serve as a scaffold for
assembly of the rest of the sheath. Thus, the assembly of the contracted state is avoided by
the creation of a template in which sheath subunits interact along a ridge without any lateral
contacts (which are more energetically favorable and are eventually realized in the
contracted state). This template-driven assembly probably results in a metastable oligomeric
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structure, which could possibly be unlocked from this state by the baseplate upon interaction
with the target-cell surface.

A model for contraction

In contrast to minimal changes in sheath subunit structure, the gross subunit movement of
the sheath protein upon contraction is profound. In addition to translational movement along
and perpendicular to the helical axis, both domains, in concert, turn 85° about an axis
roughly perpendicular to the helical axis (Fig. 6e). The extended arms connecting the
subunits function as hinges in this transformation (Fig. 4). The rest of the protein probably
maintains its structure through the contraction event and moves as a rigid body (Fig. 6c,d
and Supplementary Videos 8-10). This rigid-body movement was hypothesized earlier for
the phage T4 sheath, on the basis of cryo-EM structures at 15- to 17-A resolution?C. The
current atomic structures suggest how the mesh created by the extended arms makes this
massive structural transformation possible.

The rearrangement of sheath subunits upon contraction leads to a much more densely
packed structure in which the ridges seen in the extended conformation are brought closer
together to become partly interdigitated (Fig. 6¢,d). Each subunit in the contracted sheath
interacts with ten other subunits. Despite losing contact with the tube, each sheath subunit in
the contracted state buries about 1,145 A2 more of its surface than in the extended state.
Contraction leads to the formation of many new charged pairs of complementary residues.
Unlike those in the sheath-tube interaction, these residues do not form large matching
patches. Instead, the charged interactions are rather complex and are spread out over the
entire interface between sheath proteins (Supplementary Figs. 3c-g, 4 and 5).

The free energy of all interfaces for each subunit in the contracted sheath (—42 kcal/mol) is
much lower than that of the extended state (=30 kcal/mol, including the sheath-tube
interface). The difference in the free energy characterizing the two states is —12 kcal/mol,
which is comparable to a value of —25 kcal/mol obtained in earlier microcalori-metric
measurements of phage T4 tail contraction!®. The T4 sheath protein is about twice the size
of the pyocin sheath, and its subunits form additional interactions that are likely to result in a
larger difference in free energy between the two states. There are 162 sheath subunits in the
pyocin particle, giving a value of ~2,000 kcal/mol of energy released during the contraction
event. Most of this energy is probably converted into a linear power stroke that drives the
tube out of the sheath and into the target-cell membrane. Because T6SSs can be five times
longer than pyocins?, a similar contractile mechanism may allow them to develop the
tremendous force required for translocation of large protein molecules across target-cell
membranes.

Any molecular machine, such as a pyocin or viral fusion protein®l, that uses stored
(potential) energy for transforming its structure from one state to another needs to overcome
the challenge of assembly (and arrest) in a high-energy state that is stable enough to
maintain its conformation until a switch signal is received. Pyocins probably respond to this
challenge by using several strategies. First, the sheath protein avoids self-assembly into the
energetically favored lower-energy contracted state by dispersing complementary charges
over the surface of the subunit. This strategy ensures that freshly expressed sheath-protein
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subunits do not electrostatically attract and bind each other to form contracted sheath-like
structures. Second, the assembly of the sheath is directed by a scaffold created by the
preassembled tube. Third, the baseplate may provide a template that positions the initial disk
of sheath subunits in a high-energy conformation that attracts subsequent disks in a
directional manner.

The R2 pyocin is an extraordinary molecular machine that performs work by using energy
stored within its own biological ‘battery’. Its receptor specificity makes it an ideal system
for engineering narrow-spectrum antibiotics for targeted killing, thus minimizing concerns
regarding transmissible resistance or disruption of protective microbiota. Given its
simplicity, it also serves as an excellent model for understanding the energetics and
mechanisms of assembly of other more complex contractile nanomachines.

ONLINE METHODS

Purification of pyocin

R2 pyocin was produced from P. aeruginosa strain PAO1 and purified as described
previously!2. Briefly, the cells were grown in G medium to an ODggq of 0.2 at 37 °C with
250 r.p.m. shaking, at which time mitomycin C was added to a final concentration of 3
pg/ml. After 3 h, cell lysis was noted, DNase 1 (Invitrogen) was added to a concentration of
2 U/ml, and the culture was incubated for an additional 30 min. Cell debris was removed by
centrifugation at 17,000qg for 1 h, after which pyocin was precipitated from the supernatant
by addition of saturated ammonium sulfate to a final concentration of 1.6 M. The precipitate
was pelleted by centrifugation at 17,0009 for 1 h. This pellet was resuspended in 1/10
volume of TN50 (Tris-Cl, pH 7.5, and 50 mM NaCl) and centrifuged at 60,000g for 1 h to
pellet the pyocins. The pyocins were then resuspended in 1/20 of the original culture volume
in TN50.

This crude pyocin sample was further purified by sucrose gradient with 10% to 50% sucrose
(w/v) concentration for 1 h at 100,000g and 4 °C. The pyocin-containing band was carefully
collected with a 100-pl pipette tip, then diluted with 4 ml PBS buffer, pH 7.4, and
concentrated with a 100-kDa molecular filter (Amicon). The concentrated sample was
dialyzed (diluted with 4 ml buffer again, then concentrated) with (4 ml) PBS buffer, pH 7.4,
twice in the same filter and reduced to a final volume of 30 pl. Possibly owing to the
mechanical stress during purification, the resulting sample contained both pre- and
postcontraction pyocins.

Cryo-electron microscopy and reconstruction

Each aliquot of 2.5-pl purified pyocin sample in pH 7.4 PBS was applied to a preirradiated
(‘baked’) Quantifoil 1.2/1.3 grid that was never glow discharged after baking. The sample
was blotted and flash frozen in a Vitrobot Mark IV (FEI) (blot time, 4 s; blot force, 1;
humidity, 100%). Cryo-EM images were then taken in an FEI Titan Krios microscope
operated at 300 kV, with a dosage of 25 e/A2 and a nominal magnification of 59,000x.
Images were recorded on Kodak SO-163 film and digitized in Nikon 9200 ED scanners. The
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final pixel size is 1.104 A/pixel. The defocus range of these images is 0.6-2.5 pm
underfocus.

Both pre- and postcontraction pyocin particles were selected manually with EMAN?#2
helixboxer from the same data set. Their structures were reconstructed with modified*3:44
IHRSR® with Relion8 as a refinement engine (in a procedure in which Relion is used to
refine the reference without any helical symmetry for one iteration, modified IHRSR is used
to apply the helical symmetry in real space to the resulting volume, and finally the helically
symmetrized volume is passed back to Relion for the next iteration of refinement; described
in ref. 36). Initial guesses of helical parameters were based on the parameters for the T4
bacteriophage tail, which were then refined to convergence by IHRSR*. An initial
refinement was done for each state by modified IHRSR with EMAN#2 as a refinement
engine, and each resulting structure was used as the initial reference for its final refinement
with modified IHRSR with Relion as the refinement engine. The latter refinements were
governed by the *auto-refine’ function of Relion, which automatically determines working
resolution for each iteration and final convergence. The refinements for pre- and
postcontraction pyocin converged at 33 and 32 iterations, respectively. Pre- and
postcontraction pyocin particles were extracted from the same total of 307 film images. The
defocus range for these 307 images was 1.6-2.5 um underfocus. 6,591 pre-contraction
pyocin assemblies were included in the refinement process. They were segmented so that
each box contained about two discs worth of independent data. A total of 30,771 such boxes,
equivalent to about 372,000 asymmetric units, were included in the final reconstruction. The
resolution of the final reconstruction was determined by gold-standard FSC 0.143 at 3.5 A
(Supplementary Fig. 6a). A total of 1,499 postcontraction pyocin assemblies were included
in the refinement process for the postcontraction structure. The overlapping was set to 18
pixels. A total of 12,242 boxes, equivalent to about 90,346 asymmetric units, were included
in the final reconstruction. The resolution was determined to be 3.9 A (Supplementary Fig.
6b).

Atomic modeling

We built a model for the pyocin sheath and tube (precontraction) with Coot4” with no
reference. This model was refined with CNS#8 and then with Phenix#®. Noncrystallographic
symmetry, including the six-fold rotational symmetry and the helical symmetry, were
applied as a restraint among identical chains. A total of four discs were included in the
model. This model was refined to 3.5 A eventually, with R factor, 27.8%:; Reee, 28.0%; and
last-shell R factor, 48.9% (Ramachandran plot in Supplementary Fig. 6a). We also built a
model for the contracted sheath by docking the precontraction sheath into its density and
correcting/rebuilding mismatching regions. It was refined similarly to 3.9 A (except that the
model was refined with six discs), with R factor, 26.6%; Reree, 27.5%; and last-shell R
factor, 42.9% (Ramachandran plot in Supplementary Fig. 6b). Figures were prepared with
the UCSF Chimera package®.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Overall structure of precontraction pyocin R2. (a,b) Electron microscopy images of the

pyocin R2 embedded in uranyl acetate stain (a) or vitreous ice (b). One precontraction
pyocin particle is boxed. (c) Surface view of a 3D montage reconstruction of the entire
precontraction pyocin. (d—g) Surface views of the 3D reconstruction of pyocin trunk. Each
view corresponds to the segmentation patterns illustrated at left. 3D models and density
maps of the attachment helix of the sheath and -sheet region of the tube are shown in
Supplementary Videos 1-4.
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Pyocin PS17 Lambda

Figure 2.
Structure of the pyocin tube compared to other tubes. (a) Ribbon diagram of a pyocin tube-

protein monomer. Additional ribbon diagram is in Supplementary Video 5. (b) Ribbon
diagram of two hexamers (discs). (c,d) Cut-away views as ribbon (c) and electrostatic (d)
diagrams showing the inner surface of the structure in b. Charge distribution (red, negative;
blue, positive; white, neutral) is shown in d. () Superposition of tube-protein structures
from pyocin, A phage (PDB 2K4Q?28, 29% residues superimposed, r.m.s. deviation 4.96 A)
and T6SS (Hcp, PDB 3EAAS3L, 39% residues superimposed, r.m.s. deviation 3.32 A). (f-h)
As in d, but for T6SS (f), PS17 phage (g) and A phage (h).
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Figure 3.
Structure of the pyocin sheath. (a,b) Side (a) and top (b) views of the atomic model of the

pyocin trunk. Sheath subunits are shown in colors, and the tube is shown in gray. (c) Ribbon
structure of the sheath monomer. Additional ribbon diagram is in Supplementary Video 6.
(d) Topological diagram of the sheath monomer. (e) Joining of three (with numbers
matching those in a) of the four adjacent monomers of the sheath protein, via 3-sheet
augmentation in their C domains (oval and inset). The polarities and identities of the -
strands in this augmented sheet are illustrated on the right.
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Page 15

Schematic diagram for the pyocin sheath topology of the extended mesh created by the N-
and C-terminal extension arms within the sheath in the pre- and postcontraction states. 3-

strands participating in the sheet augmentation of the C domain are shown. a-helices
involved in intersubunit interactions are shown as rectangles. Residue numbers for the

subunit in red are given for strategic locations.
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Attachment helix

Figure 5.
Sheath-tube interactions. (a,b) Side views of the interface between a sheath and a tube-

protein subunit in ribbon diagram (a) and charged surface (b). (c) An open-book view of b.
The complementary patches of interacting charges on both sheath and tube are marked with
triangles.
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Figure 6.
Contraction of pyocin. (a,b) Comparison between the precontraction (a) and postcontraction

(b) sheath. The cryo-EM density map in a is filtered to a resolution comparable to that in b
(3.9 A). Animation of contracted sheath is in Supplementary Video 7. (c,d) Ribbon
diagrams of seven adjacent sheath subunits in their precontraction (c) and postcontraction
(d) states. Morphing between ¢ and d is shown in Supplementary Videos 8 and 9. (e)
Overall rotational and translational movement of a single sheath monomer during
contraction, illustrated in side and top views. The precontraction (left) and postcontraction
(middle) states of a monomer are superimposed at right (blue, precontraction state; beige,
postcontraction state).
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