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Vertebrates, from zebra fish to humans, have an innate immune
recognition of many bacterial flagellins. This involves a conserved
eight-amino acid epitope in flagellin recognized by the Toll-like
receptor 5 (TLR5). Several important human pathogens, such as
Helicobacter pylori and Campylobacter jejuni, have escaped TLR5
activation by mutations in this epitope. When such mutations
were introduced into Salmonella flagellin, motility was abolished.
It was previously argued, using very low-resolution cryoelectron
microscopy (cryo-EM), that C. jejuni accommodated these muta-
tions by forming filaments with 7 protofilaments, rather than
the 11 found in other bacteria. We have now determined the
atomic structure of the C. jejuni G508A flagellar filament from a
3.5-A-resolution cryo-EM reconstruction, and show that it has 11
protofilaments. The residues in the C. jejuni TLR5 epitope have
reduced contacts with the adjacent subunit compared to other
bacterial flagellar filament structures. The weakening of the sub-
unit—subunit interface introduced by the mutations in the TLR5
epitope is compensated for by extensive interactions between
the outer domains of the flagellin subunits. In other bacteria, these
outer domains can be nearly absent or removed without affecting
motility. Furthermore, we provide evidence for the stabilization of
these outer domain interactions through glycosylation of key res-
idues. These results explain the essential role of glycosylation in C.
jejuni motility, and show how the outer domains have evolved to
play a role not previously found in other bacteria.
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Innate immunity, as opposed to acquired immunity, involves a
genetically preprogrammed potential for the recognition of
pathogens that exists before an organism ever encounters the
threat. Toll-like receptor 5 (TLRS) has been shown to recognize
a highly conserved epitope in bacterial flagellin as part of this
innate immunity (1), and various experiments have shown that
this epitope is crucial for the assembly of bacterial flagellar fil-
aments (2-5). Since this conserved epitope is recognized by
vertebrates from zebrafish to humans, the assumption has been
that this epitope in many pathogenic bacteria has not diverged in
more than 350 million years, and that TLRS has evolved to
recognize a region that is functionally constrained (3, 4). How-
ever, it is apparent that some bacteria, such as the o and €
Proteobacteria, have tolerated sequence changes within this
epitope and escape TLRS activation. Since such important hu-
man pathogens as Helicobacter pylori and Campylobacter jejuni
are members of the & Proteobacteria, it is of great interest to
understand how they evolved to avoid TLRS activation.

A number of studies have provided a very detailed picture of
the interactions of bacterial flagellin with TLRS. Mutational
analysis initially mapped the epitope to residues 79 to 117 and
408 to 439 of Salmonella typhimurium flagellin (5). A subsequent
study showed that the evasion of TLRS5 activation by H. pylori
and C. jejuni was due to amino acid substitutions in the region 89
to 96. A crystal structure of a fragment of flagellin bound to
TLRS showed the structural basis for this recognition (3).
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Bacterial flagellins have two largely coiled-coil domains that are
called DO and D1, and these are highly conserved across all
bacteria. These domains assemble to form the core of the fla-
gellar filament. In contrast, there are outer, globular domains
that are highly variable. In S. typhimurium these are D2 and D3
(6), while, in Bacillus subtilis, the outer domains do not exist (7).
The TLR5—flagellin crystal structure showed that the main in-
teraction with TLRS involved three helices in flagellin D1, one of
which included the previously described 89 to 96 epitope. A
subsequent crystallographic and mutational analysis extended
these results (2) and showed that three residues in B. subtilis
flagellin formed a “hot spot” that was the largest determinant of
this interaction: R89, 193, and E114. These three residues are
quite conserved among the bacterial flagellins that activate
TLRS, while, in C. jejuni, the corresponding residues are T91,
K95, and D115.

During the dark ages of cryoelectron microscopy (cryo-EM), a
very low-resolution reconstruction of C. jejuni flagellar filaments
containing the G508A mutation suggested that C. jejuni was able
to accommodate the mutations in the TLRS5 89 to 96 epitope by
having a dramatically different quaternary structure, with 7 pro-
tofilaments rather than the 11 seen in all other bacterial flagellar
filaments that had been studied (8). The G508A mutation was

Significance

Flagella are used by many pathogenic bacteria not only for
motility but also for adhesion to host cells and to other bacteria
in biofilm formation. Since thousands of copies of flagellin, the
protein that forms the flagellar filament, are exposed on the
surface of bacteria, they are a target for immune surveillance
by hosts. Some bacteria important to human health, such as
Campylobacter jejuni and Helicobacter pylori, have managed to
evade the innate immune recognition of their flagellin. We
show, with an atomic structure of the Campylobacter jejuni
flagellar filament, how mutations that destabilize the filament
in one region recognized by vertebrates have been compen-
sated for by new contacts not seen in other flagellar filaments
that would stabilize these filaments.

Author contributions: E.H.E. designed research; M.A.B.K., C.E., F.P., and F.W. performed
research; C.E., F.P., and F.W. contributed new reagents/analytic tools; M.A.B.K. and E.H.E.
analyzed data; and M.A.B.K. and E.H.E. wrote the paper.

Reviewers: K.T.H., University of Utah; and M.W., Okinawa Institute of Science and
Technology.

The authors declare no competing interest.
Published under the PNAS license.

Data deposition: The atomic coordinates have been deposited at the Protein Data Bank
under accession number 6X80. The density map has been deposited at the Electron Mi-
croscopy Data Bank under accession number EMD-22088.

"To whom correspondence may be addressed. Email: egelman@virginia.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2010996117/-/DCSupplemental.

First published July 8, 2020.

PNAS | July 21,2020 | vol. 117 | no.29 | 16985-16991

>
o
(=]
S
]
-}
a o
2=
<3
S g
wv
£5
Eﬂ.
S s
-]



https://orcid.org/0000-0002-8080-0408
https://orcid.org/0000-0003-0887-2084
https://orcid.org/0000-0003-4844-5212
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2010996117&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
http://www.rcsb.org/pdb/explore/explore.do?structureId=6X80
http://www.ebi.ac.uk/pdbe/entry/EMD-22088
mailto:egelman@virginia.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2010996117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2010996117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2010996117

used, as it led to straight flagellar filaments, rather than the
supercoiled filaments that exist in the wild type (WT). The use of
straight filaments (9) had been crucial to the structural studies of
Salmonella flagellar filaments (6, 10) which have served as a model
system for understanding flagellar structure.

The resolution revolution in cryo-EM (11-13) has led to the
ability to reach near-atomic resolution almost routinely for many
specimens. At less than near-atomic resolution, it is possible for
ambiguities in helical symmetry to exist (14), and we now un-
derstand that, for some specimens, ambiguities can exist at even
5-A resolution. We have reinvestigated the structure of the C.
jejuni flagellar filaments using a direct electron detector, and
have generated a cryo-EM reconstruction at 3.5-A resolution.
There are clearly 11 protofilaments in this structure, not 7, and
the resolution is sufficient to model glycans into the density for
the outer domains. We show that the amino acid changes in the
TLRS epitope would destabilize the filament, and stabilization of
the filament occurs by large interactions among the outer do-
mains rather than by simply compensatory mutations at the site on
a neighboring subunit facing the TLRS epitope. We further show
the role of glycosylation in the interactions between neighboring
outer domains, and thus explain why glycosylation is necessary for
filament formation in C. jejuni (15). In contrast, the outer domains
in Salmonella do not interact with each other (6, 10), and muta-
tions have been found lacking most or all of the outer domains
that assembled flagellar filaments and were motile (16). As pre-
viously stated, in the B. subtilis WT filament, the outer domains
are almost completely absent (7). While the outer domains in H.
pylori have diverged significantly from C. jejuni, we show that a
similar mechanism of stabilization is likely to occur in H. pylori.

Results

We used C. jejuni strain 81176, where the minor flagellin FlaB
was knocked out, and the WT flagellin was replaced by the
G508A mutant (8). The C. jejuni G508A flagellar filaments were
imaged by cryo-EM (Fig. 14) and were revealed, as expected, to
be straight filaments. Using Iterative Helical Real Space Re-
construction (IHRSR) (17), the helical structure of the C. jejuni
filaments was solved. Analysis of the averaged power spectrum
from thousands of images of the flagellar filament revealed
several possible symmetries arising from either 7, 9, or 11 pro-
tofilaments. Trying each of these, we were able to get a high-
resolution structure (Fig. 1 B-E) for the C. jejuni flagellar fila-
ments showing that it has 11 protofilaments (Fig. 1C). The cor-
rectly indexed power spectrum is shown in SI Appendix, Fig. S14.
Using Relion (18), we were able to reach a resolution of 3.5 A as
determined by the “gold-standard” map:map Fourier shell cor-
relation (FSC) plot (SI Appendix, Fig. S1B).

The filaments have a canonical L-type flagellar symmetry with
an axial rise of 4.8 A and a twist of 65.32°. This means that the
protofilaments supercoil in a left-handed manner, due to their
being very slightly more than 11 subunits in every two turns of
the right-handed 1-start helix. A model of a single C. jejuni fla-
gellin subunit fit into its corresponding electron density is shown
in Fig. 1D. Using the model:map FSC with a threshold of 0.5, a
resolution of 3.5 A was obtained (SI Appendix, Fig. S1C), con-
sistent with the map:map FSC results from Relion. The flagellin
subunit, as shown in Fig. 1D, can be subdivided into five struc-
tural domains. These are the two conserved inner core domains
DO and D1, and three domains on the outside of the filaments.
These outer domains are referred to as D2, D3, and D4 and are
shown in greater detail in SI Appendix, Fig. S2 A and B. A close-
up of the atomic model for D1 fit to the map is shown in Fig. 1E.
While domains DO and D1 of the C. jejuni flagellin look the same
as those of all other existing bacterial flagellin structures, the outer
domains are ~80 amino acids larger than those of the next largest
solved flagellin structure, from S. typhimurium (6). A comparison
of the C. jejuni and S. typhimurium flagellins (Fig. 1F) shows the
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conservation of DO and D1 (pink) and the absence of detectable
homology in the outer domains (blue). Thus, domains D2 and D3
in C. jejuni have no homology with domains D2 and D3 in S.
typhimurium.

The Dali server (19) was used to search for structural homo-
logs of each individual C. jejuni FlaA outer domain. Domains D2
and D3 are, in fact, structural homologs of each other (SI Ap-
pendix, Fig. S2B), and searching for homologs to D2 and D3
yielded the same top hits but in different order. Interestingly, all
of these top hit homologs are domains from various flagella-
related proteins (SI Appendix, Fig. S2C). Two of the top hits
for D2 of C. jejuni were the outer domain from the Pseudomonas
aeruginosa A-type flagellin FliC (20) and filament cap protein,
FliD, from Bdellovibrio bacteriovorus (21). Some of C. jejuni FlaA
D3'’s top hits were FliD from H. pylori (22) and D4 from the C.
Jejuni flagellar hook protein FIgE (23). The top Dali server hits
for C. jejuni FlaA D2 and D3 are shown in SI Appendix, Table S1,
along with the corresponding Z score.

During the flagellin model building process, large extra den-
sities were observed in the map contiguous with serine and
threonine residues. These densities were all quite uniform in size
and are indicative of O-linked glycosylation. FlaA from C. jejuni
strain 81176 has been shown to be glycosylated entirely with
pseudaminic acid (Pse) and its derivatives (24). Fig. 24 shows that
these glycans bound to their serine or threonine residues provide
an excellent fit to the map. Due to the inability to distinguish
between the slightly different-in-size Pse derivatives at ~3.5-A
resolution, only the basic Pse glycan (Fig. 2B) was modeled at each
site. Density corresponding to glycosylation was found for 17 dif-
ferent residues on the outer domain. These residues are listed in
SI Appendix, Fig. S34 and shown in the sequence in SI Appendix,
Fig. S3B. The majority of these residues (15 of the 17) are in D4
(Fig. 2C). As might be expected, all of the glycosylation is present
on the surface of the flagellar filament (Fig. 2D).

It was previously proposed (8) that changes in the TLRS5
epitope that would destabilize the flagellar filament led to a
different packing with only seven protofilaments. Since we now
know that is wrong, the key question is, How does the C. jejuni
accommodate mutations in D1 which are known to abrogate
filament formation in Salmonella FliC? We considered amino
acids 88 to 98 in C. jejuni which include four more amino acids
than those focused on by Andersen-Nissen et al. (4). First, we
examined how these residues interacted with neighboring fla-
gellin subunits. Fig. 34 shows all of the flagellin subunits (S+35,
S+6, S+11, S+16) that make contacts with a reference subunit
(SO, in pink). The most prominent interactions the Campylo-
bacter TLRS epitope makes are with the S+11 subunit, in blue.
Fig. 3B shows a comparison of the TLRS epitope interactions
along the 11-start helix between C. jejuni and B. subtilis, which
has a similar TLRS epitope to S. typhimurium. In the C. jejuni
model, amino acids that are significantly different from the ones
conserved across most bacteria are colored gold. In B. subtilis,
these corresponding residues are colored gray. Fig. 3C shows a
sequence alignment of the TLRS epitope in C. jejuni and H.
pylori against several flagellins whose filament structure has been
solved. In C. jejuni, D90, T91, T94, and T97 are at the interface
of the SO subunit with S+11. In B. subtilis, the corresponding
residues are Q88, R89, E92, and V95.

Using PDBePISA (25), we calculated the interfacial surface
area between the TLRS epitope of the SO subunit and the entire
S+11 subunit (SO-TLRS5/S+11) of several flagellins from dif-
ferent bacteria. The interfacial surface areas between the entire
SO and S+11 subunits were also calculated (Table 1). The SO-
TLR5/S+11 interface is much smaller in C. jejuni than in the
other flagellar filaments. Strikingly, the interface between the
entire C. jejuni SO/S+11 subunit interface was greater than in any
other flagellar filament. These results suggest that, in C. jejuni,
the weakened interactions between the TLRS interface and the
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Cryo-EM structure of the C. jejuni G508A flagellar filament. (A) Cryoelectron micrograph of the flagellar filaments. (Scale bar, 40 nm.) (B) Side view of

the 3.5-A resolution C. jejuni G508A density map. (C) A top view of the density map shows 11 protofilaments. A model of a single flagellin subunit (orange) is
fit into the map. (D) The model of a single C. jejuni G508A flagellin fit into its corresponding electron density. (E) A blowup showing the quality of the map
around residues 50 to 160. (F) Comparison of the C. jejuni and S. typhimurium flagellins. The inner core domains (D0 and D1) are in pink, and are shown in the
same orientation. The outer domains for C. jejuni (D2, D3, and D4) and S. typhimurium (D2 and D3) are shown in cyan.

adjacent subunit are compensated for by interactions between
the subunits not found in the other structures. Most of this arises
from interactions of the outer domains.

The outer domains of the C. jejuni flagellin strongly interact with
the outer domains of adjacent subunits on the same protofilament.
Fig. 44 shows the interactions of two adjacent flagellin outer do-
mains along the same 11-start protofilament. Previously, it has been
shown that when any one of the glycosylation sites S426, S455, or
S461 are mutated to alanine, C. jejuni 81 to 176 is unable to as-
semble full-length flagellar filaments and exhibits greatly reduced
motility (15). In our filament model, two of these glycosylated ser-
ines (S455 and S461) are directly at the 11-start interface between
the D4 domains of both subunits, and are indicated (Fig. 44). Ex-
tensive contacts are made between D3 of S—11 and D1 and D2 of
S0. These are highlighted by the red box and shown in greater detail
in Fig. 4B. When FlaA has been deleteriously mutated or deleted, C.
jejuni has been known to form very short less-stable filaments using
only FlaB, and the bacteria exhibit greatly reduced motility (26).
There is 95% sequence identity between the two flagellins, and some
sequence differences between FlaA and FlaB occur in D3 (Fig. 4C);
however, there are some in DO and D1 as well. The gold colored
residues in Fig. 4B correspond to residues in D3 at the 11-start outer
domain interface that are significantly different between FlaA and
FlaB. Thus, the instability of the FlaB filaments may be directly due
to the loss of interactions involving D3.

Discussion

The structure of the C. jejuni flagellar filaments provides clear
evidence for how & Proteobacteria evolved to evade detection by
TLRS. The amino acids in the C. jejuni TLRS epitope display a
dramatically weakened ability to interact with the adjacent subunit
on the same protofilament. However, the entire C. jejuni flagellin
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has much stronger interactions with its neighboring 11-start sub-
unit. These are the result of outer domain interactions among the
adjacent subunits that are entirely absent in all other existing
flagellar filament structures. The two outer domains (D2 and D3)
that make these contacts are actually structural homologs of not
only each other but of domains found in various flagellar struc-
tural proteins across different species of bacteria (SI Appendix,
Figs. S2 and S4).

Two of the structural homologs are the flagellar hook protein
FIgE domain D4 and the hook—filament junction protein FlgK
D4, both from C. jejuni. SI Appendix, Fig. S4 shows how both
FlaA D3 and FIgE D4 have conserved interactions along the
11-start interface and a few conserved residues. The homology
between these domains is likely due to FlaA, FIgE, and FlgK
sharing a common ancestor protein which functioned as the
protein subunit for the filament before the specialized hook
evolved. The conservation of a few key residues in the 11-start
interface in both the C. jejuni FlaA D3 and FIgE D4 suggests that
there are similar stabilizing interactions among the outer do-
mains of the hook, hook junction protein, and flagellar filament.
The role of homologs playing a role at filament ends and in
filament nucleation has been seen for both actin and tubulin. In
the case of actin, we know that Arps (actin-related proteins),
which are structural homologs of actin, such as Arp2/3, play an
important role in actin filament nucleation and branching (27).
In the case of tubulin, gamma-tubulin, a homolog of alpha- and
beta-tubulin, plays a key role in nucleating microtubules (28).

The glycosylation of Ser426, Ser455, and Ser-461 has been
previously shown to be critical for filament formation and mo-
tility (15). The glycans attached to Ser455 and Ser461 in the
11-start interface are part of the extensive interactions of the
flagellin outer domains. Ser426 is not at the interface with any
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Extensive glycosylation of the C. jejuni outer domains with Pse glycans. (A) The density map (transparent gray) with the fit of Pse glycans (gold). (B)

The atomic model of a single Pse glycan. (C) Flagellin outer domains are shown in pink (D4) and blue (D2, D3), with its glycan moieties shown in gold. (D) The

surface-exposed region of a single 11-start protofilament.

neighboring flagellins and may play a role in the stabilization of
the outer domains. Many of the other serine/threonine residues
that are glycosylated in our structure have been shown to be
critically important for autoagglutination, which is correlated
with C. jejuni virulence (15, 29). It was previously observed that
Ser207 in D2, Ser409 in D4, and Thr482 in D1 were glycosy-
lated. We detect no significant glycosylation in our structure at
these sites. This is likely due to either disorder of the glycans or

A s+16 ocly B

S+5

C. jejuni G508A

a heterogeneity in glycosylation, such that the glycans are at-
tached at these residues to only some subunits. For the glyco-
sylated residues that we do see clearly (Fig. 24), the glycans
must be both highly ordered and stoichiometrically attached to
these residues in almost every subunit. Most of the glycosyla-
tion was not seen in the cryo-EM map of an extensively gly-
cosylated archaeal Type 4 pilus (30). The glycosylation we see
at Thr469 has not previously been reported.

S+11 S0 S+11 S0

B. subtilis S285P

C c.jejuni -98
H. pylori
B. subtilis -96

-98
-96
-97

P. aeruginosa
F. kurthia

88- IK
88- KV
86- \
88- DLAL
86-

S. typhimurium 87-N

Fig. 3. Interactions of the TLR5 recognition site (C. jejuni residues 88 to 98) with the next 11-start flagellin subunit (S+11). (4) Each subunit in the filament
contacts four other subunits. The subunits that contact a single flagellin (S0) are S+5, S+6, S+11, and S+16. (B) Comparison of the contacts between the TLR5
site (pink) and the next 11-start subunit, S+11 (blue), in C. jejuni (Left) and B. subtilis (Right). Residues that are not identical between the two TLR5 sites are
shown in gold for C. jejuni and dark grey for B. subtilis. (C) Alignment of the TLR5 sequences from C. jejuni flagellin with those of five flagellins from different
species whose high-resolution structures have been determined by cryo-EM.
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Table 1. Comparison of the interactions between the TLR5
recognition sequence and the next 11-start flagellin across
different flagellar filament structures, with the PDB ID code

Bacteria, PDB ID  TLR5 site 11-start interactions 11-Start full model

code interfacial surface area, A> interfacial area, A2

C. jejuni, G508A 300.6 (AA 88 to 98) 2,869.9
6X80

B. subtilis, S285P 410.8 (AA 86 to 96) 1,881.5
5WJY

B. subtilis, N226Y 381 (AA 86 to 96) 1,858.9
5WIT

P. aeruginosa, 369.5 (AA 88 to 98) 1,845
A443V 5WK5

F. kurthia, 6T17 371.4 (AA 86 to 96) 1,964.9

S. typhymurium, 385.8 (AA 87 to 97) 1,787.3
FljB Ad461V
6JY0

AA, amino acid.

All ¢ Proteobacteria possess an alanine at A493, the position
corresponding to 1411 in S. typhimurium. When 1411 is mutated
to alanine in S. typhimurium, TLRS activation is reduced and
motility is completely lost (5). Follow-up studies showed that,
when S. typhimurium FliC 1411A amino acids Arg5S8 and Gly59
were mutated to the corresponding H. pylori residues (Ser59 and
Ser-60), motility and filament formation were restored, but the
TLRS activation was still greatly reduced (4). These results were
mapped to the structure of the S. typhimurium flagellar filament to
show that these three residues were predicted to be at the interface

S0

S-1

between two subunits along the same protofilament. We show (57
Appendix, Fig. SS5) that the predictions about the H. pylori and C.
jejuni flagellin interactions were correct and that A493 in C. jejuni
would be in the same position as S. typhimurium 1411. C. jejuni has
amino acids A59 and T60 instead of the two serine side chains in H.
pylori at these positions.

While we have only determined the structure of the C. jejuni
flagellar filament, our results give insights into the structure of
the H. pylori filament, and it is certainly likely that extensive
outer domain interactions in H. pylori also stabilize that flagellar
filament. SI Appendix, Fig. S64 shows a comparison between the
observed secondary structure of the outer domains of C. jejuni
FlaA and the predicted (31) secondary structure of H. pylori
FlaB. The predicted H. pylori structure closely resembles the
secondary structure observed, except for a few places, most no-
tably at the N terminus of the outer domains. As a control, the
predicted C. jejuni secondary structure agrees quite well with the
observed secondary structure (S Appendix, Fig. S6B). Strikingly,
H. pylori appears to lack most of D4, but the expectation would
be that the extensive interactions observed in C. jejuni between
D2 in one subunit and D3 in an adjacent subunit would be
preserved in H. pylori.

Our results reemphasize two points. First, at low resolution, it
may never be possible to determine the correct helical symmetry
(14) for a filament or tube. Second, although the bacterial fla-
gellum has been a model for Creationists of “irreducible com-
plexity” showing that the flagellum could never have evolved (32),
it actually serves as a beautiful system for studying evolution (33).
In response to the innate immune surveillance that vertebrates
developed to recognize pathogenic bacteria, ¢ Proteobacteria such
as C. jejuni and H. pylori compensated for mutations in the TLRS
recognition site that destabilize the flagellar filament by developing

v

C. jejuni FlaA 253- G I -281
C. jejuni FlaB 253- QI-N NNGQ -281

Fig. 4. Outer domain interactions between adjacent subunits along the same 11-start protofilament. (A) Two neighboring subunits with the glycans at-
tached to S455 and S461 in domain D4 are shown in gold. The 11-start interaction site between D2 in one subunit and D3 in an adjacent subunit is boxed in
red. (B) Close-up of this D2/D3 11-start interface. Residues at the interface between the two subunits in the FlaA filament that are significantly different in the
C. jejuni FlaB sequence are in gold. Sequence alignment of C. jejuni FlaA and FlaB at residues 253-281 which are in domain D3 and contact domains D1 and D2
of the adjacent outer domain. FlaA residues colored gold are the same ones indicated in B.
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outer domain interactions that stabilize these filaments. We expect
that future studies of bacterial flagella will further elucidate the
evolutionary divergence of extant flagellar systems.

Methods

Preparation of C. jejuni G508A Flagellar Filaments. C. jejuni cells were obtained
from a Mueller Hinton broth culture incubated at 37 °C in a microaerobic
atmosphere (5% O, 10% CO,, 85% N5). The culture was spun, and the pellet
was resuspended in a low-salt buffer (20 mM Tris, 50 mM sodium chloride,
pH 7.4). The bacterial suspension was subjected to bead beating, 6 x 30 s.
Cell debris was collected by centrifugation, resuspended in the low-salt
buffer, and centrifuged at 45,000 rpm for 1 h. The pellet was washed in
the low-salt buffer and centrifuged at 45,000 rpm for one additional hour.
After the spin was complete, the pellet was resuspended in the low-salt
buffer, and the sample was stored at 4 °C until processing.

Cryo-EM Imaging. The sample was imaged at the Molecular Electron Mi-
croscopy Core (MEMC) at the University of Virginia on a Titan Krios equipped
with a K3 direct electron detector with a nominal magnification of 81,000x
(1.08 A per pixel). Movies of each area imaged contained 40 frames with a
total dose of 51 (e /A?).

Image Processing. Motion correction on the images was done using
Motioncorr2 (34). Motion correction was done using both the full frames
and then frames 2 to 17 (~20 e /A?) using dose weighting. CTFfind3 (35) was
used to calculate the contrast transfer function (CTF) for each image, and
images with poor CTFs were discarded. Flagellar filaments were boxed using
the e2helixboxer program from the Eman2 software package (36).

Helical Reconstruction. Initial helical reconstruction on CTF-multiplied dose-
weighted images was done using the IHRSR implemented in Spider (17). The
power spectra of hundreds of nonoverlapping images of flagellar filaments
were calculated, and, from this, an averaged power spectrum was created.
Indexing this power spectrum revealed the possible helical symmetries of the
C. jejuni G508A flagellar filaments (17, 37). The most likely symmetries were
ones with 7, 9, and 11 protofilaments. Using IHRSR, we tried each of the
possible symmetries, and the canonical flagellar symmetry with 11 protofila-
ments was determined to be correct, given that we were able to clearly see the
pitch and hand of the o-helices and some bulky side chains were visible.

The 11-protofilament volume from IHRSR in Spider was used as the input
volume for Refine3d in Relion (18, 38). With ~120,000 images (we started
with 280,000 before Class2d) and Refine3d followed by CTFRefine, Particle
Polishing, and Postprocessing (38), we were able to reach a resolution of 3.5
A using the “gold-standard” map:map FSC.

Model Building. Using Chimera (39), the L-type flagellin from B. subtilis S285P,
Protein Data Bank (PDB) ID code 5WIJY (7), was fit into the DO/D1 region of the
C. jejuni G508A density map. Using Coot (40), the amino acids in DO/D1 of the
starting model were manually replaced with the corresponding ones from C.
Jejuni G508A and fit to the map. The outer domain region was then built
manually, starting with a C, trace. The structure of the Pse glycan was gen-
erated from PubChem Compound ID 101137651. A single C. jejuni flagellin
and its corresponding map density served as inputs into RosettaCM (41) which
rebuilt the model with better geometries and secondary structure. The side
chain placement and secondary structure of the model were further refined in
Coot and Phenix (42). Finally, a full filament model was generated with
Rosetta scripts (43) and real-space refined in Phenix. The final model re-
finement statistics (Table 2) were validated with MolProbity (44).

Sequence Alignments. All sequence alignments in this study were done in
Jalview 2 (45) using the Clustal Omega alignment (46). Amino acids in a
particular flagellin that were identical to the majority of the amino acids at
the same position in other flagellins were shaded in dark gray (Figs. 3C and
4(Q). Similar amino acids were shaded in light gray (Figs. 3C and 4C). Amino
acids with no similarity were not shaded. The alignment in S/ Appendix, Fig.
S4A was done according to a Blosum62 scoring matrix.

Structural Analysis of C. jejuni G508A. Structural homologs to the C. jejuni FlaA
outer domains D2, D3, and D4 were identified with the Dali server (19, 47).

1. F. Hayashi et al., The innate immune response to bacterial flagellin is mediated by
Toll-like receptor 5. Nature 410, 1099-1103 (2001).

2. W.S.Song, Y. J. Jeon, B. Namgung, M. Hong, S. I. Yoon, A conserved TLR5 binding and
activation hot spot on flagellin. Sci. Rep. 7, 40878 (2017).

16990 | www.pnas.org/cgi/doi/10.1073/pnas.2010996117

Table 2. CryoEM imaging and model refinement statistics for
the C. jejuni G508A flagellar filament

Data collection Parameter value

Magpnification 81,000
Voltage (kV) 300
electron exposure (e-A?) 20
Defocus range (um) 1.25 to 2.25
Pixel size (A) 1.08
Image processing

Helical rise (A) 4.8
Helical twist (°) 65.32
Initial number of particles 276,180
Final number of particles 116,959
Map sharpening B factor (A?) -90
Model:map FSC (0.50) 3.5
Gold-standard” map:map FSC (0.143) 3.5
Model composition (single flagellin)

Nonhydrogen atoms 4431
Number of amino acid residues 574
Number of ligands 17

B factors (A%)

Protein 76.03
Ligand 106.41
Root-mean-square deviations

Bond lengths (A) 0.006
Bond angles (deg) 0.628
Validation

MolProbity score 1.89
Clashscore 7.08
Rotamer outliers (%) 0
Protein geometry

Ramachandran favored (%) 91.58
Ramachandran allowed (%) 9.24
Ramachandran outliers (%) 0.17
Model PDB ID 6X80
Density map EMDB ID EMD-22088

All secondary structure predictions were made with JPred (31). Interfacial
analyses were made using the PDBePISA server (25). For interfacial analysis,
at least one structure from each of the various bacteria whose flagellar fil-
aments have been studied was chosen. These were S. typhimurium (48),
Firmicute kurthia (49), P. aeruginosa (7), and B. subtilis (7).

Data Availability. The atomic coordinates have been deposited at the PDB
under accession number 6X80. The density map has been deposited at the
Electron Microscopy Data Bank under accession number EMD-22088.
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