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SUMMARY

The supercoiling of bacterial and archaeal flagellar filaments is required for motility. Archaeal flagellar fila-
ments have no homology to their bacterial counterparts and are instead homologs of bacterial type IV pili.
How these prokaryotic flagellar filaments, each composed of thousands of copies of identical subunits,
can form stable supercoils under torsional stress is a fascinating puzzle for which structural insights have
been elusive. Advances in cryoelectron microscopy (cryo-EM) make it now possible to directly visualize
the basis for supercoiling, and here, we show the atomic structures of supercoiled bacterial and archaeal
flagellar filaments. For the bacterial flagellar filament, we identify 11 distinct protofilament conformations
with three broad classes of inter-protomer interface. For the archaeal flagellar filament, 10 protofilaments
form a supercoil geometry supported by 10 distinct conformations, with one inter-protomer discontinuity
creating a seam inside of the curve. Our results suggest that convergent evolution has yielded stable super-
helical geometries that enable microbial locomotion.

INTRODUCTION

Many organisms from the three domains of life, Archaea, Bacte-
ria, and Eukarya, possess flagella, which allow for motility (Khan
and Scholey, 2018). In an example of convergent evolution,
these three systems evolved independently with entirely different
components yet similar functions. Eukaryotic flagella are
composed of microtubules, and ATP hydrolysis by dynein mo-
tors causes the appendages to beat back and forth (Khan and
Scholey, 2018). Bacterial and archaeal flagella convey motility
through the motor-driven rotation of supercoiled flagellar fila-
ments that function as propellers (Nedeljkovic et al., 2021; Powe-
leit et al., 2016). Although the eukaryotic flagella and cilia are
quite complex with as many as 600 different proteins (Pazour
et al., 2005), bacterial and archaeal flagellar filaments (AFFs)
are both polymerized from a single kind of subunit, flagellin.
The bacterial flagellum has been studied extensively (Macnab,
2003; Nedeljkovi¢ et al., 2021), and the supercoiling of its
flagellar filament and its polymorphic ability to switch between
waveforms during the alternation of swimming modes are indis-
pensable for motility (Darnton et al., 2007). When bacteria such

as Escherichia coli (E. coli) and Salmonella typhimurium switch
from running to a tumble, one or multiple flagellar filaments break
out of a bundle due to the change in the direction of motor rota-
tion. This change in mechanical force causes the waveforms of
the flagellar filament to switch from being normal waveforms in
the bundle to being either or both of the semi-coiled and curly |
waveforms (Darnton et al., 2007). These semi-coiled and curly |
waveforms are more favorable than the normal waveforms after
the change from counterclockwise (CCW) to clockwise (CW)
rotation. The various polymorphisms of the bacterial flagellar fila-
ment (BFF) differ from each other in both the pitch and curvature
of the supercoil and can be distinguished using light or electron
microscopy.

For the BFF, the core domains DO and D1 are crucial to super-
coiling and polymorphism (Kanto et al., 1991; Yoshioka et al.,
1995), whereas the outer domains can have diverse structures
or be largely absent (Kamiya et al., 1982; Kreutzberger et al.,
2022; Trachtenberg and DeRosier, 1988). Almost all structural
studies of the BFF have been performed using straight non-motile
flagellar filaments produced by point mutations in the flagellin
subunit (Maki-Yonekura et al., 2010; O’Brien and Bennett,
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1972; Trachtenberg and DeRosier, 1988; Wang et al., 2017; Ya-
mashitaetal., 1998; Yonekura et al., 2003). These point mutations
lock the BFF into structuresin which 11 protofilaments have either
all left-handed (L-type) or all right-handed (R-type) configurations
(Hyman and Trachtenberg, 1991), with the filament subunits
related by strict helical symmetry. These straight filaments were
used for structural studies, as it was believed, until recently
(Blum et al., 2019; Kreutzberger et al., 2022; Montemayor et al.,
2021), that high-resolution structural studies of supercoiled fila-
ments were unobtainable. The observation of only two structural
states coupled with flagellin polymerization studies (Asakura,
1970) resulted in the development of a two-state model for the
supercoiling of the BFF (Calladine, 1975; Calladine et al., 2013;
Calldine, 1978). The “2-state model” (Maki-Yonekura et al.,
2010) referred to the idea that the protofilaments existed in one
of two discrete states and that the interface between those
differing protofilaments (along the 11-start cylindrical surface lat-
tice lines) is a “2-way (allosteric) switch.”

Here, we present near-atomic resolution cryo-EM structures
of three supercoiled BFFs in one of two waveforms from two
different strains of E. coli, Enteropathogenic E. coli O127:H6
(EPEC H6) and E. coli K-12. We focused on only the core domain
structures of these filaments, as those are key to supercoiling.
We show that there are 11 protofilament states in both the
normal- and curly-lI-waveform structures, which is similar to
the recent results obtained for the flagellar hook (Kato et al.,
2019; Shibata et al., 2019). The interfaces between those
differing protofilaments cluster into distinct groups, consistent
with allosteric switching.

Although the bacterial flagellum has been extensively studied,
much of the work on the archaeal system is more recent (Bardy
et al., 2002; Gambelli et al., 2022; Ghosh and Albers, 2011; Khan
and Scholey, 2018; Poweleit et al., 2016). The AFF and archaeal
flagellin have no homology to their bacterial analogs and are
instead related to bacterial and archaeal type IV pili (T4P) (Bayley
and Jarrell, 1998; Cohen-Krausz and Trachtenberg, 2002; Or-
tega and Beeby, 2021; Thomas et al., 2001). Despite their simi-
larities, AFFs must be able to supercoil (Bardy et al., 2002),
whereas T4P do not. Recently, it was suggested that the flexi-
bility of the AFF allowed for motility (Gambelli et al., 2022), but
this hypothesis is unlikely because the rotation of a flexible fila-
ment would not produce thrust. However, no structural models
for the supercoiling of AFFs have been proposed.

We also report the cryo-EM structure of the supercoiled AFF
from the thermoacidophilic Saccharolobus islandicus REY15A
and show that it is assembled by 10 protofilaments, each in a
different conformation. Here, supercoiling is governed by a
core domain, containing a single a-helix in archaea rather than
the coiled-coils in bacterial filaments. In contrast to the bacterial
filaments, a discrete seam exists between protofilaments on the
inside of the archaeal supercoil.

RESULTS
Cryo-EM structures of supercoiled bacterial flagellar
filaments

We used cryo-EM to determine the structure of supercoiled
BFFs from EPEC O127:H6 (H6) and E. coli K-12 (K-12) (Figures 1
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and S1). For this work, we focused on the core domains DO and
D1 and masked out the outer domains from the H6 flagellar fila-
ment reconstruction. Although we have previously shown that
the outer domains in H6 form tetramers (that are dimers of
dimers) (Kreutzberger et al., 2022), the pairings of the outer do-
mains do not introduce any observable perturbation of the
core domains DO and D1. The H6 flagellar filaments were imaged
under two different buffer conditions, which results in different
curvatures and supercoil pitches (Figures 1, S1A, S1D,
and S1G).

We initially performed a helical reconstruction, refining a single
global helical symmetry relating all subunits to each other (Fig-
ure S1). In all cases, we were able to reconstruct the flagellar
core domains DO and D1 to ~4.0 A resolution. For each helical
structure, the “gold-standard” Fourier shell correlation (FSC)
(GS FSC) appeared to over-estimate the map resolution
(Figures S1C, S1F, and S1l; Table S1), most likely due to the
fact that the GS FSC is a measure of reproducibility and not of
true resolution, particularly for structures with imposed symme-
try (Subramaniam et al., 2016). The average protofilament tilt for
the various bacterial flagellar waveforms has previously been
predicted from the number of L- and R-protofilaments expected
to be present in the structure (Calladine et al., 2013). The higher
curvature H6 BFFs (Figures 1B and S1A) appear to be in the curly
| waveform due to the tilt and rise of +0.94°/52.9 A for subunits
along a protofilament in the helical reconstruction, which can
be easily seen in the helical net representation of the symmetry
(dashed lines in Figure S1B). The lower curvature H6 and K-12
flagellar filaments appear to be in the normal waveform with a
protofilament tilt and rise of —0.6°/53.1 A (Figures ST1E and S1H).

We developed a scheme (Figure 1A) for determining the struc-
ture of supercoiled flagellar filaments using cryo-EM, starting
with helical reconstruction and then employing a low-pass
filtered version of that reconstruction as the starting point for
an asymmetric reconstruction using the various tools in cry-
SPARC (Punjani et al., 2017). We solved the higher curvature
EPEC H6 structure to 3.4 A resolution, whereas the lower curva-
ture EPEC H6 and the E. coli K12 BFF structures were solved to
42and3.5A resolution, respectively. Given that the starting vol-
umes had been low-pass filtered to 20-50 A, there was no pos-
sibility that the details in the final asymmetric reconstructions
were biased by the initial models. The resolution of each of these
BFFs varied locally between the subunits on the inner and outer
curves (Figures S2A-S2F). Based on both the helical symmetry
parameters (Calladine et al., 2013) as well as the 2.9-rad/um cur-
vature estimated from our map (Table S2), we are confident that
the this higher curvature H6 structure (Figures 1B-1D and S2A) is
in the curly | waveform. Likewise, based on the average protofila-
ment tilt and curvature of ~1-1.4 rad/um (Table S2), the lower
curvature H6 and K-12 structures (Figures 1E-1G, and S2C,
and S2E) are in the normal waveform.

We compared the subunit density map from our EPEC H6
curly | helical and asymmetric reconstructions with the nominal
2.8 A resolution helically symmetric structure from the Firmicutes
Kurthia (Blum et al., 2019). The H6 curly | helical reconstruction
had a GS FSC resolution estimate of 2.9 A. However, using the
dgg and dinogel resolution estimates (Afonine et al., 2018a), we
estimated 3.5 and 3.2 A resolution, respectively, for the Kurthia
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Figure 1. Cryo-EM structures of the bacterial flagellar filament core in the curly | and normal waveforms

(A) The general scheme used for the asymmetric reconstruction of supercoiled flagellar filaments.

(B) Cryo-electron micrograph of the H6 flagellar filaments with a high degree of curvature. The scale bar is ~30 nm.
(C) Cryo-EM reconstruction of the H6 flagellar filament in the curly-I-waveform state.

(D) The 3.4 A density map of a single curly | subunit (light blue) with a model built in (gold).

(E) Cryo-electron micrograph of the EPEC H6 flagellar filaments with less curvature. The scale bar is ~30 nm.

(F) The 3.9 A cryo-EM reconstruction of the H6 flagellar core in the normal-waveform state.

(G) The 3.2 A density map of the core domains for a single K-12 flagellin in the normal-waveform state.

See also Figures S1 and S2.

filament as well as 3.5 and 3.4 A, respectively, for the H6 curly I.
This highlights the notion that the map:map FSC is more a metric
of reproducibility rather than true resolution (Subramaniam et al.,
2016). Both the Kurthia and H6 helical structures’ density maps
had discontinuous density in the loop region connecting the
two helices of N-terminal domain D1 (Figures S2G and S2H).
The flagellin subunit densities in the asymmetric curly | structure
did not have broken density in this loop (Figure S2I) and yielded a
higher quality map despite having a lower resolution estimated
by the “gold-standard” 0.143 map:map FSC. We built models
into our flagellar filament structures (Figures 1D and 1G) and
used the more conservative map:model FSC threshold of 0.5
for the resolution estimate. We found a similar improvement in
map quality when we analyzed the normal-waveform asym-
metric reconstructions from H6 and K-12, which had resolution
estimates of 4.2 and 3.5 A, respectively (Figures S2C and S2E).

Modeling the supercoiling of flagellar filaments

Because the diameter of supercoiled waveforms (~2,000-
6,000 A) is significantly larger than the typical ice thickness in a
cryo-EM grid (Rice et al., 2018), we suspected that the supercoil-
ing of the flagellar filaments would be constrained in the z dimen-
sion. Cryo-electron tomography on wild-type Campylobacter
jejuni flagellar filaments (Figures S3A-S3D) indeed showed that
the flagellar filaments were mostly flattened in the z dimension
(Figure S3D). It has previously been suggested that BFFs that
are flattened by negative-stain TEM preparative conditions retain
their local curvature and undergo a large twist at select locations
to accommodate the flattening without severe distortions else-
where (Calldine, 1978). We anticipated that the very small seg-
ments of flagella in our particles (~0.04-0.07 um) relative to the
overall length of the flagellar filament (2-10 um) could also be un-
distorted for the same reasons. To test this, we developed a
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(A) Scheme for modeling the three-dimensional supercoil of prokaryotic flagellar filaments, starting from an atomic model built from cryo-EM data.

(B) The supercoiled model of the curly | waveform of the bacterial flagellar filament. The top image shows the “side view of the filament,” where the supercoil pitch
and diameter are easily seen. The bottom left image shows a view “through” the supercoil. The bottom right image shows the right handedness of the curly |
waveform, with the helical axis of the supercoil being represented by the black line.

(C) Supercoiled model of the normal bacterial flagellar waveform. The H6 model had a pitch of 2.3 um and a diameter of 0.4 um. The K-12 model had a pitch of
2.2 ym and a diameter of 0.4 um. The left hand of the normal supercoil is shown in the bottom right image.

See also Figure S3.

method for aligning hundreds of copies of flagellar filament
atomic models to generate a macroscopic model (Figure 2A).
Using this scheme, the supercoil for the curly | waveform (Fig-
ure 2B) had a pitch of 1.1 um and a diameter of 0.3 um (Kamiya
and Asakura, 1976; Turner et al., 2000) from the atomic model.
These parameters and the waveform’s right handedness are
consistent with the literature (Turner et al., 2000). We obtained
a similar result for modeling the supercoil of the normal struc-
tures (Figure 2C). For H6, the pitch was 2.3 um and diameter
was 0.4 um. The K-12 supercoiled model produced a similar
result, where the pitch was 2.2 ym and the diameter was
0.4 um. Both of the normal supercoils were left handed, and
the parameters agreed well with the literature (Table S1) (Kamiya
and Asakura, 1976; Turner et al., 2000). Thus, despite the flat-
tening of the overall supercoil in ice, the flagellar filaments re-
tained the local curvature and twist of a flagellum supercoiling
in three dimensions. Thus, the microscopic, short-curved BFF
structures were indeed representative of the macroscopic
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supercoiled state, which has continuous uniform curvature in
three dimensions.

Supercoiling of the bacterial flagellar filament is created
by 11 flagellin conformations

When assessing the flagellin conformations, we used subunits
on the inner and outermost regions of the curve as references
(Figure 3A). For both, curly | and normal structures, the inner-
curve subunits were shorter than the outer curve ones when
aligned by domain DO (Figures 3B and 3C). We next aligned sub-
units from each of the 11 protofilaments by domain D1, and we
identified 11 flagellin conformations for each waveform state
(Figures 3D and 3E). The 11 conformations of curly | flagellins
(Figure 3D) were more different from each other than those of
the normal (Figure 3E). Importantly, we found that subunits
from the same protofilament had nearly identical conformations
when aligned by domain DO compared with subunits from adja-
cent protofilaments (Figure S3E-S3H). We concluded that the



Cell ¢ CellPress

Normal
Long (OC) _»

&

Normal
Outer curve

vi VvV

&
&3°
Align by DO
F G Curly | Sn+22 | K Curly |
Bend into curve
Sne22 N-D1b —_ —

DO
J
P2 Curvature = ~2.9 rad/um
g H Normal Sn+22 J L Normal
DS Bend into curve Bend into curve
s N-Da Snez2 N-D1b o
SN +22 N-
g ? (@ Y
P 55 S vl
33 (e v IX
s I x
11 protofilaments 5=

aligned by Sn N-D1b

Curvature = ~1.2 rad/um

Figure 3. Subunit and protofilament states in the bacterial flagellar filament

(A) Top and side views of the flagellar core model (left) and map (right) with inner and outer protofilaments colored blue and pink, respectively.

(B) Alignment of two curly | flagellins from the inner (blue) and outer (pink) curve protofilaments.

(C) Alignment of two normal flagellins.

(D) Alignment of curly | flagellin subunits from each protofilament by domain DO. The double arrow represents the end-to-end distance between an inner curve
protofilament (light blue) and an outer curve protofilament (pink).

(E) Alignment of normal flagellin subunits from each protofilament by domain DO.

(F) Alignment of each of the 11 curly | protofilaments by subunit S,.

(G) View of subunit S,,, 2, of each of the 11 curly | protofilaments that have been aligned by subunit S,,. The orange inset shows a close-up view of domain N-D1b of
Sh.22 from this alignment. The pink and blue protofilaments correspond to protofilaments in the outer and inner curves, respectively.

(H) View of subunit S5, of each of the 11 normal-waveform (K-12) protofilaments.

(I) Top-down view of the curly | filament model shows the inner (blue) and outer (pink) curve protofilaments as well as protofilaments in between the inner- and
outermost regions of the curve (gold).

(J) Same view as in (I) but with only the colored protofilaments shown. The arrows indicate the direction in which the protofilaments bend.

(K) Side view of the inner (light blue) and outer (pink) curly | protofilaments.

(L) Side view of the inner (light blue) and outer (pink) normal protofilaments.

See also Figure S3.

small differences between subunits on the same protofilament
are caused by noise and/or modeling error (Figures S3|-S3L).
We then compared the protofilaments of curly | and normal
waveforms by aligning each of the individual 11 protofilaments
by the first subunit (S,,) of each protofilament model (Figure 3F).

From this alignment, we identified 11 protofilament states by
examining the top view of subunit S,,,> from each protofilament.
Differences between each of the curly | protofilaments (Fig-
ure 3G) were greater than those of the normal (Figure 3H). Never-
theless, the protofilaments in both waveforms differed from
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each other according to the same circular pattern (Figures 3G
and 3H) where adjacent protofilaments were more similar to
each other than non-adjacent ones. This pattern can be more
easily explained by considering their position in the supercoiled
structure (Figures 3l and 3J). The same amino acid residues face
the center of the lumen in each structure. However, the tilt of
each protofilament with respect to the center of the flagellar
filament is different. Each of the protofilaments is bending
into the curve (Figure 3J). The innermost protofilament (blue) in
the curve is tilting away from the central axis of the filament.
The outermost protofilament (pink) is tilting toward the central
axis, and the protofilaments intermediate between the
outer and inner curves (gold) are tilting in a plane skew to the fil-
ament’s central axis. The extent of protofilament bending into
the curve is greater in the curly | (Figure 3K) state than in the
normal form (Figure 3L), consistent with the greater curvature
in the former.

The 5-start interfacial switch of supercoiled bacterial
flagellar filaments

Historically, the switching between L and R states was viewed to
occur along the 5-start interface (Figures 4A and 4B) (Calladine
et al., 2013). This 5-start interface constitutes the interface be-
tween adjacent protofilaments, whereas the 11-start interface
is the interface between two subunits in the same protofilament.
For the curly | structure, we find three classes of 5-start inter-
faces (Figures 4C—4E), with 5 longer outer curve interfaces
(red, Figures 4C—4E), four shorter inner curve interfaces (blue,
Figures 4C—4E), and two interfaces of intermediate height (pur-
ple, Figures 4C—4E) in between the inner and outer curve proto-
filaments. For the normal structures, we observed a similar
pattern except that the intermediate interfaces did not exist
(Figures 4F-4H, S4A and S4B). Instead, there were three shorter
protofilaments (indigo, Figures 4F-4H) and eight longer ones
(red, Figures 4F-4H) with less of a height difference between
the inner and outer interfaces in the normal compared with the
curly I. These classes of protofilament height were also only in
the z dimension, and a continuous distribution of protofilament
conformations was present in the x and y dimensions
(Figures 4D and 4G).

Because wild-type filaments do not naturally exist in the all-L
or all-R states, supercoiling might be a consequence of the
kinetic trapping that keeps these filaments away from these
minimum energy states. We performed a simple annealing
experiment by heating supercoiled flagellar filaments from
room temperature to 55°C and allowing them to slowly cool to
room temperature (Figures S4C and S4E). The BFFs retained
their supercoil (Figures S4D and S4F), suggesting that the super-
coiled state is a favorable energy state under our experimental
conditions.

Cryo-EM structure of the supercoiled archaeal flagellar
filament

We next sought to apply our method for reconstructing super-
coiled flagellar filaments to AFFs from S. islandicus REY15A.
Electron micrographs revealed two distinct filament populations
(Figures 5A and 5B). These were either supercoiled and identified
as AFFs or not supercoiled and identified as archaeal T4P. Differ-
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ences in the surface structures of flagellar filaments and T4P
were also observed in cryo-EM images (Figure 5B). Using the
same workflow as the one used for the BFF reconstruction, we
solved the structure of the REY15A flagellar filament imposing
a global helical symmetry, which resulted in a density map at
~4 A resolution (Figure S5A). We then reconstructed the
REY15A flagellar filament asymmetrically and obtained a 3.4 A
resolution map with clear curvature (Figures 5C and S5B) and
modeled the flagellin subunits into the map (Figures 5D and
5F). From this short asymmetric reconstruction, we estimated
the curvature to be ~2 radians/um (Table S2). Similar to many
AFFs and T4P (Gambelli et al., 2022; Poweleit et al., 2016;
Wang et al., 2020; Wang et al., 2019), we detected extensive
glycosylation with several N-linked glycans on the surface of
the structure (Figures 5D and 5E). We also found an indication
of tyrosine glycosylation (Figures S5F and S5G), which is uncom-
mon but has been previously observed in prokaryotes (Zarschler
et al., 2010).

The N-terminal regions of the preprocessed forms of archaeal
flagellins and bacterial and archaeal type IV pilins exist as trans-
membrane domains (Thomas et al., 2001). After cleavage, these
mature subunits assemble into their respective polymers in the
absence of a membrane. Interestingly, TMHMM (Sonnhammer
et al., 1998) analysis of transmembrane regions for the
REY15A flagellin predicted additional transmembrane regions
in the C-terminal outer domain (Figure 6A). These regions are
either B-sheets or loops in the flagellar filament structure (Fig-
ure S6B). We took the sequences for each of the predicted C-ter-
minal transmembrane regions and analyzed their structure using
AlphaFold (Jumper et al., 2021). For both of the ~20 amino acid
residue spanning regions, the predicted models were a-helical
(Figures S6C and S6D). As a control, a region predicted not to
be transmembrane and that was part of a 3-sheet in the filament
was predicted to be a B-hairpin by AlphaFold2 (Figure S6E). We
speculate that these regions of the C-terminal outer domain are
indeed transmembrane helices in the preprocessed flagellin
monomers and inserted in the archaeal membrane prior to
assembly.

The supercoiled archaeal flagellar filament is

assembled from 10 protofilaments

The S. islandicus REY15A genome (Makarova et al., 2016) only
encodes a single flagellin, unlike some other species of archaea
(Gambelli et al., 2022), which simplifies the interpretation of our
results. For example, it is now clear that multiple flagellins within
the same filament are not needed for supercoiling. In addition to
a prominent 3-start helix with extensive glycosylation
(Figures S6F and S6G), the REY15A flagellar filament also has
a less prominent 10-start surface helix. When comparing helical
nets (Figures 6H and 6l), the 10-start helices in archaea
(Figures S6l and S6J) are reminiscent of the nearly vertical
11-start protofilaments of the BFFs because both filaments
have low twist (Figures S6H and S6l). The 10-start interactions
mainly occur for the N-terminal «-helical domain at a relatively
small radius in the filament. When we aligned a single subunit
from each of these strands, there were 10 subunit states with
one of these states being markedly different from any of the
others (Figure 5E). We also found that the subunits on the
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(A) Depiction showing 5-start and 11-start interfaces in a BFF. The 11-start interactions are any interactions between adjacent subunits along the same pro-
tofilament. The 5-start interactions occur between subunits on adjacent protofilaments.

(B) Depiction of the alignment of subunits on adjacent protofilaments.

(C) The protofilaments of the curly | flagellar filament colored by height along the 5-start interface. The longest protofilaments are colored red, and the shortest are
colored blue. Protofilaments with intermediate interactions are colored purple.
(D) Close-up view of the switch interactions of N-D1a of a subunit S, and C-D1 of an adjacent protofilament subunit S, s for all 11 interfaces. Each interface is

aligned by the amino acids in N-D1 of subunit S,,. Subunits are colored according to the scheme in (C).
(E) Three-dimensional plot of a single atom from the interfacial comparison in (D).
(F) The protofilaments of the normal bacterial flagellar filament colored by height. The outer curve protofilaments are colored red, and the inner curve ones are

colored indigo.

(G) View of the switch interactions for the normal flagellar filament. The subunits S,,, 5 are colored according to the scheme in (F), and a maximal height of ~2.0 Ais

present in the z dimension.

(H) The three-dimensional coordinates of a single atom for all of the S, 5 subunits in the alignment from (G) are plotted.

See also Figure S4.

same 10-start strand were conformationally similar to each other
(Figure S6K). This led us to conclude that the AFFs are actually
composed of 10 protofilaments (Figure 5F). We then aligned all
of the 10 archaeal protofilaments by a subunit (S,) and examined
the differences that occur two subunits (S,,20) further along the
protofilaments (Figure 5G). Adjacent protofilaments were more
similar to each other except for the two inner-most subunits in
the curve (protofilaments | and IX, Figure 5H). We then built a
model for the supercoiled REY15A flagellar filament in the
same manner as for the bacterial filaments by aligning subunits
from the same protofilament (Figure 5I). The resulting supercoil
parameters were in good agreement with our negative-stain

TEM observations (Figure 5A), and the waveform was left
handed.

S. islandicus archaeal flagellar protofilament
interactions contain a seam in the inner curve

The majority of the interactions between adjacent REY15A pro-
tofilaments resemble what is shown in Figure 6A, where isoleu-
cine 26 of a subunit (Sy,3) is in close proximity to alanine 35 of
a neighboring protofilament subunit (S,). However, for the inter-
face between two protofilaments labeled | and Il (Figure 6B) in
the inner region of the curve, there is a seam where protofilament
I is shifted ~4 A down the interface (Figure 6B blue inset) when
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Figure 5. Cryo-EM structure and atomic model of the supercoiled S. islandicus REY15A archaeal flagellar filament reveals 10 protofilaments,
each with a unique conformation

(A) Negative-stain electron micrograph of the S. islandicus REY15A archaeal flagellar filament. The 1.5 um pitch of the flagellum is shown with the red double
arrow. An archaeal type IV pilus (T4P) is indicated with the yellow arrowhead.

(B) Cryo-electron micrograph of the S. islandicus REY15A flagellar filament (red arrow). The scale bar is ~20 nm.

(C) The 3.4 A resolution asymmetric cryo-EM reconstruction of the curved REY15A archaeal flagellar filament. A surface view of the structure is depicted on the
left, whereas a top view is shown on the right.

(D) Density map (light pink) and model (light blue) of a single REY15A archaeal flagellin.

(E) Alignment of the 10 unique REY15A flagellin subunit models. The left image shows the full flagellin models. The right image shows a close-up view of the red
boxed region.

(F) The 10 protofilaments of the archaeal flagellar filament.

(G) Alignment of the 10 archaeal flagellar protofilaments by subunit S,.

(H) Same alignment from (C) with a top view of the N-terminal core of S,,,20. This view stops at the end of the N-terminal helix (residue 65).

(I) Supercoiled model of the S. islandicus REY15A flagellar filament.

See also Figures S5 and S6.
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(A) “Standard” 3-start interface between REY15A protofilaments. Three adjacent subunits from three adjacent protofilaments are shown. They are colored as in
Figure 5F. The red inset shows the interaction between subunits S,,,3 and S, in their outer domains. A ~7 A distance between the two backbones at this interface
is indicated. The blue inset shows the interface between the subunits in the a-helical core.

(B) The 3-start interface containing the seam subunit. The seam subunit is depicted in brown as S, 3. In the red inset, the outer domain of the seam subunit (brown)
and its standard neighbor (purple) have a distance of ~7 A. In the blue inset, the a-helical core of the seam protofilament (brown) has shifted along the 3-start
interface by ~4 A.

(C) Density map (light gray) with the model for the seam subunit (brown) on the inner part of the curve.

(D) View of the linker region between the N-terminal helical core and the C-terminal outer domains of all 11 archaeal flagellin conformations aligned together.
(E) The same view as in (D) with only the two inner curve protofilaments numbered | (brown) and Il (purple). The linker hinge regions of residues 66 and 67 are

colored gold and red for protofilaments | and Il, respectively.
See also Figure S6.

compared with the other nine standard interfaces. This results in
the isoleucine 26 of subunit S,,,3 moving closer to the isoleucine
32 of neighboring subunit S,,. These seam interactions do not
occur in the outer domains (Figures 6A and 6B red insets), which
are similar across all 3-start interfaces. The most conformation-
ally different protofilament (1) is at the very inner region of the
curve (Figure 6C), which is the location of the seam. We found
that the major difference driving this ~4 A shearing is the move-

ment of the previously described archaeal flagellin “hinge”
(Gambelli et al., 2022) (Figures 6D and 6E). This hinge is the linker
between the N-terminal core and C-terminal outer domain and
corresponds to threonine 66 and alanine 67. The hinge residues
adopt different but similar conformations in 9 protofilaments and
a drastically different conformation in the subunits belonging to
protofilament | (Figure 6D). The two most conformationally
distinct subunits are, thus, from protofilaments | and I, which
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is caused by the movement of the hinge region downward in pro-
tofilament | relative to protofilament Il (Figure 6E).

DISCUSSION

For many years, the understanding of BFF supercoiling came
from a combination of low-resolution observations (Macnab,
1976) of supercoiled filaments coupled with higher resolution
structures of straight mutant BFFs (Yonekura et al., 20083). The
result of these studies was the two-state model (Calladine
et al., 2013). With our cryo-EM structures of supercoiled BFFs
and AFFs, we now provide a detailed view of the subunits
enabling the supercoiling of prokaryotic flagella.

Most flagellar motors must be able to rotate a supercoiled fila-
ment in CCW and CW directions. For the BFF, the normal wave-
form is associated with running or straight swimming coupled to
CCW rotation (Darnton et al., 2007). When one or several flagellar
motors changes to CW rotation, the forces imposed by the motor
reversal cause the switching from normal to semi-coiled or curly
waveforms, and this screws the filament out of the bundle. For
AFFs, altering buffer conditions such as pH and salt concentra-
tion change the waveforms of Methanococcus voltae AFFs
(Bardy et al., 2002), but the visualization of rotating Halobacte-
rium salinarum AFFs revealed little polymorphism or change
in handedness upon motor rotational switching (Kinosita
et al., 2016).

For the REY15A AFF, the linker hinge regions (residues 66 and
67) of all subunits exhibited a great degree of flexibility (Fig-
ure 6D). This hinge changes at the seam in the inner curvature
of the supercoil. Flexibility of this linker region has been reported
for other AFFs (Gambelli et al., 2022) as well as T4P (Wang et al.,
2020); however, its relationship with protofilament conforma-
tions in supercoiled AFF was not described. The hinge may allow
for the preservation of similar core domain contacts in 9 of the 10
interfaces and a seam in the 10" inner curvature interface (Fig-
ure 6). The REY15A flagellin has a larger C-terminal domain
(~260 total residues) compared with other known archaeal
flagellin structures (Gambelli et al., 2022; Meshcheryakov et al.,
2019; Poweleit et al., 2016), which generates a very prominent
3-start helix on the surface of the filament (Figure S6F), with gly-
cosylated residues forming a ridged surface along the 3-start he-
lix (Figure S6G). We speculate that the extensive outer domain
3-start interactions and glycosylations in the REY15A AFF is an
adaptation to the natural habitat of S. islandicus by providing
additional stability in hot and acidic environments, similar to
the glycosylation of S. islandicus LAL14/1 and S. solfataricus
T4Ps (Wang et al., 2020; Wang et al., 2019).

The 11 conformations of the BFF protofilaments also change
depending on the curvature of the waveform, with the protofila-
ments being more similar to each other in the normal waveform
and more different in the curly | waveform. This is the result of the
protofilaments increasing the degree to which they bend into
the curve in the curly | compared with the normal state. Many
of the components of the bacterial flagellum are homologous
to those of type lll secretion systems (T3SSs) (Abby and Rocha,
2012), and the lumen of the BFF functions as a channel for pro-
tein secretion (Nedeljkovi¢ et al., 2021). The structure of the
flagellar lumen is preserved in the superhelical states through
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the conformational continuum of protofilament conformations.
The larger differences in protofilament and subunit conforma-
tions between the curly | and normal structures (Figure 3) are
the result of curvature and the need to preserve the structure
of the flagellar lumen.

Considering the abrupt discontinuity in the arrangement of the
flagellin subunits in the supercoiled state of the AFF, an analogy
might be made to the hexameric Rho transcription-termination
helicase. Although early low-resolution EM studies suggested
that Rho formed a ring with a C6 symmetry (Yu et al., 2000), a
high-resolution crystal structure revealed that the ring was actu-
ally a “lock washer” with a discontinuity between two of the sub-
units (Skordalakes and Berger, 2003). It is tempting to view wild-
type archaeal and bacterial flagellins in a similar manner. For
BFFs, which are assembled from subunits with multiple helices
(Figure 7A), a straight filament with 10 coiled-coil subunits gener-
ating 10 identical protofilaments may be possible (Figure 7B).
However, the subunits may not be able to generate a completed
straight flagellar filament containing 11 protofilaments without
considerable strain and clashes (Figure 7C). Thus, the super-
coiled BFF states may indeed also reflect a minimum energy
state where there are 11 unique protofilaments, with shorter
ones on the inner curve and longer ones on the outside (Fig-
ure 7D). The situation might be similar for AFFs, but they are
composed from a single a-helix in the core (Figure 7E), which
might easily be able to assemble into a straight polymer contain-
ing nine identical protofilaments (Figure 7F). However, the addi-
tion of a 10™ subunit to complete the AFF might be unable to
assemble into a straight polymer due to clashes (Figure 7G).
As aresult, the minimum energy state of the AFF involves 10 pro-
tofilament states with a seam at the inner curve (Figure 7H).

Both the normal and curly | waveforms would, thus, represent
the minimum energy state of the BFF under different conditions.
BFFs adopt the normal waveform when they are rotated CCW.
When the rotation of the motor switches to CW, the affected
BFF breaks out of the bundle and frequently adopts the semi-
coiled waveform, followed by curly I. During CW rotation, the
right-handed curly | form is, thus, the minimum energy state.
This “two-step” transition involving semi-coiled and then curly
| waveforms is likely due to the semi-coiled waveform being an
intermediate between the normal and curly | waveforms.

Comparisons between higher resolution L- and R-state bacte-
rial flagellins (Wang et al., 2017) reveal larger differences than be-
tween the flagellins in the supercoiled structures observed by us
(Figures S7A-S7D), but these L versus R differences are still
much smaller than those based upon lower resolution structures
(Maki-Yonekura et al., 2010). It is possible that the L- and R-state
switches prevent the shifting of 5-start interfacial interactions
(Figures S7E and S7F) or subtle conformational switching of
the flagellin in other key regions (Wang et al., 2017).

Similar to both AFFs and BFFs, the supercoiled bacterial
flagellar hook contains unique conformational states for each
protofilament (Kato et al., 2019; Shibata et al., 2019), whereas
the flagellar hook protein, FIgE, shares no homology to either
bacterial or archaeal flagellins. Notably, the conformations
adopted by FIgE in the supercoiled structure are more drastically
different (Figure S7G) from each other than either the bacterial
(Figure S7H) or archaeal (Figure S7I) flagellins in their supercoiled
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Figure 7. A comparison of the supercoiling of archaeal and bacterial flagellar filaments

(A) A single EPEC H6 flagellin.

(B) Here, there are 11 protofilaments, and in the top view, the coiled-coil subunits are each represented by two circles connected by a line. The bottom image
gives the side view of the filament, with subunits being represented as cylinders.

(C) Representation showing how the addition of the 11™ bacterial protofilament would result in clashes if the filament was straight.

(D) The minimum energy state of the bacterial flagellar filament is supercoiled and has 11 protofilament conformations. The shortest protofilaments are blue, and
the longest are red. The depicted supercoiled state is that of curly I.

(E) A single REY15A archaeal flagellin.

(F) Representation of 9 identical subunits (purple) assembling into a perfectly straight filament with nine straight protofilaments. Archaeal flagellar filaments,
however, are assembled from 10 protofilaments. The top image is a top-down view of the filament, and circles represent the single a-helix for each subunit in the
REY15A flagellar core.

(G) Representation showing the addition of a 10" subunit (brown). The archaeal flagellar filament cannot assembile into a straight flagellum, as there would be
serious clashes.

(H) Representation of the minimum energy assembly of a supercoiled archaeal flagellum with 10 protofilaments each in a different conformation. Protofilaments
are colored in the order of similarity, with the two extremes being purple and brown, which are the conformations most different from each other.

See also Figure S7.

structures. This increased difference among flagellar hook pro-
tein conformations is likely due to the much greater curvature
of the supercoiled flagellar polyhooks (Figure S7J) when
compared with BFFs (Figure S7K) or AFFs (Figure S7L). The
increased curvature of the supercoiled flagellar polyhook is likely
reflective of the hook’s function as a universal joint rather than a
propeller.

Our data presented here show that convergent evolution be-
tween archaeal and bacterial flagella extends to the general
mechanism underlying the flagellar supercoiling and, hence,
motility of bacteria and archaea. These considerations raise
new questions about the terminology. The archaeal flagellar sys-
tem has been called the archaellum (Jarrell and Albers, 2012)
based upon the notion that it has no homology with the bacterial
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flagellar system. However, the bacterial flagellar system has no
homology to eukaryotic flagella, such as the whipping tails of
sperms (Gaffney et al., 2021) or protozoic trypanosomes (Lan-
gousis and Hill, 2014), yet these analogous structures are still
called flagella in both bacteria and eukaryotes (Wirth, 2012). As
such, it is our preference to refer to the structures presented in
this paper as AFFs and BFFs. Despite the lack of homology be-
tween the structural components, the mechanisms of archaeal
and bacterial flagellar supercoiling are analogous and examples
of convergent evolution, much similar to how the wings of bees
and bats have evolved independently.

Limitations of the study

Although, for BFFs, there has been an extensive analysis of mu-
tations in various domains coupled with light microscopic visual-
ization of flagellar filament waveforms, such data are virtually
nonexistent for AFFs. Future studies would hopefully involve
the mutagenesis of archaeal flagellins coupled with light micro-
scopy and motility assays. Additionally, we acknowledge that
the compressional forces caused by cryo-EM grid preparation
could cause slight distortions in our structures. Nevertheless,
this is likely a minimal source of error because of the accurate
supercoiling parameters we obtain from our coarse-grained
models. This study also considers only two of the experimentally
observed supercoiled waveforms. Future studies would be
required to further investigate how the protofilament and
5-start interactions change across the other experimentally
observed waveforms.
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Bacterial and virus strains

EPEC ICC526 (EPEC O127:H6 AbfpA + AespA) Erdem et al., 2007 N/A
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Escherichia coli K-12 strain MG1655 Jensen, 1993 N/A
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EPEC H6 Curly | helical EM map
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EPEC H6 Curly | asymmetric EM map (624x624)

EPEC H6 Curly | model

EPEC H6 Normal helical EM map

EPEC H6 Normal asymmetric EM map
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E. coli K-12 Normal helical EM map

E. coli K-12 Normal asymmetric EM map
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S. islandicus REY15A AFF helical EM map

S. islandicus REY15A AFF asymmetric EM map
S. islandicus REY15A AFF model

Firmicutes Kurthia BFF EM map

Firmicutes Kurthia BFF model

S. typhimurium flagellar hook curved EM map

This paper

This paper

This paper

This paper

This paper

This paper

This paper
This paper

This paper

This paper

This paper

This paper

This paper

Blum et al., 2019
Blum et al., 2019
Shibata et al., 2019

EMD-26995

EMD-27008
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EMD- 27064

EMD-27076
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

S. typhimurium flagellar hook curved model Shibata et al., 2019 PDB 6K3I

EPEC H6 helical atomic model Kreutzberger et al., 2022 PDB 7SN7

Software and algorithms

cryoSPARC Punjani et al., 2017 https://cryosparc.com

Chimera Pettersen et al., 2004 https://www.cgl.ucsf.edu/chimera

Coot Emsley et al., 2010 https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot

MolProbity Williams et al., 2018 http://molprobity.biochem.duke.edu

AlphaFold2 Jumper et al., 2021 https://alphafold.ebi.ac.uk

Spider Frank et al., 1996 https://joachimfranklab.org/research/software/

Imod Kremer et al., 1996 https://bio3d.colorado.edu/imod/
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® The helical EPEC H6 Curly | EM map is deposited as EMD-26995. The asymmetric EPEC H6 Curly | map and model are depos-
ited as EMD-27008 and PDB 8CVI respectively. The longer EPEC H6 curly 1 map is deposited as EMD-27029. The EPEC H6
Normal helical EM map is deposited as EMD-27064. The EPEC H6 Normal asymmetric map and model are deposited as EMD-
27076 and PDB 8CYE respectively. The E. coli K-12 Normal helical map is deposited as EMD-27059. The asymmetric E. coli
K-12 Normal map and model are deposited as EMD-27060 and PDB 8CXM respectively. The S. islandicus REY15A helical map
is deposited as EMD-27065. The asymmetric S. islandicus REY15A map and model are deposited as EMD-27026 and PDB
8CWM respectively.

o Original code is not reported in this paper.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains and growth conditions

E. coli K12 strain MG1655 (motile variant) was grown overnight in LB (1% tryptone, 0.5% yeast extract and 0.5% NaCl) at 37°C. The
stationary culture was diluted 1:200 in 800 mL LB and grown to an ODggo between 1.0 and 1.4. Cells were harvested by centrifugation
for 8 minutes at 8,000 x g and suspended in 100 mL motility buffer (0.5 mM CaCl,, 0.1 mM EDTA, 20 mM HEPES [pH 7.2]). EPEC
ICC526 (EPEC O127:H6 AbfpA + AespA) cells carrying pflhDC were grown to an ODggg of 0.6 and then induced with 0.5 mM isopro-
pyl B-D-1-thiogalactopyranoside (IPTG) resulting in flagella expression (Kreutzberger et al., 2022). Campylobacter jejuni cells were
cultured in Mueller Hinton Broth at 37°C (Kreutzberger et al., 2020).

Archaeal strains and growth conditions
S. islandicus REY15A (Guo et al., 2011) was grown aerobically with shaking (145 rpm) at 75 °C in STV medium containing mineral salts
(M), 0.2% (wt/vol) sucrose (S), 0.2% (wt/vol) tryptone (T), a mixed vitamin solution (V) (Deng et al., 2009).

METHOD DETAILS
Preparation of EPEC H6 flagellar filaments
The EPEC H6 flagellar filaments were prepared as previously published (Kreutzberger et al., 2022). For the Curly | EPEC H6 sample

the final buffer concentration was 1 M Tris/HCI 100 mM NaCl pH 6.5. For the Normal EPEC H6 sample the final buffer concentration
was 50 mM Tris/HCI 75 mM NaCl pH 7.4.
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Preparation of E. coli K-12 flagellar filaments

Flagella were sheared from cells by agitation in a mixer at full speed for 20 seconds and separated by three centrifugation steps: one
at 8,000 x g for 7 minutes, followed by two at 15,000 x g for 15 minutes at 4°C. Purified flagella were then sedimented at 87,000 x g for
2 hours at 4°C, washed with motility buffer, and suspended in 200 mL motility buffer. Purity of flagellar filaments was analyzed by
SDS-PAGE.

Preparation of S. islandicus REY15A AFFs

S. islandicus REY15A (Guo et al., 2011) was grown aerobically with shaking (145 rpm) at 75 °C in STV medium containing mineral salts
(M), 0.2% (wt/vol) sucrose (S), 0.2% (wt/vol) tryptone (T), a mixed vitamin solution (V) (Deng et al., 2009). For isolation of flagellar fil-
aments, REY15A cells were inoculate into 300 ml of MTSV medium at an initial ODggq of 0.05 and cultivated for 18 h. Once cooled
down to room temperature, the cell culture was vortexed to shear off the flagellar filaments from the cell surface. The cells were
removed by centrifugation at 8,000 rpm for 20 min and the flagellar filaments were pelleted from the supernatant by ultra-centrifu-
gation (Type 45Ti rotor, 40,000 rpm) at 10 °C for 2 h.

Preparation of C. jejuni flagellar filaments
Wild type C. jejuni 81-176 flagellar filaments were prepared as published (Kreutzberger et al., 2020) with filaments using bead beating
and centrifugation to pellet the flagellar filaments and other cellular debris.

Annealing experiments with BFFs

Diluted 100 pL samples of bacterial flagella were heated at 55 °C for 30 minutes. The samples were then allowed to cool at room
temperature for one hour. Samples before and after the annealing experiment were stained on continuous carbon EM grids using
1% phosphotungstic acid pH 7. The negatively stained samples were then imaged with a Technai T12 microscope operating at
an accelerating voltage of 80 keV.

Cryo-EM sample and grid preparation

The cryo-EM grids were prepared for imaging as described previously (Kreutzberger et al., 2020; Kreutzberger et al., 2022). Samples
were plunge frozen using either a Vitrobot Mark IV or a Leica EM GP. For the Vitrobot 3.5-4 uL of sample was applied to the grid and all
blot times were 3.5 seconds and the blot forces ranged from 3 to 6. For the Leica 2.5-3 uL of sample was applied to the grid and the
blot times were 3.5 S while blot distances ranged from 214-217.

CryoEM image acquisition
Images were acquired on a Titan Krios equipped with a K3 direct electron detector using a physical pixel size of 1.08 A/pixel. The
acerating voltage was 300 keV.

Helical reconstruction
Helical reconstruction of flagellar filaments was performed in Spider (Frank et al., 1996) using the iterative helical real space recon-
struction algorithm (Egelman, 2000) and also performed in cryoSPARC (Punjani et al., 2017) with similar results.

Asymmetric reconstruction

Flagellar filaments were reconstructed asymmetrically using cryoSPARC (Punjani et al., 2017) in a series of steps. First a low-reso-
lution helical volume (~20-50 A) was used as the initial volume for homogenous refinement. For all structures this initial round of ho-
mogenous refinement showed no curvature in the volume and still appeared largely helical. The particles and mask from this job were
then used as inputs for a 3D variability job. The results from this job were reconstructed into 3D variability clusters and the highest
resolution cluster with a curved volume was used for subsequent steps. To the best of our knowledge the volumes reconstructed
from the 3D variability job represented a sort of “constrained” ab initio reconstruction, as no starting volume was used. However,
a mask with general flagella features was as well as the particles containing the alignments parameters from the previous job. For
the EPEC H6 reconstructions, a static mask consisting of just the core domains DO and D1 was used for all steps, while for the
E. coli K-12 and S. islandicus REY15A structures a mask consisting of the entire volume was used.

For some of our structures we found the curvature was present in the reconstruction from 3D variability but absent after taking
these results as inputs for homogenous refinement. For best results, the chosen cluster of particles and its corresponding volume
from 3D variability display was used as an input for a local refinement job with shifts constrained from 5-20 A and rotational searches
from 5-20° depending on the sample being imaged. These results were the used as inputs for local CTF correction followed by a sec-
ond round of local refinement. For the Curly | EPEC H6 structure we were able to reconstruct curved volumes to 3.4 A using a particles
box size of 384 x 384 pixels and to ~4.0 A 3.7 Awith 0.143 GFSC) using a box size of 624x624 pixels. The ~3 radians/pm curvature of
the curly | was present in both structures, however smaller 384 x 384 box sizes for the Normal BFFs as well as the S. islandicus
REY15A AFF produced straight volumes with little to no evidence of curvature. The EPEC H6 Normal and S. islandicus REY15A vol-
umes were reconstructed using 624x624 particles boxes. The E. coli K-12 structure was reconstructed with a box size of 512x512.
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Local resolution estimation
Local resolution maps were generated in cryoSPARC and visualized using ChimeraX (Pettersen et al., 2021).

Model building

The core domains DO and D1 of the previously published EPEC H6 model (7SN7) was used as the initial subunit model for the Curly |
and Normal EPEC H6 structures. AlphaFold (Jumper et al., 2021) was used to generate the starting models for the E. coli K-12 and
S. islandicus REY15A flagellin models. For the REY15A AlphaFold model the secondary for each domain was predicted accurately,
however the orientation of the C-terminal outer domain relative to the N-terminal core was incorrect. This makes sense because the
model could not have accounted for the polymerization of the monomer into a filament. Modeling for each flagellar filament was initi-
ated by fitting a single subunit into each protofilament using UCSF Chimera (Pettersen et al., 2004). and then refining each model
using Coot (Emsley et al., 2010). For each protofilament the subunit initially fit and refined into a protofilament was copied (at least
3 copies each) and each copy was then fit into adjacent subunits along the same protofilament. Each subunit from each protofilament
was refined individually in Coot and then each protofilament was refined using real-space refinement in Phenix (Afonine et al., 2018b).
For each structure the 11 bacterial or 10 archaeal protofilament models were then combined together into a single model for that
flagellar filament, which was subsequently refined in Phenix. The quality of the model was determined using Molprobity (Williams
et al., 2018).

Determination of modeling error in comparisons of independently built subunits

To determine the extent to which we could interpret differences between subunits on the same or adjacent protofilaments, we con-
ducted an experiment to predict the error of fitting a subunit into a map. We took a small segment of the H6 curly model in domain D1
(Figure S3I) and created 10 copies. To each, a different set of shifts in x, y, and z was applied (Figure S3J), with a mean rms shift of
2.6 A. We then took the shifted models and used Phenix real space refinement to fit them into the corresponding region of the density
map (Figure S3K). The C,, backbones of the 10 models were all quite similar after refinement (Figure S3L), and the average backbone
rmsd value for the shifted models compared to the starting model was 0.2 A. This estimate of the uncertainty in our models provided
confidence that the detected structural differences between protein subunits are true conformational differences.

Comparison of flagellin subunits
All comparisons between flagellin subunits through structural alignments were generated with the matchmaker function in UCSF
Chimera. The 3-dimensional plot shown in Figures 4E and 4H was generated using the free version of Plotly Chart Studio.

Coarse-grained modeling of the supercoil of prokaryotic flagellar filaments

For each flagellar filament model only a few atoms from each domain were kept for the coarse-grained model. All other atoms were
deleted. The atomic radii of the alpha carbons were increased by ~20 Ato represent the flagellin subunits as large spheres. The
chains of inner-most (lowest resolution) and outer-most (highest resolution) curve protofilaments were aligned in UCSF Chimera ac-
cording to the scheme from Figure S7.

Cryo-electron tomography

A5 L aliquot of 10 nM BSA Gold Tracer (Electron Microscopy Sciences™) was added to 10 L of C. jejuni flagellar filaments. Grids
were prepared in an identical fashion to all other flagellar filaments samples except that 300 copper mesh C-flat holey carbon grids
were used with 2 pm x 2um hole size. Tilt series were collected from -60° to +60° tilt with 1.5° degrees between each image and a
dose of 4.2 e/A2. Tomograms were generated using Etomo (Mastronarde and Held, 2017), which is part of the IMOD processing suite
(Kremer et al., 1996). Segmentation of the flagellar filaments was then performed to better visualize them in 3-dimensions (Noske
et al., 2008).

QUANTIFICATION AND STATISTICAL ANALYSIS

The quantification and statistical analyses are integral parts of the software and algorithms used, cryoSPARC for the generation of the
maps and Phenix for the generation of the atomic models.
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Figure S1. Cryo-EM helical reconstructions of EPEC H6 and E. coli K-12 bacterial flagellar filaments, related to Figure 1

(A) Micrograph of EPEC H6 flagellar filaments. Scale bar is ~50 nm.

(B) Helical net created from the final monomeric symmetry parameters of axial rise of 4.81 Aand helical twist of 65.54°. We use the convention that the surface has
been unrolled, and we are looking from the outside. The blue dashed lines represent the 11 protofilaments, which have a tilt of +0.94°/52.9 A, where 52.9 =
11 x 4.81. This tilt is a twist of 27t radians/2.0 um, or 3.1 um ™", but would ignore any contribution from curvature, which would not exist for strict helical symmetry.
(C) Density map from the monomeric symmetry helical reconstruction. Side and top views of the filament are shown on the left. A density map of a single flagellin
subunit is shown on the right.

(D) Electron micrograph of EPEC H6 flagellar filaments. Scale bar is ~50 nm.

(E) Helical net of from the final symmetry parameters of 4.82 A axial rise and 65.403° helical twist, which is —0.567°/53.0 A or —1.9 pm—",

(F) Density map from the helical reconstruction of the EPEC H6 flagellar filament in the normal waveform. Side and top views of the filament are shown on the left. A
density map of a single flagellin subunit is shown on the right.

(G) Cryo-EM of E. coli K-12 flagellar filaments. Scale bar is ~50 nm.

(H) Helical net for the E. coli K-12 flagellar filament. The axial rise is 4.83 ,5\, and the twist is 65.406°, which is —0.534°/53.1 Aor-18 um’1.

(1) Density map of the E. coli K-12 monomeric symmetry helical reconstruction. Side and top views of the filament are shown on the left. A density map of a single
flagellin subunit is shown on the right.
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Figure S2. Resolution comparison of bacterial flagellar filament cryo-EM reconstructions, related to Figure 1
(A) Density map for the EPEC H6 curly | asymmetric reconstruction. The left map is the entire flagellar filament reconstruction. The right maps show inner and outer
curve flagellin subunit densities.

(legend continued on next page)
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(B) Local resolution estimate for the EPEC H6 curly | reconstruction. The 33-subunit curly | model was built into the middle section of the map with the highest
resolution density (estimated ~3.2-3.4 A). The dashed box approximately corresponds to the region used for model building.

(C) Filament and subunit density maps for the EPEC H6 normal asymmetric reconstruction.

(D) Local resolution estimate for the EPEC H6 normal asymmetric reconstruction. The dashed box approximately corresponds to the region used for model
building.

(E) Filament and subunit density maps for the E. coli K-12 normal flagellar filament asymmetric reconstruction.

(F) Local resolution estimate for the E. coli K-12 normal flagellar filament asymmetric reconstruction. The lowest resolution density (red) was the beginning of the
K-12 outer domain D2 and was not used in this study. The dashed box approximately corresponds to the region used for model building.

(G) The density map for a core (D0/D1 domain) of single Kurthia flagellin subunit. The left image shows the full core domains of the flagellin, and the right shows a
close up of domain D1 density at high threshold. Broken density in domain D1 is indicated by the arrows.

(H) Density map for flagellin core from the H6 helical reconstruction. The full domain D0/D1 core is shown on left. On the right is an image showing the broken
density in domain D1 at high threshold.

(I) Density map for flagellin core from the EPEC H6 asymmetric reconstruction. The leftimage shows the full DO/D1 core density. The right image shows a close up
of domain D1 at high threshold. The density in the loop region (aas 100-106) appears quite good and not broken in contrast to the helical reconstructions.
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Figure S3. Cryo-electron tomography and modeling controls for bacterial flagellar filaments, related to Figures 2 and 3
(A) Electron micrograph of wild-type C. jejuni flagellar filaments. The scale bar is ~50 nm.

(B) Tomogram slice of C. jejuni flagellar filaments.

(C) Segmentation of the flagellar filaments showing them in the x and y dimensions.

(D) Segmentation of the flagellar filaments in the y and z dimensions.

(E) Alignment of two curly | subunits from the same outer curve protofilament by domain DO.

(F) Alignment of two curly | subunits from adjacent outer curve protofilaments by domain DO. The pink subunit is the same in both (A) and (B).
(G) Alignment of two curly | subunits from the same inner curve protofilament by domain DO.

(H) Alignment of two curly | subunits from adjacent inner curve protofilaments by domain DO.

(I) Unshifted model (light blue) fit into its density map (light gray). The right image is a top view.

(J) The randomly shifted models are shown here in different colors prior to refinement in Phenix.

(K) Shifted models after refinement to the density map. After refinement in Phenix, the models all fit the density map quite nicely.

(L) Backbones of the 10 refined models as well as the unshifted one.
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Figure S4. Comparison between EPEC H6 and E. coli K-12 normal-waveform 5-start interfaces and annealing experiments of supercoiled
flagellar filaments, related to Figure 4

(A) 5-start interface between N-D1 domains of subunit, S, and adjacent subunit S,,s for the EPEC H6 normal flagellar filament structure. Shorter protofilaments
are colored blue, and longer ones are colored pink. The ~1.6 A shearing between the shortest and longest protofilament is indicated.

(B) 5-start interface between N-D1 domains of subunit, S, and adjacent subunit S5 for the E. coli K-12 normal flagellar filament structure. Shorter protofilaments
are colored blue, and longer ones are colored pink. The ~1.6 A shearing between the shortest and longest protofilament is indicated.

(C—F) In allimages, the scale bars are ~50 nm. (C) Negative-stain TEM of EPEC H6 flagellar filaments at room temperature in PBS (pH 7.2). Filaments were stained
with phosphotungstic acid (PTA) (pH 7.0). (D) Negative-stain TEM of EPEC H6 flagellar filaments after the annealing experiment. A 100-pL aliquot of the filaments
was heated to 55°C for 30 min and then allowed to cool down to room temperature, where they remained for more than an hour. (E) Negative-stain TEM of E. coli
K-12 flagellar filaments prior to the annealing experiment. (F) Negative-stain TEM of E. coli K-12 flagellar filaments after the annealing experiment.
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Figure S5. Density map details of the S. islandicus REY15A archaeal flagellar filament, related to Figure 5

(A) Filament and subunit density maps of the REY15A AFF helical reconstruction.

(B) Filament and subunit density maps for the REY15A asymmetric reconstruction.

(C) Local resolution estimate for the REY15A asymmetric reconstruction. The dashed box approximately corresponds to the region used for model building.
(D) Sequence of the S. islandicus REY15A archaeal flagellin. The N-terminal sequence removed in processing is shown in blue. Residues that appear glycosylated
in the density map are colored red.

(E) Glycosylation of asparagine 231. The residue is shown with its large glycan density.

(F and G) Evidence of tyrosine glycosylation in the REY15A flagellar filament. (F) shows tyrosine 148 and its corresponding density at high threshold. (G) shows
tyrosine 148 and its corresponding density at low threshold.
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Figure S6. Sequence prediction of REY15A flagellin and the identification of archaeal flagellar protofilaments, related to Figures 5 and 6
(A) TMHMM prediction of transmembrane helices in the REY15A archaeal flagellin.

(B) Model of the REY15A C-terminal outer domain. The model was initially generated using AlphaFold prior to refinement. The regions in the model are colored
according to the key at the top.

(C) AlphaFold prediction of amino acids 214-238 (purple). It should be noted that the extended loop at one of the ends of the AAs 214-238 prediction is close to
being a-helical.

(D) AlphaFold prediction of amino acids 245-264 (cyan).

(E) The AlphaFold predicted B-hairpin for control region of AAs 101-131 (dark red). This region is not predicted to be a transmembrane helix by TMHMM and is a
B-hairpin in the filament model.

(F) Surface of the REY15A archaeal flagellar filament atomic model with the N-terminal core domains colored tan and the C-terminal outer domains colored pink.
The 3-start helix formed by one set of these outer domain interactions is marked with the pink arrow.

(G) The same view from (F) but with the density map (gray) shown as well. The extensive glycan densities make the 3-start helix even more pronounced.

H) Helical net of the EPEC H6 normal waveform. The 11-start protofilaments are indicated by the blue dashed lines.

1) Helical net of the S. islandicus REY15A archaeal flagellar filament. The 10-start protofilaments are indicated by the red dashed lines.

J) Depiction of the 10-start helix of the REY15A archaeal flagellar filament.

K) Alignment of two REY15A archaeal flagellins from the same protofilament.
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Figure S7. Comparison between straight L- and R-type flagellins and the flagellin conformations in the supercoiled EPEC H6 curly I structure,
related to Figure 7

(A) Alignment of the P. aeruginosa L-type (pink) and R-type (blue) flagellins by domain DO.

(B) Alignment of the 11 EPEC H6 curly | subunits by domain DO.

(C) Alignment of the L-type (pink) and R-type (blue) 5-start interfaces by subunit S,.

(D) Alignment of the curly | outer curve (pink), inner curve (blue), and intermediate 5-start interfaces by subunit Sy,.

(E) Alignment of the 5-start interface between L-type and R-type structures from P. aeruginosa. The two interfaces have been aligned by the subunit S,.. The left
image shows the entire flagellins in the alignment. The right image shows the interface of C-D1 from subunit S,,,5 and N-D1a from subunit S,,.

(F) Alignment of the outer curve (pink), intermediate (gold), and inner curve (blue) 5-start interfaces in the H6 curly | model.

(G) Alignment of inner (blue) and outer (pink) curve subunits of the supercoiled flagellar hook from Shibata et al. (2019). The subunits were aligned across the entire
protein sequence.

(H) Alignment of inner curve (orange) and outer curve (purple) EPEC H6 curly | BFF subunits. The alignment was across the entire sequence of domains DO and D1.
(I) Alignment of inner (orange) and outer (cyan) curve subunits of the REY15A AFF. The alignment was made using the entire protein sequence.

(J) Density map of the supercoiled flagellar hook from Shibata et al. (2019), with the approximate curvature indicated. The curvature was estimated from Figure S1
in Shibata et al. (2019) with the pitch approximately 150 nm and the diameter approximately 50 nm.

(K) Density map of the EPEC H6 curly | bacterial flagellar filament. Curvature is given in Table S3.

(L) Density map of the REY15A archaeal flagellar filament. Curvature is given in Table S3.
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