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A structural model of flagellar filament switching
across multiple bacterial species
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The bacterial flagellar filament has long been studied to understand how a polymer composed
of a single protein can switch between different supercoiled states with high cooperativity.
Here we present near-atomic resolution cryo-EM structures for flagellar filaments from both
Gram-positive Bacillus subtilis and Gram-negative Pseudomonas aeruginosa. Seven mutant
flagellar filaments in B. subtilis and two in P. aeruginosa capture two different states of the
filament. These reliable atomic models of both states reveal conserved molecular interactions
in the interior of the filament among B. subtilis, P. aeruginosa and Salmonella enterica. Using the
detailed information about the molecular interactions in two filament states, we successfully
predict point mutations that shift the equilibrium between those two states. Further, we
observe the dimerization of P. aeruginosa outer domains without any perturbation of the
conserved interior of the filament. Our results give new insights into how the flagellin
sequence has been “tuned” over evolution.
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ost motile bacteria have complex structures known as

flagella, with extracellular filaments that grow up to 15

pm long and spin at hundreds of revolutions
per second. There are three parts to the flagellar structure: the
trans-membrane basal body that functions as the motor, the
connecting rod and hook, and the flagellar filament that acts like a
helical propeller!. The bacterial flagellar filament has been
intensively studied for many years>* It has served as an
enlightening system for understanding how a protein polymer
composed of a single protein, flagellin (except for the cap protein
at the end that acts as an assembling chaperone™ °) switches
among different states to supercoil. This supercoiling allows the
rotating filament to behave as an Archimedean screw and pro-
duce thrust. The filament can adopt different conformational
states due to mechanical forces, such as when the motor switches
the sense of rotation’, allowing the bacteria to swim forward,
backward, in a screw-like fashion and to tumble®. With the motor
linked to sensory receptors’, the bacteria are capable of moving
towards nutrients and away from dangerous environments,
resulting in a significant survival advantage'’. On the other hand,
mutations within the flagellin protein that fail to form supercoiled
filaments generate no thrust when such straight filaments are
rotated, leading to non-motile bacteria!!~!?.

Our current understanding of supercoiling in bacterial flagellar
filaments, referred to as polymorphic switching, is based upon the
notion that protofilaments within the flagellar filament can exist
in two discrete states, that differ slightly in length!4~22, The
filaments curve due to shorter protofilaments forming the inside
of supercoils, with longer protofilaments on the outside,
generating periodic waveforms. Given 11 protofilaments in the
intensively studied Salmonella enterica flagellar filaments, 12
different supercoiled states have been proposed, ranging from all
11 protofilaments in the “short” state to all 11 protofilaments in
the “long” state. The “short” state results from a protofilament
having a right-handed inclination (the R-state), while the “long”
state results from a protofilament having a left-handed inclination
(the L-state)?3. The structure of wild-type flagellar filaments with
non-straight waveforms cannot be analyzed at high resolution
easily, because the filaments do not have a simple helical sym-
metry in which every subunit is in an equivalent environment. To
reconstruct filaments at high resolution, all protofilaments must
be “locked” into the same state, either L- or R-type, producing
straightened filaments that lead to non-motile bacteria. Based
upon extensive work from the Namba laboratory?*~2¢ using
X-ray fiber diffraction, X-ray crystallography, and cryo-EM,
atomic models have been proposed for straight Salmonella
enterica filaments with all protofilaments in either the R-state?® or
the L-state®*.

While these two atomic models represent a significant advance
in understanding polymorphic switching of bacterial flagellar
filaments, they do not provide sufficient mechanistic under-
standing of how switching occurs. Indeed, these models raise
numerous questions that will need to be addressed so that we can
develop drugs to inhibit the flagellar functions of pathogenic
bacteria and engineer novel nano-machines for controlled
movement of molecular cargoes. First, each model is based upon
only a single amino acid variant, which came from the selection
of flagellin mutants that cause loss of motility. Whether other
motility mutants lead to the same or similar atomic models, or if a
multiplicity of different states might arise from different mutants
is unclear. Second, it has emerged that there is a divergence of
quaternary structure in bacterial flagellar filaments, with those
from Camfylobacter jejuni having seven, rather than 11 proto-
filaments®’. As C. jejuni and Salmonella are both Gram-negative
bacteria, the degree of divergence among not only Gram-negative
organisms but also among the Gram-positive populations has not
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been resolved, as is the question of whether Gram-positive bac-
teria share a conserved flagellar filament structure with Gram-
negative bacteria. Third, enormous advances have been made in
resolution using cryo-EM over the past 4 years, largely driven by
the availability of direct electron detectors?®. These detectors were
not available when the Salmonella models were proposed®® 2>,
Here, we attempt to answer these questions and others using a
direct electron detector by generating and studying locked,
straight flagellar filaments from the Gram-positive bacterium
B. subtilis and the Gram-negative P. aeruginosa with high reso-
lution cryo-EM.

Results

Cryo-EM structures of B. subtilis flagellar filaments. Flagellin
protein in Bacillus subtilis is expressed from the hag gene?®, which
is homologous to fliC in Salmonella enterica. To obtain straight
flagellar filaments suitable for cryo-EM analysis, we used low-
fidelity PCR to randomly mutagenize an allele of the hag gene,
hag™"C, and screened for non-motile mutants in B. subtilis. The
non-motile mutants could be fluorescently labeled with a mal-
eimide dye due to the Hag?%°C allele and were assessed by
fluorescence microscopy to identify straight structures (Blair et al.
2008). Of the mutants screened, 30 were non-motile and, of those,
six were determined to have straight flagellar filaments by
fluorescent microscopy. We also included a previously identified
straight filament mutant, Hag?33V, in the study>. Flagella were
isolated from the mutants and cryo-EM images were collected
using a Falcon II direct electron detector (Fig. 1a). Filaments were
boxed and cut into overlapping segments, filament segments were
sorted by the considerable structural polymorphism (both rise
and rotation), and reconstructed to near-atomic resolution (the
helical parameters and statistics of all seven reconstructions are
listed in Table 1). Notably, all seven mutants (three L-type and
four R-type mutants) have right-handed 1-start, left-handed
5-start and right-handed 6-start helices (Figs. 1b, ¢, Supplemen-
tary Fig. 1a, b). While the three L-type mutants (E115G, S285P,
and S17P) have a left-handed 11-start helix, the four R-type
mutants (N226Y, A233V, H84R and A39VN133H) have a right-
handed 11-start helix, and the designations L and R correspond to
the hand of these 11-start helices. The L-type 11-start helices are
tilted left by ~ 1.7° and the R-type 11-start helices are tilted right
by ~3.9° (Figs. 1b-e).

We obtained near-atomic resolution reconstructions for both
L- and R-type straight filament mutants. The first atomic filament
model (R-type H84R) was built de novo using an established
Rosetta protocol®!, and the other filament models were built by
RosettaCM>? using the H84R model as the starting template. The
best resolution reached for L- and R-type mutants reconstruc-
tions are 4.5 and 3.8 A, respectively (Figs. 1d, e, Table 1) based on
Fourier shell correlation (FSC) of the cryo-EM density map with
the resulting filament model (Supplementary Fig. 2). We
confirmed that this model:map FSC yields a similar estimate of
resolution compared with the more traditional “gold standard”
FSC between two independent map reconstructions (map:map).
We calculated both FSC plots in the A39VNI133H dataset and
found that the modelimap FSC (4.3 A) is similar but more
conservative compared with the map:map FSC (4.1 A, Supple-
mentary Fig. 2f). A top view of these reconstructions clearly
shows that both L- and R-type mutants have 11 protofilaments,
forming annular tubes with inner diameters of ~25 A and outer
diameters of ~125A (Figs. 1d, e), and these dimensions are
similar to Salmonella if one excludes the D2/D3 domains®* 2°.,
The Hag subunit is composed of two domains labeled DO and D1,
which are arranged on the inside and outside, respectively, of the
flagellar filaments (Figs. 1d, e). For all seven mutants, the filament
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Fig. 1 Cryo-EM reconstruction and flagellar filament model of B. subtilis. a Cryo-electron micrograph of B. subtilis flagellar filaments. The scale bar represents
100 nm. b and ¢ The helical net of the B. subtilis flagellar filament using the convention that the surface is unrolled and we are looking from the outside. The
L-type filaments are shown in b and the R-type filaments are shown in c¢. d and e The surfaces of the side view, the central slice through the lumen, and the
top view of the cryo-EM reconstructions (L-type straight filament S285P shown in d, R-type straight filament N226Y shown in e)

core (DO) has a slightly better resolution than the outer region
(D1), presumably due to packing stability (Supplementary Fig. 2).
These observations are similar to previous reports of other helical
assemblies where the outer residues are less ordered than the
inner ones™3.

The subunits of L-type and R-type Hag share highly similar
secondary architecture (Supplementary Fig. 3a, b). The DO
domain is composed of two a-helices (NDO and CDO) that form a
short coiled-coil. The D1 domain is composed of a -hairpin and
three a-helices (ND1a, ND1b and CD1), which form a longer
coiled-coil than in DO. The DO and D1 domains are connected by
two loop regions: residues S31-D47 (NL) connect NDO and ND1a
and residues R264-D267 (CL) connect CD0O and CD1 (Supple-
mentary Fig. 3a, b). The entire backbone, except for the first four
residues at the N-terminus, can be traced unambiguously and
built in the reconstruction for both L- and R-type subunits. Side
chain densities can be seen for most of the residues (Supplemen-
tary Fig. 3a, b), which allows us to accurately determine the
register of the amino acid sequence in the cryo-EM density. These
are the highest resolution reconstructions of bacterial flagellar
filaments reported to date.

Cryo-EM structures of P. aeruginosa flagellar filaments.
Next, we analyzed flagellar filaments from the Gram-negative
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bacterium Pseudomonas aeruginosa to compare with a Gram-
negative species. Since the DO and D1 domains of P. aeruginosa
and S. enterica share a high degree of sequence identity (55%),
we tested the conserved L- and R-type mutations characterized in
S. enterica (G426A and A449V, respectively)24’ 25 which corre-
spond to G420A and A443V in P. aeruginosa, respectively. We
found that these mutations also generate straightened filaments
in this organism. Filaments from these two FliC mutants of
P. aeruginosa were sheared off the bacteria, concentrated,
plunge-frozen and cryo-EM imaged (Fig. 2a). Each mutation
results in L- and R-type straight filaments as expected, which
suggests that the DO/D1 architecture is indeed conserved between
P. aeruginosa and S. enterica.

For both the L- and R-type P. aeruginosa filaments, we
identified three pseudo layer-lines in the power spectra from the
filaments, besides the 1-, 5-, 6- and 11-start layer-lines that are
similar to B. subtilis, which correspond to non-helical perturba-
tions (Supplementary Fig. 1c, d). Similar perturbations have been
observed before in a particular Salmonella strain®* as well as in
other bacteria®®=°, and correspond to a larger asymmetric unit
containing two flagellin subunits. The non-helical nature of the
pairing is due to the fact that a seam is introduced into the
structure, which is a discontinuity in the helical surface lattice
(Fig. 2c). To further investigate whether this non-helical
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Table 1 Refinement statistics for the flagellar filament models
Mutation site (s) B. subtilis P. aeruginosa
S285P E115G S17P N226Y A39VN133H H84R A233V G420A A443V
Filament hand (11-start) Left Left Left Right Right Right Right Left Right
Helical symmetry
Rise (A) 4.72 4.72 4.68 4.64 4.65 4.64 4.64 4.73 4.61
Rotation (°) 65.30 65.30 65.29 65.83 65.81 65.81 65.81 65.27 65.75
CTF selected images 569 285 539 604 826 490 324 104 637
Total segments 138,327 41,587 67,195 97,487 315,847 165,589 74,183 17,450 209,965
Sorted segments 55,403 22,682 13,899 72,005 134,766 58,771 33,992 17,4500 102,119
Resolution? (A) 4.5 57 6.7 3.8 43 4.4 55 4.3 4.2
Clash score, all atoms 6.3 3.7 3.1 4.3 33 19 4.0 9.1 3.6
Protein geometry
Ramachandran favored (%) 88.9 90.5 873 91.0 90.7 91.7 90.6 935 90.2
Ramachandran outliers (%) 0 0 0 0 0 0 0 0 0
Rotamer outliers (%) 0 0 0 0 0 0 0.4 0 0
CPB deviations > 0.25 A 0 0 0 0 0 0 0 0 0
RMS deviations
Bond (A) 0.006 0.007 0.007 0.008 0.005 0.007 0.006 0.010 0.008
Angels (°) 0.98 116 1.03 m 0.88 0.96 0.96 1.36 m
Molprobity score 1.93 1.70 172 173 1.65 1.44 172 1.91 1.69
Molprobity percentile 99 99 99 99 99 99 99 99 99
PDB ID 5WIJY 5WJz 5WIX SWIT 5WJuU 5WIV 5WIW 5WKé6 5WK5
EMDB ID 8852 8853 8851 8847 8848 8849 8850 8856 8855
@Resolution of all filaments was estimated by model-map FSC (0.38 cutoff). This approach was validated by using a map:map FSC from non-overlapping data sets for the A39VN133H mutation, starting
with volumes filtered to 10 A resolution as starting references. This yielded an FSC at 0.138 of 4.1 A
bReconstruction of sorted P. aeruginosa G420A segments gave a worse resolution than unsorted segments, presumably due to limited number of total segments

perturbation occurs in wild-type filaments, and is not introduced
by the mutations, a power spectrum of wild-type filaments was
generated from 50 images of negatively stained filaments
(Supplementary Fig. le, f) and clearly shows a layer line
corresponding to this non-helical perturbation.

Ignoring the non-helical perturbation, it is possible to
reconstruct these mutants by assuming there is a strict helical
symmetry, with every subunit being equivalent (Fig. 2b). We
obtained near-atomic resolution reconstructions for the DO and
D1 domains for both mutants: at 4.2 A resolution for L-type
filament G420A and at 43 A resolution for R-type filament
A443V based on FSC of the cryo-EM density map with the
resulting filament model (Supplementary Fig. 2). The filament
model was built by RosettaCM>? using the Bacillus mutants
described above as the starting model. That we could reach such a
resolution for DO and DI confirms that the perturbation is
entirely limited to the outer D2/D3 domains, as previously
suggested from lower resolution studies of other bacteria®*~40,

To visualize the outer domain structure of P. aeruginosa
filaments, the non-helical perturbation needs to be considered.
Previous work on a perturbed Salmonella flagellar filament>*
suggested that subunits pair across the 5-start helices, and
therefore a seam forms between two 11-start protofilaments
(Fig. 2¢). The presence of this seam, similar to the seam observed
in microtubule filaments*!, breaks the continuity along the 5-start
helices. While structures such as this with a seam are referred to
as “non-helical”, it can be seen from Fig. 2¢ that the structure can
actually be viewed as an ideal helix, but one with an asymmetric
unit containing 22 flagellin subunits. This very large asymmetric
unit would be related to adjacent ones by an axial rise of 22¥4.61
A =101.5 A and a rotation of 6.41°, generating a 1-start helix with
a pitch of 5700 A having 56.16 units per turn. These symmetry
parameters were applied (Fig. 2d) to an IHRSR reconstruction.
After one cycle, inter-subunit pairing can be seen clearly in the
reconstructed volume across the 5-start helices (Figs. 2c, d),
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where the D3 domain of the subunit Sy (green dots in Fig. 2c)
interacts with the D2 domain of subunit Sy.;; (red dots in
Fig. 2¢). The pseudo layer-lines reflecting this pairing can be seen
from the power spectrum of the projection of this volume
(Supplementary Fig. 4), matching the layer lines seen in the actual
images. Unfortunately, the reconstruction fell apart very quickly
with additional cycles so a higher resolution reconstruction could
not be obtained. This was not surprising and is due to the very
large asymmetrical unit combined with the poor signal-to-noise
ratio in the micrographs.

Overall comparison of the L- and R-type structures. Since these
are the first near-atomic resolution structures of L- and R-type
filaments from both Gram-positive and -negative strains, we set
out to compare detailed differences in the molecular architecture
between L- and R-type filaments. First, we compared a single
subunit from each filament type by superimposing their C,
backbones (Fig. 3a), which shows that the L- and R-type subunits
of B. subtilis share the same secondary structure. When two
subunits are aligned by their DO domains, which comprise the
inner part of the filament, the D1 domain of the L-type subunit
was twisted clockwise from the D1 domain of the R-type subunit
(Fig. 3a). The rotation and shift for the C, atoms in the DI
domain range from 2 to 10° and 1.5-11 A, respectively. The D1
domain C, atoms twist more when they are further from the
DO domain, which places them at the outer region of the filament.
A similar twisting motion was observed when L- and R-type
subunits were aligned by the D1 domain. The small RMSD of
individual domain DO or D1 backbones (all <1 A), suggests a
highly conserved fold between Gram-positive and -negative
bacteria, and between the L- and R-states (Fig. 3b, bottom left).
However, if the RMSD is calculated from the connected D0-D1
domains, we can see a clear clustering by handedness: domains of
the same hand from two species share a very conserved backbone
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Fig. 2 Cryo-EM reconstruction and flagellar filament model of P. aeruginosa. a Cryo-electron micrograph of P. aeruginosa flagellar filament. The scale bar
represents 100 nm. b The helical net of R-type flagellar filament core (DO and D1 domain) of P. aeruginosa. € The helical net of D2/D3 domain in the R-type
flagellar filament of P. aeruginosa. d The side view, the central slice through the lumen, the top view and the segmented dimer view of the cryo-EM

reconstructions of the R-type flagellar filament A443V of P. aeruginosa

trace (RMSD 0.6 ~ 0.9 A), whereas the RMSD of different hands
ranges from 1.5 to 3.3 A (Fig. 3b, upper right). Altogether this
structural investigation reveals strong conservation in the indi-
vidual DO and D1 fold between L-type and R-type filaments, and
even between different bacterial species. Furthermore, it shows
that the major difference between L- and R-type subunits resides
in the rotation angle mediated by the two connecting loops
(NL and CL).

Next, we compared the subunit-subunit interactions of the L-
and R-type filaments. A subunit Sy in the flagellar filament
interacts with eight other subunits: S.s, Si6 Si11> S+16> S—55 S_6>
S_i1> S_16. Since the interactions between Sy and S, are the same
as the interactions between S_, and S, only five subunits (So, S,s,
S+ St11> S116) Were used to analyze all the unique interactions in
the flagellar filaments as shown in Fig. 3c. PISA interface
analysis*? shows that for both L- and R-type structures, S, is
making major contacts with S,5 and S,;; with an interfacial area
of ~ 1900 A%, minor contacts with S, with an interfacial area of
~270 A2, and intermediate contacts with S, with an interfacial
area of ~ 600 A? (Supplementary Table 1). In the 5-start interface,
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we detected contacts of S;-ND1a/b to S,5-CD1 and S,-ND1b to
S,s-B-hairpin. In the Sy and S,;, interface, we detected that the
So-CD1 makes contacts with S,;;-NDO0, ND1 and f-hairpin, and
So-NDla interacts with S,;;-ND1 and f-hairpin. There are also
contacts between Sy-CDO and S.;;-NDO and CDO. Even in the
relatively smaller interface of Sy and S, ¢, we were able to detect
interactions between D1 domains: Sy-ND1b and S, ,4-ND1a. The
interface of Sy and S, on the other hand, only involves the
interactions of DO domains: So-CDO0 and S,s-NDO and CDO
(Fig. 3c, d). These observations differ from previous conclusions
derived from Salmonella filament structures, in which the 5-start
interface has been considered as the only inter-subunit D1
domain interaction and the only important interface for the
L-/R- switch mechanism?%. By analyzing homologous flagellar
filaments reconstructions with much higher resolution from two
other bacterial species, we suggest that the DI domain
interactions along the 5-start helices in Salmonella exist but are
not the only interactions.

Finally, we compared the filament packing of all the L- and
R-type structures by calculating the RMSD of the five subunits
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of the complex of these five subunits among all the nine filament mutants

containing all of the unique interactions (Fig. 3e). Similar
to single subunit RMSD calculation (Fig. 3b), we observed
striking  clustering/conservation among filaments of the
same hand regardless of the species. In fact, the average five-
subunit RMSD of R-type filaments between two species is
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only 0.8 A, significantly lower than the average five-subunit
RMSD (greater than 2.0 A) between any L- and R-type filaments
(Fig. 3e). These calculations strongly suggest that filaments
of the same hand are not only conserved in their single
subunit architecture, but also highly conserved in terms of
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Fig. 4 Comparison with flagellar filaments of other bacterial species. a A comparison of L-type flagellar structures in B. subtilis (S285P), P. aeruginosa
(G420A) and S. enterica (PDB: 3A5X, EMD-1641). A comparison of the segmented maps corresponding to a single subunit is shown on top. A diameter
comparison from the top view of the filaments is shown on the bottom. b Superimposition of the single L-type subunits: three from B. subtilis (yellow, S285P,
S17P, E115G), one from P. aeruginosa (orange, G420A) and one from S. enterica (dark green, 3A5X). The dashed line indicates where the crystal structure of
S. enterica ends. ¢ Alignments of the flagellin amino acid sequence from four gram-positive bacteria and four gram-negative bacteria. Single mutants in
B. subtilis are marked with filled red stars, the double mutants are marked with empty red stars, and the mutants in P. aeruginosa are marked with filled

blue squares
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helical ~parameters (rise and rotation), inter-subunit
interactions and overall filament packing. This provides a
comprehensive structural confirmation of the bi-state mechanism
proposal*3, by using nine different structures from two different
species.

Domains and interfaces responsible for polymorphic switching.
Extensive work has been done in S. enterica to identify the resi-
dues responsible for the L- and R-type polymorphic switching,
including mutagenesis*4, computational simulations! and cryo-
EM approaches. To date, only two lower resolution cryo-EM

Fig. 5 Mutation sites of B. subtilis and their molecular basis that lead to straight filaments. a Locating the mutation sites on the single flagellin subunit.
b Locating the mutation sites on the 5-start interface (left) and the 11-start interface (right). c-f Subunits So, S5, Si11 and S.qe are colored in dark
yellow, purple, green and blue, respectively. Un-mutated residues are shown in gray, and adapted from the other mutants in the same hand. Mutation sites
for: left-handed mutation E115G ¢, right-handed mutation N226Y d, right-handed mutation H84R e, and right-handed mutation A233V f. g Top view of two
mutant structures N226Y (gray) and S285P (purple) aligned by upper part of DO domain (amino acids 18-32 and 268-284). h Top view of two mutant
structures N226Y (gray) and S17P (blue) aligned by the same upper part of DO domain
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structures of S. enterica flagellar filaments have been
reported’® 2>, A comparison between S. enterica, B. subtilis and
P. aeruginosa filament structures shows that their DO/D1 cores
share a very conserved 11-protofilaments packing, with an inner
diameter of ~ 25 A and an outer diameter of ~ 125 A (Fig. 4a). In
fact, in P. aeruginosa we were able to generate the same-hand
straight filaments using mutations corresponding to those
reported in S. enterica (Fig. 2, Table 1). In contrast, in Campy-
lobacter jejuni which has been reported to have seven and not 11
protofilaments, a mutation corresponding to the Salmonella
A449V mutation does not lock the filaments into a straight
form?”. This strongly suggests that DO/D1 core is very conserved
among species that have 11 protofilaments, and only the D0/D1
core is responsible for the L/R switching in these bacteria.
To determine whether S. enterica shares the same D0/D1 core,
five L-type subunits were superimposed in Fig. 4b. As mentioned
previously, the three L-type subunits of B. subtilis and one L-type
subunit of P. aeruginosa aligned very well in both D0 and D1
domains. However, the L-type subunit of S. enterica only aligns
well with other subunits in most of its D1 domain (above the
dashed line) where a crystal structure was available?®, while its DO
domain is shifted ~ 8 A, presumably due to a poor map with very
low resolution in this region (Supplementary Fig. 5) and the
absence of a corresponding crystal structure. Thus, we present
here the first accurate models of the DO-D1 connecting loop and
the DO domains.

In contrast to D0/D1, the D2/D3 domains are not conserved
among species in terms of sequence, packing and oligomeric state
within the filament (Figs. 4a, c). The flagellar filaments in
B. subtilis and other Gram-positive species lack most of D2/D3,
instead the P-hairpin and CD1 is connected by a small loop
(Figs. 4a, ). On the other hand, S. enterica, P. aeruginosa and
other gram-negative bacteria have D2/D3 domains, but with no
detectable sequence identity (Supplementary Fig. 6). From our
structures (Fig. 2d), in P. aeruginosa the D3 domain extends
along the 11-start and forms a dimer with the D2 domain of
another subunit; while in S. enterica, the D3 domain extends
from the filament and does not interact with other subunits.
Although the D2/D3 domains of Gram-negative bacteria contain
~200 amino acids, they may be considered unnecessary for the
polymorphic switching for two reasons: (1) two spontaneous
mutants of S. typhimurium previously reported with deletion of
most or part of D2/D3 domains are still capable of swimming45;
and (2) we show here in B. subtilis that switching occurs in the
absence of D2/D3 domains (Figs. 4a, c).

During the random mutagenesis process to screen for straight
mutants, we identified several new sites in B. subtilis not
previously implicated in polymorphic switching (Fig. 4c). Strik-
ingly, we found those sites are not necessarily conserved among
different species or participate in unique inter-subunit interac-
tions. These include three straight mutations outside of the D1
helices: S17P, S285P (both within D0) and the double mutant
A39V/N133H (within the loop region) (Fig. 5a). We also
identified several straight mutations that are only involved in
the 11-start interactions: S17P, H84R and A39V in the double
mutants (Fig. 5b). The existence of these mutations strongly
suggests that the previous hypothesis, which proposes that only
D1 domain interactions along the 5-start helices are involved in
determining the L/R switching!#, is incomplete and over-
simplified.

Molecular basis for polymorphic switching. From the analysis of
seven straight mutants in B. subtilis and two straight mutants in
P. aeruginosa, we confirmed the bi-state mechanism of poly-
morphic switching: that only two types of subunit-subunit
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interactions (L-type and R- type) exist. This suggests that the
wild type flagellar filaments with swimming motility must adopt
an intricate “balance” in the flagellin sequence, so that the
sequence does not generate a strong preference for either the L-
or R- type conformation. Such a balance is required for the sharp
transition of flagellar filaments switching between different
waveforms during bacterial swimming and tumbling. The fact
that straight phenotypes can be readily found due to single point
mutations indicates that this balance is exquisitely sensitive to
small changes, such as a single mutation, and can be easily tipped
towards a dominant conformation, either all L or all R, which
eliminates motility. To date, the molecular basis for the role of
these mutations in abrogating switching has not been established.

To better understand the molecular basis of each mutation, we
compared the local interactions of L- and R- type subunits in
B. subtilis by examining ~ 20 amino acids around the mutation
sites (Figs. 5c—f). In R-type subunits of B. subtilis, the side chain of
E115 in S, forms two conserved hydrogen bonds with the side
chain of N240 in subunit S, 5. These two sites (E115G and N240)
are mostly conserved among different bacterial species (Fig. 4c),
and we also detected the same interaction in the R-type A443V
mutant in P. aeruginosa. In the B. subtilis E115G mutant, the
filaments lose this conserved R-type interaction and therefore
formed a left-handed filament (Fig. 5¢). The residue N226 in
B. subtilis is not a conserved site and does not form any conserved
interactions with other subunits. In the R-type N226Y mutant,
the side chain of Y226 in subunit S, s forms new hydrogen bonds
with the side chain of Q110 and the main chain of T107 in
subunit Sy. But in the L-type subunits, Y226 likely causes major
steric clashes. Therefore, N226Y filaments adopt a right-handed
form (Figs. 4c, 5d). Similarly, residue H84 in B. subtilis is not
conserved in terms of sequence and subunit-subunit interactions.
In the R-type mutation H84R, the R84 side chain in subunit S,
forms new hydrogen bonds with the $229 side chain in subunit S,
and the E50 side chain in subunit S,;;, enhancing the R-type
interaction. As a result, the H84R filaments adopt a right-handed
form (Figs. 4c, 5e). Another example is the R-type mutant A233V
in B. subtilis. A233 is conserved among Gram-positive species but
not in Gram-negative species. In the A233V mutant, valine in
subunit S, makes stronger contacts than an alanine residue with
the hydrophobic pockets formed by A43, L46 and A47 in subunit
Si11, and A233V filaments adopt a right-handed form (Figs. 4c,
5e). We also detected two mutations, S17P and S285P, located in
the middle of the small coiled-coil DO domain (Fig. 5a). These
two residues are not conserved in other species, and proline is not
found at this position in any wildtype species. This is likely
because the proline cannot donate an amide hydrogen bond and
its sidechain interferes sterically with the o-helical backbone.
Therefore, mutation S17P or S285P in B. subtilis forces a local
bend of ~30° in the helix axis, and this conformational change
makes the DO coiled-coil adopt an L-type form more easily
(Figs. 5g, h).

Designing mutations that lead to R-type transformation.
A stringent test of the model presented above is whether we can
design new mutants that switch the wildtype filament into other
waveforms. We hypothesized that constructing A237V or S71L
mutants individually, or generating an A47CA233C double
mutant (where an intermolecular disulfide would form between
these residues) would shift filaments towards the R-type, while
RI1S or F132V individual mutants would shift filaments towards
the L-type. These mutants were built and visualized by fluores-
cence microscopy (Figs. 6a, b).

Predictions were based on the comparison of the models of
these mutations on the L- and R-type scaffolds (Supplementary
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Fig. 6 Predicted mutations of B. subtilis flagella filaments. a Fluorescence images of wildtype, curly form mutations A237V and S71L, and relatively straight
form disulfide double mutant A47CA233C. b Plot of curvature x against twist T for measured helical forms of those B. subtilis mutants. The 12 discrete

points corresponding to different theoretical waveforms in S. enterica are shown by empty red squares

Fig. 7). For example, by introducing the A237V mutation into the
L-type filament, it is likely that minor clashes will occur with
E115 along the 5-start interface, while in the R-type filament this
mutation will not clash with E115 and can form a stronger
hydrophobic interaction with A118 (Figs. 6a, b, Supplementary
Fig. 7a). Therefore, the A237V filament in theory prefers the R-
state and this is consistent with the observed balance shifted to
the right, from the wildtype to the curly form (Figs. 6a, b).
Similarly, by introducing mutation S71L into the L-type filament,
it likely introduces minor clashes with A259 along the 5-start
interface, while in the R-type filament this mutation likely forms a
better hydrophobic pocket with F132 and A259 (Figs. 6a, b,
Supplementary Fig. 7b). To further explore our hypothesis, we
designed a disulfide bond on the 11-start interface between
residues A47 and A223. The C, distance of those two residues in
L-type and R-type filaments are ~7.3 A and ~ 6.5 A, respectively.
By mutating both residues to cysteine, we predicted that the
filaments would shift towards an R-state, as the C, distance in the
R-form is more favorable for forming a disulfide bond (Figs. 6a, b,
Supplementary Fig. 7c). We observed that these filaments were
very fragile and relatively straight (Fig. 6a). This is likely due to
the state locked by the disulfide bond being slightly different from
the preferred R-type filament conformation.

For the two L-type mutations we designed, we didn’t observe
any straight waveforms: one mutant (F132V) maintained the
wildtype waveform and the other mutant (R91S) produced very
short filaments (Supplementary Fig. 7d) so that the waveform
cannot be determined. This is likely because there is only one
intermediate waveform between wildtype and L-type straight
form (while there are eight between wildtype and R-type straight
form, Fig. 6b) and as a result it is harder to observe intermediate
waveforms for L-type predictions. Combined with the R-type
predictions, our results suggest that the waveform shift direction
can be predicted based on the filament structures, but the degree
of the shift cannot be predicted precisely.

Discussion

Given the intensive study of bacterial filaments, we believe that
we have now laid the foundation for many future studies of
bacterial motility and polymorphic switching. The previous
models for the L->* and R-state?® of the Salmonella flagellar
filament are useful in regions where crystal structures existed, but
those models are much less accurate (Supplementary Fig. 5) in
the DO domain and the D0O/D1 connecting loop where crystal
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structures do not exist and the cryo-EM maps were limited in
resolution. These incomplete structural models therefore led to
inconsistent predictions at the single amino acid level?!. Here our
high-resolution reconstructions expand our knowledge and we
can now observe how mutations in D0 can cause a switching of
the flagellar structure.

Our observations do not support some predictions from pre-
vious studies. A molecular dynamics simulation of switching in
Salmonella flagellar filaments®! described three classes of inter-
subunit residue pairs: “permanent” (those interactions that would
be conserved between the L- and R-states), “sliding” (those
variable hydrophobic or hydrophilic interactions with new part-
ners that allow inter-subunit shear without a large change in
energy), and “switching” (those key interactions that when made
or broken cause a shift of the equilibrium from the L- to R-state
or vice versa). We map the three classes proposed for Salmonella
onto the corresponding observed residue pairs in B. subtilis
(Supplementary Fig. 8) for both the L- (orange circles) and
R-state (blue circles). For “permanent” interactions the distances
should be conserved between the L- and R-states, while for both
“sliding” and “switching” interactions the distances should differ
between L and R. What we observe, however, is that some of the
“sliding” and “switching” interactions are more conserved
than the proposed “permanent” ones, and that most of the
“permanent” ones are not permanent at all.

We have directly visualized how the outer D2/D3 domains
within P. aeruginosa dimerize while not perturbing the conserved
interactions that take place within the D0 and D1 core. However,
the functional importance of D2/D3 domains still remains
unknown, and they are dispensable in Salmonella for swimming
motility?®. Instead, they have been considered to contribute as
radial spokes for bacteria that swim in a high viscosity environ-
ment®® or provide antigenic variability used to escape immune
surveillance®”.

The bacterial flagellar filament is an exquisitely tuned system
that represents evolutionary development over hundreds of mil-
lions of years. In contrast to the simplicity of the bacterial fla-
gellum, the eukaryotic flagellum, which has no homology to the
bacterial one, is based upon microtubules and dynein rather than
a homolog of flagellin and is currently estimated to contain more
than 400 different proteins®. The archaeal flagellum, which has
no homology to either the bacterial or eukaryotic ones, has only
recently been solved at near-atomic resolution?”: 48 showing how
the core of these archaeal filaments is formed by a domain that is
homologous to the N-terminal domain of bacterial Type IV pilin.

| DOI: 10.1038/541467-017-01075-5 | www.nature.com/naturecommunications



ARTICLE

Convergent evolution has thus yielded three very different fla-
gellar filaments that all allow cells to swim, although by entirely
different mechanisms. We are now entering a new era where the
structure of such filaments can be solved at a near-atomic level of
resolution using cryo-EM. We expect that the present study and
future ones will yield new insights into how flagella-based
swimming motility has independently arisen at least three dif-
ferent times in evolution using very different components, and
how these convergent adaptations use very different mechanisms
to achieve a similar function.

Methods

Strain and growth conditions. B. subtilis strains were grown in lysogeny broth
(LB) (10 g tryptone, 5 g yeast extract, 5 g NaCl per L) broth or on LB plates fortified
with 1.5% Bacto agar at 37 °C. When appropriate, antibiotics were included at the
following% concentrations: 100 pg ml~! spectinomycin, 5 ug ml~! chloramphenicol,
5ugml™ kanamycin. Isopropyl p-D-thiogalactopyranoside (IPTG, Sigma) was
added to the medium at the indicated concentration when appropriate.

For swimming motility assays, swim agar plates containing 25 ml of LB
supplemented with 0.3% Bacto agar were freshly prepared. Plates were inoculated
with a single overnight colony, incubated in a humidity chamber at 37 °C, and
scored for motility after incubation for 18 h.

Hag mutagenesis. To produce the initial straight filament mutants, genomic DNA
from DS1919 (Ahag amyE::Py,,;-hagT0%C spec) was PCR amplified using primers
953/1009 and the Expand Long Template low-fidelity polymerase system (Roche)
to introduce random base pair mutations into the amyE::Ph,,g—hugT 09C spec con-
struct. PCR amplicons were transformed into DK620 strain deleted for hag in the
highly competent PY79 lab strain background. Transformants were gridded on
swim agar oplates and swim-deficient mutants were isolated. The mutated amyE::
Phug—hagTz “C spec locus was then transduced to the DS1677 Ahag 3610 ancestral
strain background via SPP1-mediated generalized phage transduction®®. Strains
were assessed for swarming motility (which like swimming motility requires
functional flagella) as described below, and straight filament mutants were verified
by fluorescent microscopy. Genomic DNA was isolated, and the amyE::Pp,q-
hag™C spec construct was amplified with primers 953/1009. The products were
sequenced using primers 1008/3459. To increase flagellar expression, the Ppacne
promoter was replaced with an IPTG-inducible Pyyp,,x promoter by transducing
the Pacne§2Ppyspank-fla/che operon construct in each filament mutant background
by SPP1-mediated generalized transduction using DK14 as a donor”’. All strains
used in this study are listed in Supplementary Table 2. All primers are listed in
Supplementary Table 3.

For site-directed mutageneses, hag was inserted into the aprE ectopic locus by
Gibson assembly®!. The aprE upstream and downstream homology regions were
amplified from 3610 chromosomal DNA as a template with primers 4440/4894 and
4439/4893, respectively. The hag gene and its native promoter were amplified with
primers 4895/4932, and the kanamycin resistance cassette was amplified from
pDG780 with primers 3251/4897°% Primers were designed such that 4439/4895,
3251/4932, and 4440/4897 have overlapping homology. All four fragments were
ligated by Gibson assembly and transformed into the competent derivative of
B. subtilis 3610, DK1042%3, to produce DK4136. DK4136 chromosomal DNA was
isolated, and hag point mutants were generated by amplifying the aprE::Py,.-hag
kan fragment with primers corresponding to the desired mutant in which the first
primer number was paired with the aprE primer 4893 and the second primer
number was paired with the aprE primer 4894 in PCR: Hag%*'P, 5518/5519;
Hag¥'L, 5520/5521; Hag®%'$, 5522/5523; Ha§F123V, 5524/5525; Hagh?%7V, 5526/
5527; Hag”%’C, 5527/5528. The Hag”47C A233C double mutant was generated by
PCR amplifying aprE::Phug-hagA47c kan genomic DNA with primers 5530/5531 to
introduce the A233C substitution. The primers containing the point mutant were
complementary in sequence, and the two fragments were ligated by Gibson
assembly and transformed into DK1042. Mutants were transduced into DK2790 by
SPP1 generalized phage transduction to generate the strains used for
experimentation.

SPP1 phage transduction. Serial ten-fold dilutions of SPP1 phage stock was added
to 0.2 ml of dense culture grown in TY broth (autoclaved LB supplemented with
10 mM MgSO, and 100 uM MnSO,) and incubated statically at 37 °C for 15 min.
3 ml of molten TY soft agar (TY supplemented with 0.5% Bacto agar) was added to
the lysate, the mixture was poured onto fresh TY plates, and plates were incubated
overnight at 30 °C. Top agar from plates producing plaques at high density was
harvested in 5 ml TY, scraped into a 15 ml conical, vortexed to liberate phage,
and centrifuged at 5000 xg for 10 min. The supernatant was passed through a
0.45 um syringe filter, treated with 200 pl chloroform, sealed with parafilm, and
stored at 4 °C.

Recipient cells were grown in TY broth at 37 °C to stationary. 1 ml of cells was
treated with 25 ul of SPP1 donor phage stock, 9 ml of TY broth was added to the
mixture, and cells were rocked at room temperature for 30 min. Transduced cells
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were centrifuged at 5000 g for 10 min, the supernatant was discarded and the
supernatant was resuspended in the retained volume. The cell suspension was
plated on LB plates supplemented with 1.5% Bacto agar, the appropriate antibiotic,
and 10 mM sodium citrate.

Swarm expansion assay. Cells were grown in LB broth at 37 °C to mid-log phase.
Cells were pelleted and resuspended to 10 ODgqp in PBS buffer (137 mM NaCl,
2.7 mM KCl, 10 mM Na,HPO,, and 2 mM KH,PO,, pH 8) containing 0.5% India
ink (Higgins). LB plates containing 0.7% Bacto agar were freshly prepared (25 ml
per plate) and dried in a laminar flow hood for 20 min. Dried plates were centrally
inoculated with 10 pl of cell suspension, dried another 10 min, and incubated in a
humidity chamber at 37 °C. Strains that did not swarm past the inoculation point
(demarcated by the India ink) were saved for further experimentation.

Fluorescence microscopy and waveform calculation. For fluorescence micro-
scopy of flagella, 1 mL of cell culture at mid-log phase was harvested in 1.5 ml
microcentrifuge tubes at 7000 RPM for 1 min. The supernatant was discarded,
pelleted cells were gently resuspended in 50 pL 1x PBS containing 5 ug ml~' Alexa
Fluor 488 Cs maleimide (Molecular Probes) to stain filaments with the HagT209C
allele, and incubated in the dark at room temperature for 5 min. Cells were washed
with 1 ml PBS, and cells were resuspended in 30 pl of PBS containing 5 pug ml™!
FM4-64 for 3 min to stain membranes. Cells were washed once more with 1 ml
PBS, resuspended in 30 pl of PBS, and 4 ul of suspension placed on a microscope
slide and immobilized with a poly-L-lysine-treated coverslip.

Fluorescence microscopy was performed with a Nikon 80i microscope with a
Nikon Plan Apo 100X objective and an Excite 120 metal halide lamp. FM4-64 was
visualized with a C-FL HYQ Texas Red Filter Cube (excitation filter 532-587 nm,
barrier filter > 590 nm). Alexa Fluor 488 was visualized using a C-FL HYQ FITC
Filter Cube (FITC, excitation filter 460-500 nm, barrier filter 515-550 nm). Images
were captured with a Photometrics Coolsnap HQ2 camera in black and white, false
colored, and superimposed using Metamorph image software.

To identify the waveforms of wildtype, A237V, S71L and F123V mutants in
B. subtilis under fluorescence microscopy, we used Image] to measure the length of
the pitch and the diameter of the supercoiled filaments. To minimize errors in the
measurement of the pitch, we particularly picked ten long supercoiled filaments for
each strain. The twist and curvature plot shown in Fig. 6b was calculated from the
pitch and diameter, using the previously established equations™® >,

Purification of flagellar filaments of Bacillus subtilis. Straight filament strains
were transduced with DK14 to produce flagella overexpression constructs. Flagellar
filaments were isolated using a modified protocol from Aizawa et al.*°. Strains
cultured overnight in 250 ml flasks were back-diluted to 0.1 ODgg into 500 ml LB
containing the proper antibiotic. Cultures were shaken at 37 °C to approximately
1.0 ODgp, harvested by centrifugation (6000 xg for 45 min), and gently resus-
pended in 20 ml of resuspension buffer (0.1 M Tris-HCI [pH 8.0], 0.5% Triton
X-100). Cells were lysed by adding 2 ml of lysozyme (10 mg ml™! in milliQ water)
and incubating at 37 °C with occasional stirring for 1 h. After lysis, 100 pl of DNase
(I1mg mL~! in millQ water) and 200 ul of 1 M MgCl, were added and the mixture
was incubated at 37 °C for an additional 40 min to reduce the viscosity of the
solution. Cell debris and intact cells were pelleted (10,000 g, 10 min), and the
resulting supernatant was further subjected to high-speed centrifugation in a SW40
Ti ultracentrifuge rotor (100,000 g, 90 min). Pellets were resuspended in 20 ml of
saline citrate (0.01 M sodium citrate, 0.1 M NaCl, pH 7.3), and proteins were
precipitated by adding saturated ammonium sulfate solution to a 20% final con-
centration and gentle stirring. Precipitated protein was pelleted (3000 xg, 30 min)
and resuspended in 11 ml sodium citrate, and 4.7 g of CsCl was added. The protein
solution was ultracentrifuged in a SW40 Ti rotor (60,000 g, 18 h), and filaments
formed an opaque white band approximately halfway down the tube. Filaments
were collected by a 18ga needle and syringe, dialyzed in 0.1 M Tris-HCI buffer, and
stored at 4 °C prior to imaging.

Sample preparation of flagellar filaments of P. aeruginosa. The FliC sequence
from Pseudomonas aeruginosa PAO1 was aligned with FliC from Salmonella
typhimurium to identify residues corresponding to the mutations G426A and
A449V that were shown to result in straight filaments'!. The P. aeruginosa FliC
mutations G420A and A443V were cloned into pUCP20 and transformed into the
transposon knockout line PW2971 (AfliC) obtained from the Manoil Lab at the
University of Washington using electroporation as described”. P. aeruginosa
PAOL strains were grown overnight in LB liquid culture, cells were spun down and
resuspended in PBS. Flagella were sheared off the cells by passing the suspension
through a 21-gauge needle approximately 25 times. After centrifugation, the
supernatant containing flagella was concentrated using a centricon.

Cryo-electron microscopy and image processing. Flagellar filament samples
(3.5-4.5 pl) were applied to lacey carbon grids and vitrified with the Vitrobot Mark
IV (FEI). The grids were imaged in a Titan Krios operating at 300 keV using a
Falcon II camera with 1.05 A per pixel sampling, with the imaging controlled by the
EPU software. Images were collected using a defocus range of 0.5-3.0 pm, with a
total exposure of 2 s dose-fractionated into seven chunks. All the images were first
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motion corrected by the MotionCorr v2.1°% and then the CTFFIND3 program®’
was used for determining the actual defocus of the images. Images with poor CTF
estimation as well as defocus > 3 pm were discarded. Total number of images
selected for each mutation are listed in Table 1. Filaments of varying lengths were
boxed using the e2helixboxer program within EMAN2°C, The SPIDER software
package®! was used for most other operations. The CTF was corrected by multi-
Elging the images from the first two chunks (containing a dose of ~ 20 electrons per
A?) with the theoretical CTF, which is a Wiener filter in the limit of a very poor
signal-to-noise ratio (SNR). Overlapping long boxes (512 pixels for bacillus subtilis
mutant N226Y, 384 pixels for the other mutants) with a shift of 7 pixels

(~ 1.5 times of the axial rise) were cut from the long filaments. A reference-based
sorting procedure was used to bin the segments based on the axial rise and azi-
muthal rotation. The number of total segments and the segments used after sorting
for each mutation are listed in Table 1. After sorting, the segments were processed
by the IHRSR method®? to produce the final reconstructions.

Model building. The first model B. subtilis H84R was built using the de novo
model-building protocol of Rosetta®!. First, the map corresponding to a single
flagellar subunit was segmented from the experimental filament density in Chi-
mera®®. Then a fragment library that contains pieces of experimentally determined
structures was generated from the Robetta server®, This allowed for approximately
70% of the backbone of one H84R subunit being successfully built in Rosetta. Then
the full-length H84R subunit was rebuilt with the RosettaCM protocol®!. A total of
1000 full-length models were generated based on the segmented map, and the top
~ 15 models were selected according to the Rosetta’s energy function. Those
selected models were then combined into one model by manual editing in Coot®”
using the criteria of the local fit to the density map and the geometry statistics of
the model. This model was used as the starting point for a whole filament
RosettaCM rebuilding restrained by the determined helical symmetry and the
whole experimental filament map. A total of 500 filament models were generated,
and the best 15 models were combined again into a single model in Coot. Further
refinements and editing were carried out by Phenix real-space refinement®® and
Coot. The other mutant filament models of B. subtilis were also built using H84R as
the starting model, followed by the same RosettaCM, Coot editing and Phenix real-
space refine protocol. The starting homology models of P. aeruginosa were gen-
erated by the I-TASSER server®” using the same handed B. subtilis models as the
templates, followed by the same RosettaCM, Coot editing and Phenix real-space
refine protocol. MolProbity®® was used to evaluate the quality of the models, and
the statistics of all models are listed in Table 1.

Negative stain imaging of flagellar filaments. To examine the filament before
cryo imaging, all flagellar filament samples were negatively stained. The filament
samples (3.5 pl) were deposited for 30 s on a glow-discharged 300 mesh carbon-
coated cooper grid (Electron Microscopy Sciences). The grid was then washed with
3 drops of 2% uranyl acetate. Images were taken with a Gatan CCD camera on a
T12 microscope (FEI) operating at 80 keV. The images of negatively stained wild-
type P. aeruginosa filaments were recorded with a 4k x 4k Gatan CCD camera on
an F20 microscope (FEI) operating at 200 keV, in order to generate a power
spectrum for analysis.

Data availability. The reconstruction maps were deposited in the Electron
Microscopy Data Bank with accession numbers of 8847, 8848, 8849, 8850, 8851,
8852, 8853, 8855, and 8856. The corresponding filament models were deposited in
the Protein Data Bank with accession numbers of 5WJT, 5WJU, 5WJV, 5SWJW,
5WJX, 5WJY, 5WJZ, 5WK5 and 5WK6. The additional data that support the
findings of this study are available from the corresponding author upon request.
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Supplementary Figure 1. Power spectra of flagellar filaments. The power spectra of raw image stack of L-
(a) and R-type (b) straight filaments of B. subtilis. The power spectra of raw image stack of L- (c) and R-type
(d) straight filaments of P. aeruginosa. (€) An image of negatively stained wild-type flagellar filaments of P.
aeruginosa, and the corresponding averaged power spectrum from these filaments showing that the non-helical
perturbation observed in mutants also exists in the wild-type.
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Supplementary Figure 2. Resolution of the flagellar filament structures of B. subtilis (a-g) and P.
aeruginosa (h, i), derived from Fourier Shell Correlation (FSC) calculation. The red and blue lines are FSC
of the full map and the DO core, respectively, calculated between the refined atomic model and the map. The
resolution in these plots is estimated using FSC=0.38, which is sqrt(0.143). A “gold standard” FSC between two
half maps was also calculated for the A39VN133H dataset (f, green line) yielding a resolution of 4.1 A at
FSC=0.143. This suggests that the model:map FSC curves provide a similar estimate of resolution as the more

conventional map:map FSC, and if anything are more conservative.
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Supplementary Figure 3 The structure of a single flagellin subunit and its corresponding map density in
B. subtilis and P. aeruginosa. (a) L-type subunit (S285P) of B. subtilis (b) R-type subunit (N226Y) of B.
subtilis (¢) L-type subunit (G420A) of P. aeruginosa (d) R-type subunit (A443V) of P. aeruginosa



Supplementary Figure 4 power spectra of P. aeruginosa filaments. (a) The power spectrum of raw filament
images of P. aeruginosa. (b) The power spectrum of the reconstructed volume projection, considering one
subunit as the asymmetrical unit (D0 and D1 domains) (¢) The power spectrum of the reconstructed volume
projection, considering 22 subunits as the asymmetrical unit (D2 and D3 domains)



aps comparison between Salmonella (EMD-1641) and Bacillus

m

Supplementary Figure 5. The density

(N226Y). Corresponding cryo-EM map of DO and D1 domains with similar threshold are shown in (a) and (b).

The atomic models were aligned to the maps.



Bacillus_subtilis
Clostridium_tetani
Listeria_monocytogenes
Streptococcus_pneumoniae
E_coli

Helicobacter_pylori
Salmonella_enterica
Pseudomonas_aeruginosa

Bacillus_subtilis
Clostridium_tetani
Listeria_monocytogenes
Streptococcus_pneumoniae
E_coli

Helicobacter_pylori
Salmonella_enterica
Pseudomonas_aeruginosa

Bacillus_subtilis
Clostridium_tetani
Listeria_monocytogenes
Streptococcus_pneumoniae
E_coli

Helicobacter_pylori
Salmonella_enterica
Pseudomonas_aeruginosa

Bacillus_subtilis
Clostridium_tetani
Listeria_monocytogenes
Streptococcus_pneumoniae
E_coli

Helicobacter_pylori
Salmonella_enterica
Pseudomonas_aeruginosa

Bacillus_subtilis
Clostridium_tetani
Listeria_monocytogenes
Streptococcus_pneumoniae
E_coli

Helicobacter_pylori
Salmonella_enterica
Pseudomonas_aeruginosa

Bacillus_subtilis
Clostridium_tetani
Listeria_monocytogenes
Streptococcus_pneumoniae
E_coli

Helicobacter_pylori
Salmonella_enterica
Pseudomonas_aeruginosa

Bacillus_subtilis
Clostridium_tetani
Listeria_monocytogenes
Streptococcus_pneumoniae
E_coli

Helicobacter_pylori
Salmonella_enterica
Pseudomonas_aeruginosa

Bacillus_subtilis
Clostridium_tetani
Listeria_monocytogenes
Streptococcus_pneumoniae
E_coli

Helicobacter_pylori
Salmonella_enterica
Pseudomonas_aeruginosa

DNIFANT
IDRVSGQ

QOMESESFS- - - - - - - - -

IRVSGQ
VKVEAQDNT - - - - - - - - -

1 I AAENTLNRESSNNSASQKNM RIG SEKMRGQII'R

1 LNAMNAHRQMG I NI GNAGKAT L RAG SEKMRGQ

1 11 KTQEYERKNNEGMTQAQ E SSL VVTRMNVKST

1 VLSMNARQSILYENEKRMNVAM HAS

1 SL I TQNN INKNQSALSSS | L SAK

1 I|AALTSHAVGVQNNRDLSSSL KAIA

1 SL QNNENKSQSALGTAI SAK

1 I A QRNIL SAK

76 A VREBV AG TGTQDKATILQSIID TDII!G SNRE KKLID TYKVDTATPANQ
76 DTNVT - - VDKDNL QSEINRIASQEQENTKTL SLSK--=--=----
76 A SS GSFSD- - EDRKQYTAEFGSL | KELDHVADTENYNN | KLEDQTATGA- - - - - - A
76 N--KNRDLLSKEFQSL I EQSGYGEM DLSVFDGQNRP - - - - - - - -
78 T ATTGT E-—S.LSSI DEIKSRLD VNVBAKNGS - - - - - - - - -

R
QDGQTL--ESRRAL SDIQRIELE
VEE S Q- -SDLDSIQAEITQRLN
D S GS

78 BE D--ADRAALQKEVAAQQAELTRISDTHETEGGRKLEDGSFGT - - - - - - - -
153 KNLVF ATQQMSVN | EDMGADALG I KEA - - =DG= = = = = = = = = = = = s s mmm o e em o memmm e o e e e e s
143 SALTF AGQTTLT [GDMTTSGLKLAS | = = =N 1 ===« «==~-

145 TQVS | @ASDKANDLIEN I DLFNAKGLSAGT - - I TL- - -GSGS

143 - - ITLD- - -DIGH NMTKHIPPS -----------------------------------------------------

144 - -MK 1@V DNQ IDLKQIDAKTLGLDGFSV---KNNDTVTTSA-P-VT--AFGATTTNNIKLT------ GITL
144 -NKEFQ/| YSNT VKASIGSTSSDKI HVRMETSSFSGEGMLASAAAQNLTEVGLNFKQ- - -VNGVNDYKIETVRI
144 - -LTIQV DGETMID IDLKQINSQTLGLDTLNV - - -QQKYKVSDTAAT-VT--GYADTT---1ALD------ NSTF
145 - -TSFQVGSNAYETHMID | SLONASASAIGSYQVGS - - -NGAGTVASVAGT -ATASGIASGT - --VNLV------ GGGQ

206 ST----EAATDTGGTNPASIEGV--YTDNGNDYYAK- - | TGGDNDG-KY-YA------------- VTVAN-DGTVTM
217 ST- - - -SAGTGIGALSE- | INRFSNTLGVRASY - -NVMATGGTPVQSGTVRELTINGVEIGTVNDVHKND - -A- - - -
204 -K----ASATGLGGTDQ-KIDGDLKFDDTTGKYYAKVTVTGGTGKD-GY-YE--=----------- VSVDKTNGEVTL
207 VKNI A1 AAGDSAKA | AE-KMDGA I PNLSARARTVFTADVSGVTGGS-LN-FD--=----------- VTVGS--NTVSL

258
280
259
265

259 ATGATANAT - - - - - = - - - - VID- - - - - ANTTKATT I TSGGTPVQIDNTAGSATANLGAVS- - LVKL - -QDSKGNDTD
28] ccccececncocaaan DGRLTNAINSVKDRT - - - - - - - - - - - - - GVEASLDIQGRINLHSIDGRAISVHAASA- - -S
260 AGGATSPLTGGLPATATEDVKNVQVANADLT = = = = = = = =« =« = = EAKAALTAAGVTGTAS- - VVKMSYTDNNGKT I D
266 AGV - - - - == = - - - - TSTQDLADQLNSNSSKL - = = = = = =« =« =« = GITASINDKGVLT I TSATGENVKFGAQTGTATA
. A e
£ A i
1 . PTQo- = - mmmmmmmees
B17 TYAL-- - o mmmmmmme e e KDTNGNL - - - -« -« - cmmmmo - YAADVNETTGAVSVKT I TYTDSSGAASSPTAV
326 G- QVFGGGNFAG | SGTQHAVIGHLTLTRTDARDI I VSGVNFSHVGFHSAQGVAEYTVNLRAVRG | FDANVA- - - - - -
822 G-GL---cm-mmmman VGDD - - - - - - mmmmmmmm o YYSATQNKDGS I SINTTKYTADDGTSKTAL -N
319 G-QVA- -VKVQGSDGKFEAAAKNVVAAG ----------------- TAATTTIVTGYVQLNSPTAYSVSGTGTQ- - - -
D08 - - e eeiaaaiaiaaan DT DIGFDAQLKVV INQ ssQ

18O = = = - - mm e KGA-AS1SSQLKTI LNE SKE

186 « = v s sssescaaeeeaeeasaaaaaaaaaaaaaaa SALSVAD DSSQQATEAI ELINN]SNG

165 = = - - - - e HDIKISTE- QEARTAIRKIEE LQNMSLH

360 KLGGDDGKTEVVD I DGKTYDSADLNGGNLQTGLTAGGEALTAVAN-GKTTDPLKAL | ASVDKF

896 - - - - ------ascoo.- SAAGANANGAQAETNSQG- - IGAGVTSL - KGAM | VMDMABSIARTQLDK |

363 KLGGADGKTEVVS IGGKTYAASKAEGHNFKAQ- - - - - PDLAEAAA-TTTENPLQKI LAQUDTL

B72 < - s ASQVFGNASAAQKSS-VASVDISTA-DGAQNAIAVYV LAA I DAQ

243 EHTIIIN MBAKEMSEF TRNNIES@ASQAM Q NEQ

214 EHTILA IMIA/K EMMN F NN Q AQAM APQG | LQ

225 SYNVS MAAEMSEMT TSISMLS TEAMLTQ

204 QFNIIE MAIQEMSDF L FKL TEVALSMVS I SK

436 DSAVT Y v | Q@AGN S VIDAK v

453 VTT F SANF A SGSFAM AV

434 NSAIT Y VISNM RAQ GTSV vV

427 KNTID I'SE F TAALSKNQV Q GTAI L

Supplementary Figure 6. Alignments of the flagellin amino acid sequence from four Gram-positive
bacteria and four Gram-negative bacteria. This alignment contains full sequences with D2 and D3 domains.

Dark blue indicates higher sequence identities among species and light blue indicates intermediate sequence

identities among species.
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R-type S71L

Supplementary Figure 7. Predicted mutation sites in B. subtilis. (a-c) Straight filaments S285P and N226Y
structures were used as the modeling template, and the resulting interfaces are shown in (a) A237V (b) S71L
and (c) A47CA233C. (d) Fluorescence images of three mutant filaments: F123V and R91S
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Supplementary Figure 8. Mapping three types of interactions in Salmonella onto seven Bacillus mutants.
Three types of interactions were described in Salmonella, called “permanent”, “sliding” and “switching”
interactions (Kitao et al., 2006), and many Salmonella residues are involved in those interactions. The
corresponding residues in Bacillus can be identified and mapped based on the sequence alignment. Here we are
showing the Ca distances of the corresponding Bacillus residues that belong to those three types of interactions.
The orange solid circles are the three L-type straight mutants (E115G, S17P and S285P), and the blue empty
circles are the four R-type straight mutants (H84R, N226Y, A233V, and A39VN133H).



Supplementary Table 1: Subunit-subunit interfacial area along different helices

Mutation site(s) 5-start (Az) 11-start (Az) 6-start (AZ) 16-start (Az)
B. subtilis
S285P 1850 1954 552 238
E115G 1823 1810 485 237
S17P 1893 1833 574 265
N226Y 1819 1985 683 278
A39VN133H 1673 1874 596 275
H84R 1671 1924 516 330
A233V 1779 1867 571 271
P. aeruginosa
G420A 1800 1630 495 211

A443V 1758 1922 542 286




Supplementary Table 2 Strains and mutations

Strain Genotype

3610 Wild type

DS1677 Ahag (Kearns and Losick, 2005)
DS1919 Ahag amyE::Ppae-hag™”C spec (Blair ef al., 2008)
DK29 Pro/eneQPhyspank fla/che operon kan (Guttenplan et al., 2013)
DK620 [PY79] dhag sfp’ swrA®

DK1343 Ahag amyE::Ppae-hag’ P spec

DK1362 Ahag amyE::P;,ag—hagH‘weT‘mgc spec

DK2750 Ahag amyE::Ppae-hag™"” % spec

DK2751 Ahag amyE::Ppaq-hag™*"™N3H20C cpec

DK2790 comI®’*t Ahag

DK2956 Ahag amyE::Pjue-hag> "% spec

DK2977 Ahag amyE::Ppae-hag™ > 7%C spec

DK3400 Ahag amyE::Ppae-hag'? "¢ spec

DK3965 Ahag amyE::P.e-hag ™ " spec Py 2Physpank fla/che operon kan

DK4152 Ahag amyE::Ppae-hag’ """ spec PyyenQPhyspank fla/che operon kan

DK4153 Ahag amyE::Ppa-hag™ >?%C spec PyuensQPhyspank fla/che operon kan

DK4229 Ahag amyE::Pae-hag " Y spec PuuyeeQPhyspank fla/che operon kan

DK4230 Ahag amyE::Pp,-hag? 331209 ¢ spec PuuenLPhyspank fla/che operon kan

DK4324 Ahag amyE::Ppae-hag?3""C spec PpuyeneQPhyspank fla/che operon kan

DK4399 Ahag amyE::P.-hag P ?%C spec Py QPhyspank fla/che operon kan

DK4859 comI®"" Ahag aprE::P.e-hag™' "¢ kan

DK4860 comI?"? Ahag aprE: :Phag_hagsnwzr)yc kan

DK4864 comI®"** Ahag aprE: :Phag-hagTMgCAHW kan

DK4879 comI?*t Ahag aprE: :Phag-hagnogCF”W kan

DK4884 comI?** Ahag aprE: :Phag-hagkwsrmgc kan

DK4894 comI?"*" Ahag aprE::Pjae-hag’ 24233 fap

PY79 sfp” swrd®




Supplementary Table 3 List of used primers

Primers

Genotype

953

1008
1009
1115
1116

1117
1118

3251
3459
4439
4440
4893
4894
4895
4897
4932
5518
5519
5520
5521
5522
5523
5524
5525
5526
5527
5528
5529
5530
5531

GGAGTGTCAAGAATGTTTGCAAAAC
TGCAGCCGCTGAAGAATATGGCA
TGCCGTATTGATAGAGAXAGAGGA
AGGAGGAATTCTTTAGAATCGCACCTTAGCTGGTG
CTCCTCTCGAGGCCAGAACCAGCAGCGGAGCCAGCGGAACCTGATCCCGAAGCGACTG
CTTCG

AGGAGGAATTCCCTTACCTGATTGATATGCTGTAATG
CTCCTCTCGAGGCCAGAACCAGCAGCGGAGCCAGCGGAACCATCCTTTTCTTTAAGCTG
ACGCTCC

CTCACTAAAGGGAACAAAAGCTGG
GCTAATACGACTCACTATAGGGTAATGATGTAGCCGGGAGGA
CGTTTAGAAAGCACTGCAACA

CGCCATCGTAAAGATTAACGT

TACCACGATGGCTGCCACTA

GTACTTGCCACCACATCATAA
TGTTGCAGTGCTTTCTAAACGGCGTTATCCAGCGATGTGAT
ACGTTAATCTTTACGATGGCGACGACTCACTATAGGGCGAATTG
CTTTTGTTCCCTTTAGTGAGCTGGCAACGCCAAGGTCTTTTTTAAAA
GAAACTTCCTTCAGGTCTTCGCATCAAC
GAAGGAAGTTTCTCCATGTTCTTTTG
GAATCCTTCTTATCCAAACAGCTGAG
GATAAGAAGGATTCCGTCTTGAGAG
GTTAGTGAGCTAGTTGTTCAAGCTGG
CTCACTAACACGTTGAAGGATCGCATG
GAAGTCAATGGTAAGAAATTGCTCG
CATTGACTTCTGTACGATTTGAATAC
GGTGTGGTACAAAATCGTCTAGAGCAC
GTACCACACCAAGCTTAGCACGTTGAG
CTTTGCATCTCTGAAAAAATGAGAGG
GATGCAAAGACCTGCTGCGTCATCTC
CGTTGCAAGCTTGGTGCGGTACAAAATC
GCTTGCAACGTTGAGAAGAAACTTGG
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