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Flagellar motility has independently arisen three times during evolution: in bacteria,
archaea, and eukaryotes. In prokaryotes, the supercoiled flagellar filaments are composed
largely of a single protein, bacterial or archaeal flagellin, although these two proteins
are not homologous, while in eukaryotes, the flagellum contains hundreds of proteins.
Archaeal flagellin and archaeal type IV pilin are homologous, but how archaeal flagellar
filaments (AFFs) and archaeal type IV pili (AT4Ps) diverged is not understood, in part,
due to the paucity of structures for AFFs and AT4Ps. Despite having similar structures,
AFFs supercoil, while AT4Ps do not, and supercoiling is essential for the function of
AFFs. We used cryo-electron microscopy to determine the atomic structure of two
additional AT4Ps and reanalyzed previous structures. We find that all AFFs have a
prominent 10-strand packing, while AT4Ps show a striking structural diversity in their
subunit packing. A clear distinction between all AFF and all AT4P structures involves
the extension of the N-terminal o-helix with polar residues in the AFFs. Additionally,
we characterize a flagellar-like AT4P from Pyrobaculum calidifontis with filament and
subunit structure similar to that of AFFs which can be viewed as an evolutionary link,
showing how the structural diversity of AT4Ds likely allowed for an AT4P to evolve
into a supercoiling AFE.

motility | helical polymers | cryo-EM

Across the three domains of life, single-celled organisms have evolved various means of
motility, such as the ability to swim in liquids or to crawl or glide across surfaces. The
motility structures organisms use for swimming motility have been collectively called
flagella (1-3). However, just as bats and bees both have wings for flight, which are anal-
ogous but not homologous structures that have evolved to fulfill the same function,
bacteria, archaea, and eukaryotes have flagella that are analogous but not homologous.
Thus, these three flagellar systems are an example of convergent evolution as they have
evolved independently to support swimming motility. The eukaryotic flagellum, which
contains ~600 different proteins (4), is based upon microtubules and the motor protein
dynein distributed throughout the flagellum, producing a beating motion rather than a
rotation. The prokaryotes, bacteria and archaea, have flagellar systems which are analogous
to each other in that both involve the motor-driven rotation of a flagellar filament. These
filaments are typically homopolymers of a single protein and supercoil to form rather rigid
corkscrew-like structures.

In both prokaryotic flagellar systems, extracellular flagellar filaments behave as
Archimedean screws when rotated by a motor at the base of their filaments, generating
thrust. While supercoiling is essential to function, much of the early structural studies of
the bacterial flagellar filament (BFF) were based upon finding mutant flagellins that formed
nonmotile straight filaments that had the helical symmetry needed in those times for
structure determination (5). Recently, it was shown with high-resolution cryo-EM struc-
tures that despite having structurally distinct subunits, the supercoiling of both BEFs and
archaeal flagellar filaments (AFFs) is achieved through a similar mechanism which has
convergently emerged in the two structures (6). For BFFs, the supercoiled filaments consist
of 11 protofilaments, each of which adopt a unique conformation with adjacent protofil-
aments adopting more similar states. The supercoiled AFF structure revealed 10 protofil-
aments each of which also had a unique state. A striking similarity between supercoiling
in BFFs and AFFs was that subunits on the same protofilament displayed a remarkable
cooperativity extending over microns and were in the same conformation. Thus, all one
would need to generate a reliable model for a supercoiled AFF or BFF several microns in
length would be a structure of the supercoiled filament only several hundred Angstroms
in length. In contrast to the bacterial filaments, in which the most distinct conformations
are on opposite ends of the filament, the most different conformations of AFF subunits
are on adjacent protofilaments on the concave surface of the scructure. While 9 of the 10
interfaces between the AFF protofilaments were virtually identical, the 10th protofilament
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Significance

As Dobzhansky stated, nothing in
biology makes sense except in
the light of evolution. But,
creationists have used the
bacterial flagellar system as an
example of “irreducible
complexity,” arguing that it could
never have evolved from a
simpler system. In archaea, a
flagellar motility system arose
independently from that in
bacteria and is thus an example
of convergent evolution.
However, little has been known
about the evolution of either the
bacterial or archaeal flagellar
system. We show how the
archaeal flagellum likely evolved
from simpler archaeal type IV pili,
taking advantage of the
structural diversity among the
archaeal type IV pili to build a
flagellar filament that supercoils.
It is the supercoiled filament that
generates thrust when rotated.

Author contributions: M.A.B.K., M.K., and E.H.E. designed
research; M.AAB.K., V.C-K, Y.L, D.P.B, J.L, RRS., and
F.W. performed research; V.C.-K,, Y.L, D.P.B., and J.L.
contributed new reagents/analytic tools; M.A.B.K,, R.R.S.,
C.R.C,, F.W.,, MK, and E.H.E. analyzed data; and M.A.B.K.,
M.K., and E.H.E. wrote the paper.

Reviewers: L.L.B., McMaster University; and M.W.,
Okinawa Institute of Science and Technology Graduate
University.

The authors declare no competing interest.

Copyright © 2023 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"M.A.B.K. and V.C.-K. contributed equally to this work.
’Present address: Department of Biochemistry

and Molecular Genetics, University of Alabama at
Birmingham, Birmingham, AL 35233.

3To whom correspondence may be addressed. Email:
jerrywang@uab.edu,  mart.krupovic@pasteur.fr,  or
egelman@virginia.edu.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2304256120/-/DCSupplemental.

Published July 3, 2023.

10of 11


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jerrywang@uab.edu
mailto:mart.krupovic@pasteur.fr
mailto:egelman@virginia.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2304256120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2304256120/-/DCSupplemental
https://orcid.org/0000-0003-1062-2404
mailto:
mailto:
https://orcid.org/0000-0001-5486-0098
mailto:
https://orcid.org/0000-0003-4844-5212
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2304256120&domain=pdf&date_stamp=2023-6-29

2of 11

on the concave surface was different and interactions between
N-terminal helices were shifted downward by 4 to 5 A, approxi-
mately one turn of an o-helix. The singular interface which was
shifted downward relative to the other ones was termed a “seam
interface,” while the other nine were called “nonseam interfaces.”

While bacterial swimming motility and the bacterial flagellum
have been studied intensively for over 70 y (3, 7), with some stud-
ies dating back even much further (8), the earliest studies regarding
the archaeal flagellum are much more recent (1, 9). Almost 30 y
ago, it was suggested that archaeal flagella are homologs of bacterial
type IV pili (BT4Ps) (10, 11). More recently, it has been suggested
that BT4Ps are a result of a gene fusion between an N-terminal
a-helical domain and a C-terminal globular domain (12), and that
the homology between archaeal flagellins and BT4Ps only involves
the common N-terminal domain. Structural studies have provided
support for this hypothesis, showing that BT4Ps and AFFs share
the N-terminal a-helical domain and are processed in a similar
way (6, 13-18). It has been shown that archaeal flagellins share a
more recent common ancestor with AT4Ps and, besides the
N-terminal a-helical domain, both have a C-terminal immuno-
globulin (Ig)-like domain, which has no homology with the
C-terminal domain present in BT4P (19-22).

Comprehensive comparative genomic analysis has uncovered a
striking diversity of archaeal type IV pili-like systems, including both
pili and flagella (23). The corresponding AT4P operons vary greatly
in terms of sequence similarity between the core components and
complexity of gene complements and are particularly abundant in
hyperthermophilic archaea of the order Thermoproteales, where they
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were judged to reach extreme diversity far exceeding that in other
archaeal lineages (23). The core of AT4P consists of four main struc-
tural and functional components: pilins, an assembly ATPase, a
TadC-like membrane platform, and a prepilin peptidase responsible
for the proteolytic processing of the class III signal peptide (24).
Flagellar operons contain additional conserved components, such as
the stator proteins FlaF/ArlF and FlaG/ArlG (25), and the ATP-binding
protein FlaH/ArlH (206). FlaF/ArlF and FlaG/ArlG have apparently
evolved by duplication from the main pilin protein FlaB/ArlB, whereas
FlaH/ArlH is homologous to KaiC-like proteins capable of autophos-
phorylation and dephosphorylation, an activity important for FlaH/
ArlH hexamerization and archaeal modility (26). However, the exact
evolutionary relationship between AT4Ps and AFFs has remained
unclear, presumably due in part to the relatively few atomic structures
that exist for each. Further, the structural basis for AFF supercoiling
remained unsolved until very recently (6). Importantly, despite struc-
tural similarity between AFF and AT4P subunits, there is a major
difference between the two types of filaments which underlies their
respective properties and functions, namely, whereas AFFs supercoil
(red arrows Fig. 14), AT4Ps do not (blue arrows Fig. 14). It is the
supercoiled filament that generates thrust when rotated, whereas rota-
tion of a straight AT4P would not result in movement.

Here, we describe further cryo-electron microscopy (cryo-EM)
structural details for the previously reported Aeropyrum per-
nix AFF (27) and Saccharolobus solfataricus AT4P (20). We find
that the Aeropyrum AFF has the expected 10 protofilaments pre-
viously reported for an AFF from Saccharolobus islandicus REY15A
(6), whereas the S. solfataricus AT4P has seven prominent helical
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Cryo-EM structures of an AFF and two archaeal type IV pili. (A) Electron micrograph of a Saccharolobus islandicus REY15A cell showing supercoiled AFF

(red arrows) and nonsupercoiled archaeal type IV pili (AT4P, blue arrows). The sample has been positively stained with uranyl acetate (2%). The scale bar is
500 nm. (B) Cryo-EM density map of the filament (Left) and single flagellin model fit into its corresponding map (Right) of the Aeropyrum pernix AFF. (C) The full
filament model of the A. pernix AFF is shown, with subunits along a single 10-start helix colored orange. (D) Top-down view of the A. pernix AFF, with each of its 10
protofilaments colored differently. (E) Cryo-EM density map of the Saccharolobus solfataricus AT4P filament (Left) and single pilin model fit into its corresponding
map (Right). (F) The full filament model of the S. solfataricus T4P is shown, with subunits along a single 7-start helix colored red. (G) Top-down view of the S.
solfataricus T4P, with each of the 7-start strands colored uniquely. (H) Cryo-EM density map of the Haloferax volcanii ATAP filament (Left) and single pilin model
fit into its corresponding map (Right). (/) Top-down views of the H. volcanii filament showing the full filament (Left) and just the core N-terminal helices (Right).

Each subunit in the filament model is colored distinctly.
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strands. We then solve the cryo-EM structures of the H. volcanii
and Pyrobaculum calidifontis ATADPs. We classify the P calidifontis
structure as a flagellar-like AT4P due to its 10 helical strands but
lack of supercoiling. We show that AT4Ps, much like their bacte-
rial counterparts (BT4Ds), have a great diversity in their subunit
packing which likely allowed an AT4P to evolve into an AFE In
contrast, both the BFFs and the AFFs, which have no homology
to each other, show little structural diversity due to the exceedingly
strong constraints needed to maintain supercoiling.

Results

Structure of an AFF from Aeropyrum. To gain deeper understanding
into the structural diversity of AFFs and AT4Ps, we investigated four
structures from archaeal species representing four different taxonomic
orders using cryo-EM (Figs. 1 and 2 and SI Appendix, Figs. S1-
S5). SI Appendix, Table S1 shows the image processing and model
refinement statistics for each structure. We started by reanalyzing a
recently published (27) 3.5 A resolution AFF structure belonging to
a species of the genus Aeropyrum (order Desulfurococcales) in further
detail (Fig. 1B). As expected for an AFF (6), we found the 10-start
helix (Fig. 1C) results in ten protofilaments (Fig. 1D). The helical
parameters of this filament were a rise of 5.5 A and a twist of 108.0°.
For any helical filament, a 1-start helix passes through subunits S
and S,,, where the two subunits are related by the rise and twist
parameters. The 10-start helix in the A. pernix AFF structure relates
subunit S, and another subunit which is 10 subunits away along the
filament, S,, . Since the concept of a helix here is a mathematical
line, there are an infinite number of helices that can occur in a
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filament. However, the ones that are most meaningful physically
are those along which subunits make contacts with each other. For
the A. pernix AFFE, each subunit, S, makes contacts with subunits
thatare 1 (S,,), 3 (S,.3)> 4 (S, 7 (S,,-), and 10 (S,, ;) subunits
away (SI Appendix, Fig. S2A). Thus, the most important helices in
the A. pernix AFF are the 1-, 3-, 4-, 7-, and 10-start helices, which
can be depicted using a helical net (S7 Appendix, Fig. S2B). The 10
protofilaments of the A. pernix AFF occur because the N-terminal
helices are oriented along the 10-start helix.

When we reanalyzed the deposited model (PDB 7TXI) and
map (EMD 26158), we found that there was apparent protein
density which was left unmodeled (87 Appendix, Fig. S3), originally
assumed to be glycosylation. The A. pernix genome encodes two
flagellins, FlaB1 and FlaB2 (S1 Appendix, Fig. S3B), and the orig-
inal model (7TXI) was built from FlaB1. After further analysis,
we concluded that the most reasonable explanation for this addi-
tional protein density was heterogeneity in the filaments arising
from segments being either FlaB1, FlaB2, or both flagellins organ-
ized into a hexameric asymmetric unit (S Appendix, Figs. S3 and
S4 and Methods) similar to the M. villosus flagellar filament (16).

Structural Examination of Several Archaeal T4Ps with Different
Subunit Packing. We improved the resolution of the previously
published structure (20) of the AT4P from a hyperthermophilic
and acidophilic archacon S. solfataricus (order Sulfolobales) from
34At30A (Fig. 1E). While this seems like an incremental
improvement, this is actually an increase in the information
content by ~50% [since it scales as (3.4/3.0)’]. We found that
the S. solfataricus AT4P has contacts along the 1-, 3-, 4-, and
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Fig. 2. Cryo-EM structure of the P. calidifontis flagellar-like type IV pilus. (A) The model (purple) and map (light gray) of a single subunit of the
P. calidifontis filament. (B) The top-down view of the P. calidifontis filament reveals 10 prominent strands similar to the 10 protofilaments found in AFFs. (C)
Electron micrograph of P. calidifontis cells expressing various types of filaments positively stained with uranyl acetate (2%). Flagellar-like AT4P, bundling pili,
and presumed exopolysaccharide are indicated with black, white, and gray arrowheads, respectively. (Scale bar, 500 nm.) Note that the AT4P filament does
not supercoil. (D) Genomic loci encoding archaeal flagella and type IV pili. The genes in the depicted loci are shown as arrows, with homologous genes colored
the same way. Dashed line represents discontinuity between the two loci encoding the adhesive pilus system in S. solfataricus. Depicted loci encompass the
following genomic regions: S. islandicus REY15A (GenBank accession NC_017276, region 104950-111297); A. pernix K1 (NC_000854, region 1201618-1209093);
P. calidifontis JCM 11548 (NC_009073, region 1259287-1264747); S. solfataricus POZ149 (CP050869, regions 1531910-1532347 and 1388946-1392553).
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7-start helices but not along the 10-start helices (S/ Appendix,
Fig. S2 Cand D). The N-terminal helix of the S. solfataricus type
IV pilin is 11 amino acid residues shorter in length than that of
the A. pernix archaeal flagellin. These pilin subunits are oriented
along the 7-start helices resulting in seven prominent right-handed
strands (Fig. 1 Fand G) which are easily viewed when looking at
the filament model from top to down. We termed these “strands”
to avoid confusing them with the protofilaments of AFFs.

We then determined to 3.0 A the structure of an AT4P com-
posed of PilA2 (28-30), one of the two major pilins of a hyper-
halophilic archacon H. volcanii (order Haloferacales) (Fig. 1H).
The subunit architecture of the H. volcanii AT4Ps was quite
unique with a short N-terminal helix similar to the S. solfataricus
AT4P, but the linker region connecting the N-terminal helix to
the C-terminal globular domain was much longer than the
H. volcanii type IV pilin or A. pernix archaeal flagellin linker
regions. The symmetry of this AT4P was quite different as axial
views of the filament did not reveal either 7 or 10 strands
(Fig. 11). Instead, in a top view of a 17-subunit model, each
subunit was distinctly separated, especially when viewing just
the N-terminal core helices (right model Fig. 11). As such, we
termed this packing “continuous 1-start” as the features of the
1-start helix are prominently displayed in top-down views of
this filament. Each H. wvolcanii type IV pilin subunit makes
contacts along the 1-, 3-, 4-, 7-, and 10-start helices (S/ Appendix,
Fig. S2 Eand F).

On the surface of the H. volcanii AT4AP, we found N-linked gly-
cosylation at three asparagine residues (Asn59, Asn63, and Asn113;
SI Appendix, Fig. S5 A and B), all consistent with the previous results
from mass spectrometry analysis (28). Unlike in other AT4Ps, the
surface of the H. volcanii AT4P was highly negatively charged
(81 Appendix, Fig. S5C), a well-known adaptation to high salt envi-

ronments, compensating for the extreme ionic conditions (31).

Structure of a Flagellar-Like AT4P. We solved the structure of a
type IV pilus from a hyperthermophilic archacon 2 calidifontis
(order Thermoproteales) to 4.3 A (Fig. 2). Each P calidifontis
subunit makes contacts along the 1-, 3-, 4-, 7-, and 10-start
helices (87 Appendix, Fig. S2 G and H). On the surface of the
P, calidifontis filament, we found one clearly glycosylated residue,
Asn85 (SI Appendix, Fig. S6 A and B). This glycosylation occurred
in a groove between strands along the 3-start helix (87 Appendix,
Fig. S6C). Additionally, the P calidifontis pilin subunit contained
an intramolecular disulfide bond (87 Appendix, Fig. S6D). Both
glycosylation and the disulfide bond likely stabilize the T4P at the
extreme temperatures (90 °C) under which P calidifontis thrives.
‘The P calidifontis structure was particularly unique because while
its N-terminal sequence length more closely resembles that of
archaeal type IV pilins, its symmetry and subunit packing was
much more similar to those of AFFs, as it has 10 prominent strands
(Fig. 2B) and a twist of 108.9° resembling the 10 protofilaments
of AFFs but with a rather large right-handed tilt. To determine
whether the P calidifontis filament was an AFF or an AT4D
P calidifontis cells were negatively stained and observed under
TEM (Fig. 2C). After analyzing ~300 cells, we found no evidence
of supercoiling of the P calidifontis filament, which instead had
an appearance typical of T4P (black arrowheads in Fig. 20).
Notably, similar to other members of the genus Pyrobaculum (32),
P calidifontis genome lacks a canonical flagellar operon (23). Thus,
we classified the 2 calidifontis filament as a flagellar-like AT4D
However, unlike most other AT4P systems, the P calidifontis T4P
locus contains a gene for an AT Pase of the KaiC family (Fig. 2D),
which also includes the FlaH ATPase, a conserved component of
the flagellar operons (23).

https://doi.org/10.1073/pnas.2304256120

Classification of AT4Ps and AFFs on the Basis of Symmetry and
Structure. We next wanted to compare the properties of known
AFF and AT4P structures reported here or in previous studies
(6,13, 15-18, 20, 21). We had very little success using sequence-
based alignments to compare the subunits from each structure.
We performed a detailed analysis of the subunit and quaternary
filament structures of the AFFs and AT4Ps in the study as well
as all prior ones (Fig. 3 and SI Appendix, Fig. S6). All AT4Ps and
AFFs made similar contacts along their 1-start helix which were
not distinguishable in the different classes of filaments. However,
the AT4Ps could be classified into four groups (Fig. 34) based
on the subunit packing along the 7- and 10-start helices and
whether seven or 10 strands are prominent in axial views of
the structure. The 2 arsenaticurn AT4P has seven prominent
strands which are left handed (purple model and text in Fig. 3).
The S. solfataricus and S. islandicus LAL14 AT4Ps have seven
strands as well but they are right handed (gold model and text
in Fig. 3). These seven-stranded structures all had pilins with
short N-terminal helices (32 to 34 amino acids) and short
linker regions (-2 amino acids). The axial views of AT4Ps from
H. volcanii and 1. hospitalis show neither seven nor 10 prominent
strands (cyan model in Fig. 3A4). Both of these “continuous
1-start” AT4Ps had similar subunit architectures with short N-
terminal helices (-30 amino acids) and longer linker regions
(~7 to 8 amino acids). The last class of AT4P structures had
10 prominent strands (brown models in Fig. 34) and included
the flagellar-like AT4P P calidifontis with its longer N-terminal
helix as well as the Natrinema J7-2 AT4P which has a similar
subunit to the H. volcanii and 1. hospitalis AT4Ps. In contrast to
the great structural diversity of AT4Ps, we found that all AFFs
have N-terminal helices of similar size and all assemble to form
a 10-stranded structure (Fig. 3B). Contacts along the 7-start
and 10-start helices (or lack thereof) are key to the packing
differences between the AT4P classes and AFFs. Subunits with
no 10-start contacts assemble into the 7-stranded structures
with either left-handed (Fig. 3C P, arsenaticum) or right-handed
7-start helices (Fig. 3C'S. solfataricus). The “continuous 1-start”
AT4Ps were unique in that they had 10-start and 7-start helices
tilted at similar angles (-20°) but with opposite hands (Fig. 3C
H. volcanii), where the angle is measured by the rotation between
adjacent subunits along the same 10-start or 7-start helix. The
fagellar-like P calidifontis ATAP had a right-handed 10-start
helix with a tilt of +9.2° and a right-handed 7-start with a tilt of
42.4°. In contrast, all AFFs had 10 protofilaments which were
nearly vertical with respect to the filament axis.

We quantified the structural diversity of AT4Ps versus AFFs by
plotting helical twist (y axis) versus helical rise (x axis) for all
known ATA4P and AFF structures (Fig. 3D). This plot explicitly
shows that the symmetries of AT4Ps vary to a much greater extent
than the symmetries of AFFs, which is also evident from the anal-
ysis of the models. This large variation in AT4P symmetry is quite
similar to that of the unrelated BT4P symmetries (Fig. 3E).

N-Terminal Core Helix Length Determines the Packing of AT4Ps
versus Flagellar Filaments. The long linker region in the A.
volcanii and 1. hospitalis structures results in 10-start contacts
between the loop and outer domains of subunit S, and the N-
terminal helix of subunit S, (S/ Appendix, Fig. S7 A and B). In
contrast, the subunits in seven stranded AT4Ps, such as from S.
solfataricus, make no 10-start contacts (S Appendix, Fig. S7C),
while those in the 2 calidifontis flagellar-like AT4P and AFFs,
such as the one from A. pernix, form contacts between the core
domains of two subunits along the 10-start helix (S Appendix,
Fig. S7 D and E).
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Comparison of the filament symmetry and subunit features of AT4P and AFF. (A) Structural classification of AT4P structures from this and previous

studies. Top: Axial view of AT4P models with approximately 20 subunits shown for each. For each class, the leftimage shows the full filament and the right image
shows the only N-terminal core helices. From left to right, there are four broad classes of AT4P structures starting with 7 prominent left-handed strands (purple),
AT4Ps with 7 prominent right-handed strands (gold), AT4P structures where the subunits form neither 7- nor 10-start strands (“continuous 1-start,” blue), and
AT4P with prominent right-handed 10-start strands. Below each structure are the subunit models for each archaeal pilin that assembles into that structure.
Pilin subunits are colored the same as their corresponding structural class. (B) Structural classification of AFF structures. All archaeal flagellins assemble into
AFFs which have 10 protofilaments which are vertical with 0° of tilt with the exception of the S. islandicus REY15A AFF which has protofilaments with a slight left-
handed tilt. (C) Filament density maps (light gray) with models showing a subunit S, (light blue) and subsequent subunits along 7-start (red) and 10-start (gold)
helices for each of the AT4P and AFF structural classes. The dashed lines with arrows indicate the helices. (D) Plot of helical twist versus axial rise for each AFF
and AT4P structure. The colors and text indicate which symmetry group to which each filament belongs. (E) Plot of helical twist versus axial rise for all deposited

bacterial T4P structures.

What appears to distinguish the P calidifontis pilin from all
other AT4DPs is that the N-terminal core helix is 5 to 11 amino
acids longer than that in all other AT4Ps but is still 6 to 9 amino
acids shorter than that in all bona fide AFFs. Thus, the P calidi-
fontis helix is intermediate in size between AT4Ps and AFFs. To
determine the extent to which the N-terminal helix length affects
the packing of the P calidifontis flagellar—like ATAP compared to
the other AT4Ps and AFFs, we examined the packing of the core
domains of each structure (Fig. 4). Although the AT4P of S. so/-
fataricus is seven stranded, there are only modest contacts along
these 7-start helices (Fig. 4 A and B) as was true for all other AT4Ps
(Fig. 4G). The P, calidifontis flagellar-like AT4P structure (Fig. 4
C and D) had stronger contacts along its 3- and 7-start helices
than those of all other AT4P structures and in addition displayed
10-start core contacts, albeit very weak ones. None of the AT4Ps
other than the flagellar-like 2 calidifontis had core contacts along
the 10-start helix. All AFF structures had more extensive 3-start
interactions than those of the AT4Ps in addition to the 10-start
contacts (Fig. 4 E~G). These results suggest that the elongated

PNAS 2023 Vol.120 No.28 2304256120

N-terminal helix of the 2 calidifontis filament causes it to assemble
into a flagellar-like structure.

N-Terminal Core Helix Properties of Archaeal T4P and AFFs. In
addition to analyzing the interfacial surface area of each AT4P,
we also examined the percent hydrophobicity of the core helix
residues for all known AT4P and AFF structures (right-most
column in Fig. 4G). We found that most archaeal type IV pilins
had 80 to 90% hydrophobic or nonpolar residues in their N-
terminal helix. By contrast, only 72% of the P calidifontis core
helix residues were nonpolar, which falls close to the range of
the archaeal flagellins which had 57 to 71% of their residues
being nonpolar. As mentioned above, in terms of length of
the N-terminal helix, P calidifontis AT4DP falls in between
other AT4P and AFE. To explore whether other flagellar-like
T4Ps might exist and display similar sequence features, we
searched for homologs in sequence databases using BLASTP.
Close homologs of P calidifontis TAP were found in other
members of the order Thermoproteales. The structural models
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Fig. 4. Comparison of N-terminal core interactions in S. solfataricus T4P, P. calidifontis flagellar-like filament, and the A. pernix flagellar filament. (A) View of
just the core domains from adjacent subunits related by the 3-start (pink), 4-start (orange), 7-start (green), and 10-start (yellow) helices relative to a subunit S,
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domain helices of each archaeal T4P and AFF structure.

of the identified homologs were obtained from the AlphaFold
database (33) and aligned with the available AT4P and AFF
structures. Notably, some of the identified Thermoproteales
AT4P contained even longer N-terminal helices compared to
P, calidifontis AT4P, further closing the length gap between AT4P
and AFF (Fig. 5A). The overall alignments show a clear pattern
where the N-terminal helix residues for most pilins are largely
nonpolar. The larger, more flagellar-like pilins (2 calidifontis and
the AlphaFold predictions), on the one hand, share hydrophobic
residues with the other pilins, but on the other hand, in the
extended C-terminal region of the helix, contain charged/
polar residues not present in the shorter pilins but conserved
in flagellins. We expect that the shorter N-terminal helices
will be overwhelmingly hydrophobic in sequence due to being
transmembrane helices prior to assembly, and the typical length
for transmembrane helices is roughly ~-20 to 30 residues. It is
likely that as the N-terminal a-helical sequences get longer, they
will become more hydrophilic at the C-terminal end due to the
lack of pressure for these residues to be hydrophobic.

We examined the location of the core helix polar/charged resi-
dues in P calidifontis flagellar-like AT4P and found that many of
these residues are near the long 3-start interface (Fig. 5B). We then
examined the charged/polar N-terminal helix residues in the super-
coiled S. islandicus REY15A AFF (PDB 8WCM) and found that
those also made contacts along the 3-start interface (Fig. 5C). It is
important to note that the REY15A supercoiled flagellar filament
at the innermost region of the curve (Fig. 5D) has a 3-start interface
that is shifted downward by a complete a-helical turn (6). While
the interface is shifted downward by -5 A, the charged/polar resi-
dues make contacts with complementary residues in both the non-
seam (Fig. 5C) and seam interfaces (Fig. 5E). Other AFF models
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also had charged/polar contacts along their 3-start interfaces, but
since all of these had helical symmetry imposed on filaments that
were most probably supercoiled, the details of these interfaces are
questionable. The contacts along the 3-start interface for both the
P calidifontis flagellar-like AT4P and all AFFs represent the most
extensive contacts between subunits on adjacent 10-start strands
or protofilaments.

Flexibility of the Linker Region between N- and C-Terminal
Domains in Archaeal T4P. It has been suggested that the key
difference between AT4P and AFFs is increased flexibility in the
AFFs in the small linker region connecting the N-terminal helix
to the C-terminal globular domain (16). A 3D variability analysis
of an AFF was done to show flexibility in this region, but no
comparative analysis was done for an AT4P. We have therefore made
precisely such a comparison, between the S. solfataricus TAP and
the S. islandicus AFF (SI Appendix, Fig. S8). Like AFFs (6, 16), the
ATA4P structure we examined had both curved and straight states
as observed by 3D variability analysis using cryoSPARC (34) with
output in simple mode. We then selected a cluster of particles and
their curved volume from the 3D variability analysis as the starting
input for an asymmetric reconstruction using cryoSPARCs local
refinement. The final map from this local refinement job showed
a noticeable degree of curvature (S7 Appendix, Fig. S84) and from
the models built for this structure, we found that subunits built
on opposite ends of the filament had linker regions (S7 Appendix,
Fig. S8B) with about the same degree of flexibility as that of the
supercoiled AFF structure (SI Appendix, Fig. S8 C and D), with
displacements of -2 A for both structures’ linker regions, suggesting
that the flexibility of the linker region is not a significant factor
distinguishing AT4Ps from AFFs.
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Fig. 5. Interfacial interactions and sequence of N-terminal core helices of archaeal type IV pili and AFFs. (A) Structural alignment of the core domain helices
of the archaeal flagellins examined in this study in addition to several homologs whose structure was predicted by AlphaFold which are closely related to the
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Discussion been shown to share the same highly conserved N-terminal
domain, but to have a C-terminal domain that is all a-helical (37).
This suggests that the two domains evolved independently, and

that the N-terminal T4P signature domain can be coupled with

BT4Ps have been characterized, from both sequence analysis and
structural studies, as having an N-terminal domain that is largely

a single extended a-helix, and a C-terminal globular domain that
is in most cases largely B-stranded (35, 36). The sequence of the
N-terminal domain is highly conserved, while the C-terminal
domain is highly variable. A BT4P associated with competence
in gram-positive (monoderm) bacteria of the class Bacilli has now

PNAS 2023 Vol.120 No.28 2304256120

structurally distinct C-terminal domains (12). Consistent with
this notion, a BT4P has now been found in Geobacter sulfurredu-
cens that is encoded by two genes, one for the N-terminal domain
and one for the C-terminal domain (38, 39). The subunits in this
pilus thus contain two chains, encoded by each of these two genes.
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The homology between BT4Ps and AT4Ps does not extend
beyond the N-terminal domain. In contrast, the C-terminal
domains in both the AFFs and AT4P have an Ig-domain fold,
characterized by a f-sandwich. We can imagine three possibilities
for the evolution of AT4P and flagellar filaments, starting with
the inheritance of the N-terminal domain from a common ances-
tor with bacteria: i) AFF evolved from an early AT4D ii) AT4P
evolved from an early AFE or iii) both evolved independently
from the conserved N-terminal domain through parallel acquisi-
tion of homologous Ig-like domains. Given the obvious homology
of Ig-like domains of AT4P and flagellins and their close structural
similarity to each other, we do not think that independent acqui-
sition of the same Ig domain and hence independent origin from
a common ancestor is likely, and we can thus dismiss the third
possibility. Since BT4P and the widespread AT4P all function as
pili, it is highly likely that pilus formation was the ancestral func-
tion of this protein in archaea. This suggests that archaeal flagella
have evolved from a subset of T4P which could support super-
coiling, rather than the pili having evolved from the flagella with
the loss of supercoiling.

Bacterial T4Ps display a high degree of structural diversity
which is reflective in the diversity of their symmetries (Fig. 3E).
‘The diversity in BT4P structure can reflect differences in function
as has been shown with the two types of BT4Ps produced by
Thermus thermophilus (wide and narrow) which are tied to separate
functions of twitching motility and natural transformation (40).
The similar diversity of AT4P structure could also reflect differ-
ences in functions which have yet to be elucidated.

This structural diversity in AT4P packing has not been previ-
ously discussed at length, mostly due to the paucity of AT4P
structures. Additionally, the 1 hospitalis ATAP was previously
denoted as flagellar like (13). We have proposed that the 2 calid-
ifontis T4P can be viewed as an evolutionary intermediate between
AT4Ps and AFFs. It is also possible that the continuous 1-start
packing filaments (from H. volcanii and I. hospitalis) as well as the
Natrinema sp. ]7-2 AT4P with its 10-strand packing are also evo-
lutionary links between the 7-stranded AT4Ps and 10-stranded
AFFs. The extended linker regions in these structures produce
contacts along the 10-start helix with the linker and outer domain
of subunit S contacting the N-terminal core helix of subunit S .
These 10-start contacts change how the pilin N-terminal helices
pack into the filament when comparing the 7-start interfaces of
the S. solfataricus and H. volcanii AT4Ps (SI Appendix, Fig. S9). A
feature present in all the AT4P and AFF subunits is that the
N-terminal core helix is curved. The curvature is especially notice-
able in the 2 calidifontis pilin and archaeal flagellins where the
N-terminal helices are banana shaped (Fig. 3 A and B).

We describe AFFs as having 10 protofilaments, while the P
calidifontis flagellar—like AT4P has 10 strands. In AFFs, there is a
cooperativity in subunit conformation along each protofilament,
and a similar cooperativity was observed for BFF protofilaments.
This cooperativity is an essential property of these supercoiled
filaments and would not be maintained for AT4Ps which are flex-
ible but do not supercoil.

The results of our structural analyses suggest a critical relation-
ship between the N-terminal helix length and AFF structure. The
P, calidifontis pilus has 10-strand packing like all AFFs; however,
we did not observe any supercoiling and its genomic locus
(Fig. 2D) lacks the genes for the stator proteins FlaF/ArlF and
FlaG/AtlG (25) typical of flagellar operons. As a result, we have
classified it as a flagellar-like AT4P. The longer P calidifontis
N-terminal helix likely favors the assembly of the subunits into a
10-strand architecture. The presence of 10-start contacts as well
as increased 3-start contacts compared to other AT4Ps provides
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the greater rigidity needed to maintain a regular supercoil. It may
be premature to draw firm conclusions about the evolutionary
relationship between the P calidifontis pilus and AFFs given that
we have only one example of such a putative intermediate.
However, we note that computational analyses suggest that struc-
turally similar type IV pilins, some of which are even closer to
archaeal flagellins than those of the P calidifontis pilin, are encoded
by diverse Thermoproteales species (Fig. 54). Additionally, the
10-start protofilaments in all AFF structures are either vertical
with no tilt such as in A. pernix (SI Appendix, Fig. S6B) and most
other AFFs or very slightly tilted as in the S. islandicus REY15A
AFF (6). The role of these nearly vertical 10-start protofilaments
may be critical to the supercoiling process and is only beginning
to be understood (6). Although we found no evidence for the
P, calidifontis filament being able to supercoil, motility has been
reported for this organism (41) and other Pyrobaculum species
(42), despite the absence of a bona fide flagellar operon (32). We
suspect that the motility observed may be due not to swimming,
but to twitching or gliding, both of which require a surface, but
this remains to be determined.

We also showed the relationship between the sequence proper-
ties of the N-terminal core helices of archaeal type IV pilins and
flagellins. While most of the solved AT4P structures have pilins
whose core helix domains are predominantly hydrophobic,
flagellar-like AT4Ps from Thermoproteales, including P calidifon-
tis, have additional polar and charged residues at the C-terminal
end of this helix. Archaeal flagellins also have these additional
polar residues in their core helices. The interactions between these
residues may provide an additional stability to the filaments, which
cannot be provided by relatively nonspecific hydrophobic inter-
actions. It has been shown for an archaeal virus that purely hydro-
phobic interactions can allow for helices to slide past each other
relatively easily (43). Many of the P calidifontis polar/charged
residues such as serine, threonine, tyrosine, and glutamine are able
to interface with both polar and hydrophobic residues. The polar/
charged region of the core helix in archacal flagellins contains more
polar/charged residues such as lysine, arginine, glutamate, aspar-
tate, glutamine, and asparagine, which are less likely to be found
in hydrophobic interfaces.

It has been suggested (16) that flexibility is essential for the AFF
function, and that AFFs are more flexible than AT4Ps. However,
we find a similar degree of flexibility (S7 Appendix, Fig. S7) based
upon the same type of analysis carried out by Gambelli et al. and
conclude instead that a rather rigid supercoil that is resistant to
torsional stress is essential for flagellar function and what will
distinguish AFFs from AT4Ds. Rather than flexibility, it is the
capacity of flagellar subunits, whether from bacteria or archaea,
to adopt multiple structural states within the same filament to
form rather fixed supercoils that underlies the motility (6). This
implies, of course, that a flagellin subunit has the ability to exist
in multiple conformations, but these multiple states do not occur
randomly in the supercoiled filaments. While AT4Ps are flexible,
so are many other filamentous structures like F-actin (44) or fil-
amentous plant and archaeal viruses (45, 46), yet none of these
supercoil.

Structural alignments were previously used to compare the evo-
lutionary relationships between AT4Ps and AFFs (20, 21).
Performing an “all against all” analysis using the Dali server (47),
we find that the P calidifontis structure clusters with AT4Ps but
also aligns well with flagellar stator proteins FlaF and FlaG
(SI Appendix, Fig. $10). This further suggests that P calidifontis is
indeed a flagellar-like AT4P. Could the P calidifontis T4P have
evolved from an AFF rather than the opposite path that we pro-
pose? This seems unlikely, as phylogenetic analysis of the Flal-like
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secretion ATPases places the ATPase of P calidifontis and other
Thermoproteales T4P operons at the base of the clade including
all flagellar FlaI orthologs (23).

The C-terminal globular domain size appears quite variable
across all AT4Ps and AFFs. However, in archaea, all of these
C-terminal domains, despite their variable size, appear to have an
Ig-like fold, while in bacteria, the overall folds of the C-terminal
domain can diverge greatly. It has previously been shown that the
outer domains in at least one bacterial flagellin can be largely
removed without affecting motility (48, 49), and in bacteria, such
as Bacillus subtilis (50), Kurthia (51), or Caulobacter (52), the outer
domains are almost entirely absent. Thus, the C-terminal domains
of AFFs and BFFs likely play little to no role determining the
packing of the filament. However, it has also been shown for BFFs
that the outer domains can modulate motility (53), enhance motil-
ity in high-viscosity conditions (54), or stabilize a structure that
has weakened innerdomain interactions (54, 55). We therefore
think that variations in the C-terminal domains of both AFFs and
AT4Ps may be the result of species-specific adaptations.

Ever since Darwin (56), a cornerstone of evolutionary theory
has been that randomly occurring variations are selected, either
positively or negatively, based upon the fitness advantage or dis-
advantage they convey to an organism. We think that this simple
paradigm can provide insights into the evolution of AFFs from
ATA4P. Given the possible functions of bacterial and archaeal T4Ps
in adhesion, surface sensing, biofilm formation, natural transfor-
mation, and twitching motility, few constraints have been placed
on the details of the quaternary structure. This is why such diver-
gence has been seen in the helical symmetries for both archaeal
(Fig. 3A) and bacterial (Fig. 3B) T4Ps. An analogy might be made
with bacterial actins, where an even greater diversity of filament
symmetries has now been found (57, 58). In contrast, the require-
ment of rigid supercoils for both BFF and AFFs has placed severe
constraints on the helical symmetry and structure of these flagellar
filaments. While BFFs have been found with twist values from
65.3° to 65.8° (59), recent observations suggest that the actual
range in wild-type flagellar filaments is from 65.4° to 65.54°, and
the previously described larger range comes from nonmotile
mutants (6, 50, 59, 60). We thus consider it plausible that the
naturally occurring variation in AT4Ps (Fig. 34) has allowed for
the selection of a flagellar-like filament, such as that from 2 calid-
ifontis. In this context, it is notable that the T4P locus of P calid-
ifontis includes a gene encoding a KaiC-like ATPase, which is
homologous to the FlaH component of archaeal flagella. Thus,
the only major components which are missing in the P calidifontis
AT4P system compared to AFF are the two proteins, FlaF and
FlaG, which form the stator complex (61). Structural comparisons
of the two proteins have strongly suggested that both have evolved
by tandem duplication and subfunctionalization of the gene
encoding the flagellin protein FlaB (21). Collectively, the com-
parisons of the AFF and AT4P structures and their genomic loci
are both pointing to the AT4P systems of Thermoproteales as the
likely ancestors of the archaeal motility apparatus.

Methods

sample Preparation. P, calidifontis DSM 21063 (41) cells were purchased from
the DSMZ culture collection and grown in 1,090 medium (1.0% tryptone, 0.1%
yeast extract, 0.3% sodium thiosulfate, pH 7) at 90 °Cwithout agitation. Preculture
(30 mL) was started from a 200-pL cryo-stock, grown for 2 d, and then diluted into
200 mLof fresh medium. When 0D600 reached ~0.2, the cells were collected by
centrifugation (Sorval SLA1500 rotor, 7,000 rpm, 10 min, 20 °C) and resuspended
in 10 mL phosphate-buffered saline (PBS) buffer. The extracellular filaments
were collected as described previously (62, 63). Briefly, the cell suspension was
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vortexed for 15 min to shear off the extracellular filaments. The cells were removed
by centrifugation (Eppendorf F-35-6-30 rotor, 7,830 rpm, 20 min, 20 °C), whereas
extracellular filaments were pelleted by ultracentrifugation (Beckman SWé0T
rotor, 38,000 rpm, 2 h, 15 °C). After the run, the supernatant was removed, and
the pellet was resuspended in 200 pL PBS.

H. volcanii H53 cells (64) were kindly provided by Thorsten Allers (University
of Nottingham) and grown in Hv-YPC medium (64) containing (per liter) 144 g
NaCl, 21 g MgS0,-7H,0, 18 g MgCl,-6H,0, 4.2 g KCl, 12 mM Tris HCl (pH 7.5),
0.5% yeast extract (Difco), 0.1% peptone (Oxoid), 0.1% casamino acids (Difco),
and 3 mM CaCl,. A preculture of 5 mL was grown to stationary phase at 45 °C
underagitation, then diluted into 500 mL culture and grown to exponential phase
(0D600 = 0.5). Cells were collected by centrifugation (Sorval SLA1500 rotor,
8,000 rpm, 10 min, 20 °C).The cell pellet was resuspended in 20 mL of 18% SW
buffer (Hv-YPC medium in the absence of yeast extract, peptone, and casamino
acids), and the cell suspension was vortexed for 30 min to shear off the pili. The
cells were removed by centrifugation (Sorval SLA1500 rotor, 8,000 rpm, 30 min,
20°C).The supernatant was collected, and the pili were pelleted by ultracentrifu-
gation (Beckman 60Ti rotor, 35,000 rpm, 2 h, 4 °C). The supernatant was removed,
and the pellet was resuspended in 500 pL of 18% SW buffer.

Aeropyrum pemix K1 DSM 11879 (65) cells were purchased from the DSMZ
culture collection and grown in 3ST medium [35 g/L Sea salts (Sigma), 0.1 % tryp-
tone, 0.1 % yeast extract, 0.1 % sodium thiosulfate, pH 7] at 90 °C without agitation.
Preculture (10 mL) was started from a 1 mL cryo-stock, grown for 3 d, and then
diluted into 60 mL of fresh 3ST medium. After 3 d of growth, 100 mL of the fresh
medium was added to the culture and the growth was continued for another 3 d.
Then, the cells were removed by centrifugation (Sorval SLA1500 rotor, 7,000 rpm,
10 min, 20 °C), whereas extracellular filaments were collected by ultracentrifugation
(Beckman SWé0Ti rotor, 38,000 rpm, 2 h, 15 °C) and resuspended in 200 pL PBS.

Negative-Stain TEM of P. calidifontis Cells. For negative-staining transmis-
sion electron microscopy, 10 plL of cell suspension was adsorbed onto glow-
discharged copper grids with carbon-coated Formvar film and negatively stained
with 2.0% (wt/vol) uranyl acetate. The samples were observed under FEI Tecnai
Spirit BioTwin 120 microscope operated at 120 kV. To assess the supercoiling
of flagellar-like ATAP of P calidifontis, ~300 individual cells were observed at
18,000x magpnification.

Cryo-EM Grid Preparation. For each archaeal filament sample, a 3 to 4 pl
aliquot was placed onto a lacey carbon grid (300 mesh, Cu) which was then
blotted and plunge frozen into liquid ethane using a Leica EM GP plunge freezer.

Cryo-EM Imaging and Image Processing. All cryo-EM movies were collected
on aTitan Krios equipped with a K3 direct electron detector at a pixel size of
1.08 A/pixel. Subsequent steps from movie processing up to the final recon-
struction were performed in cryoSPARC (34).The basic movie processing work-
flow started with Patch Motion Correction, followed by Patch CTF Estimation and
then Curate Exposures. Initial subsets of particles were then manually picked
and then subject to 2D classification. The best classes were then selected and
used as inputs for particle selection using either Filament Tracer or Template
Picker, both of which adequately selected filament particles. The larger particle
sets from automated particle picking were subjected to at least one round
of 2D classification. More heterogeneous datasets were subjected to several
rounds of 2D classification. For each filament dataset, helical reconstruction
was performed using a starting cylindrical volume with a diameter slightly
bigger than that measured for the filaments in 2D images. After successful
helical reconstruction, CTF refinement and a final helical reconstruction were
performed for each dataset. The local resolution was estimated for each volume
and finally the maps were subject to local filtering.

Model Building and Refinement. Initial models were built using either the
DeepTracer-ID method (27), or built by refining an initial structure already depos-
ited into the new map (S. soffataricus). These initial models were then subject to
refinement in Coot (66) and using Phenix real-space refinement (67). Models
were subsequently validated in Phenix (68, 69).

Structural Alignment of Archaeal Type IV Pilin and Flagellin N-Terminal
Helices. For the comparison of the properties of archaeal T4P and AFF N-terminal
helix sequences (Fig. 54), the model for each structure’s N-terminal helix was
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displayed using UCSF Chimera (70) and the start point of each species sequence
in the alignment was taken to be the beginning of the model and the end point
was taken to be the last residue in the alpha helix. The starting position of the
archaeal flagellar-like type IV pilins and flagellins was moved by a residue of two,
depending on the sequence, to align all helices as best as possible.

Analysis of the A. pernix AFF. Due to the additional density found in the previ-
ously deposited A. pernix AFF map not explained by the flagellin (FlaB1) model
(S1Appendix, Fig. S2A), we generated a sequence alignment of the two A. pernix
flagellins (SI Appendix, Fig. S2B). For the reassessment of the Aeropyrum fila-
ment, a preliminary model for the A. pernix flagellin FlaB2 was generated using
AlphaFold2 (71). This model was then fit into the A. pernix AFF density map and
refined using Coot.

The deposited A. pernix FlaB1 model was unable to explain density in two
loop regions of the map (S/ Appendix, Fig. S2C), while the A. pernix FlaB2 model
(51 Appendix, Fig. S2D) could explain this density. There was a region in the map
which was fit by the A. pernix FlaB1 quite nicely (S/ Appendix, Fig. S2Cturn region)
in comparison to the A. pernix FlaB2 model which had 8 unmodeled side chains
(S1 Appendix, Fig. S2D turn region).

Due to the recent discovery of a heterodimeric AFF from Methanococcus villosus
with an asymmetric unit containing six flagellin subunits (16), we analyzed the
power spectrum of the A. pernix AFF (SI Appendix, Fig. S3A) which showed the
expected meridional layer line at 1/5.5 A as well as an unexpected meridional
layer line at 1/33 A, which is 6 x 5.5 A. This would be consistent with an asymmet-
ric unit containing six flagellins, as observed for the heterodimeric AFF (16). The
M. villosus heterodimeric filament was composed of two different flagellin subu-
nits, and we suspected that the same could be the case for our A. pernix filament,
due to the presence of two flagellins in the A. pernix genome. We then did a helical
reconstruction with AFF symmetry parameters six times (a rise of 6 x 5.5A =33 A
and a twist of 6 x 108.0° = —72.0°; Sl Appendix, Fig. S3B) that have been used
for the initial structure (S/ Appendix, Fig. S2A). For some of the six subunits in the
asymmetric unit, there was clear density in the previously unmodeled loop region
at moderate thresholds (top images in S/ Appendix, Fig. S3B), while in others, the
density was absent or broken (bottom images in S/ Appendix, Fig. S3B). However,
all subunits showed loop density at lower thresholds. Some of the inconsistencies
inthe density map may best be explained by heterogeneity, with only some of the
flagellar filament segments being of a heterodimeric assembly similar to the M.
villosus AFF. Alternatively, or in addition, the register of the hexamers may change
throughout the filaments, leading to an averaging of the two different flagellins.

To test the viability of the A. pernix flagellar filament being composed of a
hexamer, we generated an asymmetric unit consisting of six subunits, containing
three FlaB1 and three FlaB2 copies in the same manner as the M. villosus AFF
(SI Appendix, Fig. $3C). We then imposed a helical symmetry with a rise of 33 A
and a twist of —72° corresponding to a hexameric ASU and generated a long
filament mode (S/ Appendix, Fig. S3D). We then simulated a density map to
3.5 A(SI Appendix, Fig. S3E) using the EMAN2 program e2pdb2mrc (72). We
converted this density map from mrc to spider format and then using the spider
software processing suite (73) generated a 2D projection of the simulated volume
and then a power spectrum. This power spectrum had meridional layer lines at
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1/33 Aand 1/5.5 A (SI Appendix, Fig. S3F), consistent with the averaged power
spectrum from image segments. The averaged power spectrum from image seg-
ments (S/ Appendix, Fig. S34) had a weaker meridional layer line at 1/33 Athan
that of the power spectrum from the simulated hexameric symmetry map. This
is consistent with our hypothesis that the A. pernix filament image segments
contain some degree of heterogeneity, with only some of the segments being
from hexameric filaments.

3D Variability Analysis and Asymmetric Reconstruction and Modeling
of the . solfataricus aT4P. As done previously for archaeal and BFFs (6), the
helically symmetric S. soffataricus ATAP volume was used as input for 3D variability
analysis in cryoSPARC. From this, several reconstructions were generated using
the 3D variability display function with outputs in either simple mode or cluster
mode. The most curved volume output from cluster mode and its associated
particles were then used as the input for a local refinement job, and a final map
at 4.0 Aresolution was generated. From this,a model for the curved AT4P structure
was created using the same modeling techniques as described above.

Comparisons between Archaeal Flagellins and Pilins. For the comparison of
symmetries and subunits shown in Figs. 3 and 4, we examined the N-terminal hel-
ices of all ATAP and AFF structures. The end of each N-terminal helix was defined
as the beginning of the linker region between the N-terminal helix and the
C-terminal outer domain. The linker region lengths were somewhat ambiguous
to determine for some structures, butin general, the beginning of the C-terminal
outer domain was taken to be the start of beta-sheet- or near-beta-sheet-forming
interactions. The interfacial surface areas between contacting N-terminal core
helices were calculated using PDBePISA (74).

Data, Materials, and Software Availability. Atomic model data have been
deposited in the Protein Data Bank: 8RS (75), 8FK7 (76), 8K5 (77), 7TXI (78),
and 8FKO (79). Cryo-EM maps have been deposited in the Electron Microscopy
Data Bank: EMD-29246 (80), EMD-29249 (81), EMD-29215 (82), EMD-26158
(83),and EMD-29247 (84).
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