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Abstract

Archaeal swimming motility is driven by archaella: rotary motors
attached to long extracellular filaments. The structure of these
motors, and particularly how they are anchored in the absence of
a peptidoglycan cell wall, is unknown. Here, we use electron
cryotomography to visualize the archaellar basal body in vivo in
Thermococcus kodakaraensis KOD1. Compared to the homologous
bacterial type IV pilus (T4P), we observe structural similarities as
well as several unique features. While the position of the cytoplas-
mic ATPase appears conserved, it is not braced by linkages that
extend upward through the cell envelope as in the T4P, but rather
by cytoplasmic components that attach it to a large conical frus-
tum up to 500 nm in diameter at its base. In addition to anchoring
the lophotrichous bundle of archaella, the conical frustum associ-
ates with chemosensory arrays and ribosome-excluding material
and may function as a polar organizing center for the coccoid
cells.
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Introduction

Many single-celled organisms are motile by means of extracellular
appendages. In archaea, swimming motility is driven by archaella:
rotary motors attached to long extracellular fibers. Archaella are
functionally analogous to bacterial flagella, but evolutionarily
homologous to the type IV pilus (T4P) and type II secretion system

(T2SS) machineries of bacteria [1]. Recently, an atomic structure of
the archaellum fiber purified from the euryarchaeon Methanospiril-
lum hungatei revealed differences compared to the bacterial T4P
fiber, including lack of a central pore and more extensive inter-
subunit interactions [2]. The structure of the archaellar basal body,
and its similarity to the T4P basal body, remains unknown.

Unlike T4P fibers that only assemble and disassemble, archaella
assemble and then can rotate in both directions to either push or
pull the cell [3,4]. Light microscopy of Halobacterium salinarum
revealed discrete steps during rotation, likely corresponding to ATP
hydrolysis events by the basal body ATPase, Flal [5]. While the
bacterial T4P contains two distinct ATPases for assembly and disas-
sembly of the pilus fiber, the single ATPase Flal drives both assem-
bly and rotation of the archaellum [6]. The N-terminal domain of
the archaellum/T2SS/T4P superfamily ATPases is the most variable,
and the first 29 residues of Flal, located on the outer edge of the
hexamer, were found to be essential for motility but not assembly,
although the basis of this functional separation remains unclear [6].

Flal is predicted to interact with the integral membrane protein
FlaJ [7]. Structural studies of the bacterial T4P suggest that ATPase-
driven rotation of the FlaJ homolog, PilC, incorporates pilin subu-
nits from the membrane into the growing fiber [8]. This is possible
because the ATPase itself is clamped in an integrated structure that
spans the bacterial inner and outer membranes and periplasm and
anchors on the cell-encompassing peptidoglycan cell wall [8]. A
similar cell-wall attached structure anchors the bacterial flagellar
basal body [9]. Without knowing the structure of the archaellar
basal body, it is unclear how similar anchoring could occur in the
envelope of archaea, which consists of a single membrane and a
proteinaceous surface (S-) layer. It was recently proposed that FlaF
might anchor the archaellum through interactions with the S-layer
[10]. Others have suggested that a cytoplasmic structure mechani-
cally stabilizes the basal body [3]. Supporting this idea, cytoplasmic
structures underlying the archaella have been observed by tradi-
tional electron microscopy (EM) of Halobacteria [11,12].
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Electron cryotomography (ECT) can image intact cells in a
frozen, fully hydrated state, providing macromolecular resolution
(~4-6 nm) details about native cellular structures [13]. Here, we
used ECT to visualize the structure of the archaellar basal body
in vivo in Thermococcus kodakaraensis cells. T. kodakaraensis (orig-
inally designated Pyrococcus sp. strain KOD1 and later identified as
belonging to the Thermococcus genus [14]; also known as
T. kodakarensis) is one of the best-studied archaeal species. It was
isolated from a Japanese solfatara in 1994 [15], and has been a
useful source of thermostable enzymes (e.g., high-fidelity DNA poly-
merase for PCR [16]). In addition to revealing the overall structure
of the archaellar basal body in vivo, we discovered a novel cytoplas-
mic conical structure in T. kodakaraensis associated with archaellar
motility and potentially other polar organizing activities.

Results

Electron cryotomography of the T. kodakaraensis archaellum and
associated structures

We imaged T. kodakaraensis KOD1 cells by ECT in a native, frozen-
hydrated state. Many cells appeared to be lysed prior to plunge-
freezing for ECT, but out of 18 apparently intact cells, we observed
a lophotrichous bundle of archaella in 13. Each bundle contained
between four and 14 archaella. Due to the size of T. kodakaraensis
cells (cells are irregular cocci ~1.5 pm in diameter), only a portion
of the cell was visible in the limited field of view of our high-magni-
fication cryotomograms. Given this limited field of view, we think it
likely that all cells contained an archaellar bundle, but it was not
visible in the remaining five cells. In addition, we observed well-
preserved archaellar bundles in eight apparently lysed cells.

We consistently observed a prominent conical structure associ-
ated with the archaellar bundle in the cytoplasm (Fig 1). In intact
cells, all conical structures were associated with archaella. In some
lysed cells, however, we observed cones without archaella, suggest-
ing that the conical structure remains intact upon loss of archaella.
The conical structure showed a consistent morphology and localiza-
tion inside the cell: closely associated with, but not touching, the
cytoplasmic membrane at its narrow end and expanding a variable
length to a wide base, which varied from 220 to 525 nm in diame-
ter. The central axis (an imaginary line through the center of the
conical frustum) was perpendicular to the membrane, as seen in
cross-sectional side views (Fig 1A-C, additional examples in
Fig EV1). The edges, seen in cross-section, frequently exhibited
periodic densities suggestive of individual protein subunits (Fig 1C),
with a thickness of 3-4 nm. We observed that while cones in
different cells had different heights, the opposite side walls of
each cone were symmetric (had similar lengths). Tomographic
slices capturing the central axis of the conical structure in side
view showed an angle of 109 + 6° (mean =+ s.d., n = 5) between
opposite edges. The structures were not complete cones but rather
conical frusta: They did not taper fully to a point, but exhibited a
blunt tip. In top views, we observed a ring situated in the throat of
the frustum, just below the tip (Fig 1D and E). These rings
comprised 19 subunits (Fig 1D inset), each again 3—4 nm thick, with
an overall ring diameter of 31 + 2 nm (mean + s.d., n = 10). The
position of the ring in the conical frustum was clearest in
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tomograms of lysed cells, which were thinner and contained less
cytoplasmic material (Fig 1F-H). Even in such tomograms,
however, we could not visualize a well-defined connection between
the two portions of the structure, so it is unclear whether and how
the components are connected.

Conical structures were surrounded by an ~30- to 45-nm-wide
ribosome-excluding zone (REZ; Figs 1E and 2). In nearly all cells,
both intact and lysed, we observed filament bundles near or associ-
ated with this REZ (Fig 2B-E). The bundles were more extensive in
lysed cells. Each filament was ~12 nm wide and made up of a series
of disk-like densities spaced ~7 nm apart. Chemosensory arrays
were also consistently observed near the conical structures (Fig 2A
and B). In one cell, we observed two attached conical structures,
each associated with archaella and each ~250 nm in diameter at its
base (Fig EV2).

To characterize the interaction between the archaellar bundle
and the conical structure, we measured the distance from the base
of each archaellum in the membrane to the cone. The orientation of
the measurement line was determined by the orientation of the
archaellar filament between the S-layer and the membrane (Fig 3A-D).
Due to the geometric shape of the cone, the distance between it and
the membrane varies—shortest at the tip of the cone and longest at
the base. Since archaella were located at various radial positions
along the cone, we expected their distance to vary similarly. Inter-
estingly, however, we measured a much more consistent distance of
44 + 5 nm (mean =+ s.d., n = 29) from the cone to the base of each
archaellum in the membrane (Fig 3). Consistent with this, we
observed a variety of orientations of archaella in the cell envelope,
frequently not perpendicular to the S-layer, allowing the conserved
distance to the cone (Figs 3 and EV3). In a few cases, we observed
continuous densities connecting the archaella and the cone
(Fig EV3E).

To determine the structure of the archaellar basal body, we
calculated a subtomogram average (Fig 4). Thirty particles were
used, and an axial twofold symmetry was applied. The resulting
average revealed several layers of density extending into the cyto-
plasm. Immediately adjacent to the membrane-embedded density
was a ring-like structure (L1 in Fig 4A). Below the ring was a disk
of similar diameter (L2), followed by a larger diameter component
(L3) and finally, at a greater distance, a less well-defined density.
This density was 44 nm away from the membrane, corresponding
to the cone. Consistent with our observation that archaella exhibited
various orientations with respect to the S-layer, we did not observe
a strong density corresponding to the S-layer in the average. As seen
in individual particles, the component in L3 does not appear to be a
ring, but rather comprises distinct legs, seen on one or both sides,
that appear symmetric in the average (Fig EV4). Similarly, the
density of the cone is more prominent in individual particles; due to
the different angles of the structure in different particles, the density
becomes indiscernible in the average (Fig EV4).

Protein composition of the T. kodakaraensis archaellum

Inspection of the T. kodakaraensis genome [17] revealed the presence
of a typical archaellar 13-gene cluster (TK0038-TK0050) containing
five paralogous flaB archaellin genes plus other genes needed for
archaellar biogenesis and basal body synthesis, flaCDFGHIJ. To
establish which of the FlaB archaellin proteins compose the

EMBO reports Vol 18 | No 9 | 2017

1661



EMBO reports Structure of an archaellar motor and cone  Ariane Briegel et al

Figure 1. Cytoplasmic conical structures in Thermococcus kodakaraensis.

A, B A tomographic slice shows a side view of a conical structure (c) in the cytoplasm, rotated and enlarged in (B).

C A tomographic slice shows a side view of the cone in another cell, highlighting the subunit texture along the edge of the cone (arrowheads).
D, E Top views of a cone at different heights show the inner ring (r; enlarged in inset to highlight 19-subunit structure) and outer cone.

F-H Sequential slices through a side view of a cone in a lysed cell show the relative location of the ring in the cone.

I,]  Different views of a 3D segmentation of the cone shown in (A), embedded in a tomographic slice.

Data information: s, S-layer; m, membrane; a, archaella; rib, ribosomes; rez, ribosome-excluding zone. Scale bars, 100 nm; scale bar in (D) applies to (D, E); scale bar in (F)
applies to (F-H); segmentation not to scale.

1662  EMBO reports Vol 18 | No 92017 © 2017 The Authors
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Figure 2. Cones are associated with chemosensory arrays, ribosome-excluding zones, and filament bundles.

A-C

Tomographic slices show side (A) and top (B, C) views of cones (c) in three cells, highlighting associated chemosensory arrays (ca), ribosome-excluding zones (rez),

and filament bundles (f). For a slice-by-slice view through the tomogram shown in (A), see Movie EV1. s, S-layer; m, membrane; a, archaellum; o, other filaments.

Scale bar, 100 nm (applies to A-C); segmentation not to scale.

archaellar filament, we performed a quantitative proteomic survey of
T. kodakaraensis cells (Materials and Methods). All five of the FlaB
paralogs were detected, with the most abundant being FlaB,, FlaB,,
and FlaB; at 0.4-0.25% of total cell protein (Table 1), and the FlaB,
and FlaBs paralogs fivefold lower in abundance. Therefore, the
T. kodakaraensis flagellar filament is heterogeneous in composition.
The FlaHI basal body proteins that compose the motor, as well as the
FlaCD proteins of unknown function, were also detected but at lower
abundance than the FlaB archaellin proteins.

Our proteomic survey also allowed us to investigate the presence
and abundance of chemotaxis-related proteins in T. kodakaraensis
(Table 1). These proteins are encoded by one 12-gene che-mcp clus-
ter plus three unlinked mcp genes. Of the five methyl-accepting
chemotaxis proteins (MCPs), Mcpl was the highest in abundance,
but all were expressed. These chemoreceptors are candidates for the
T. kodakaraensis chemosensory arrays previously observed by ECT
[18]. No candidates for the protein(s) composing the conical

© 2017 The Authors

Different views of a 3D segmentation of the structures shown in (C), with the conical structure in blue and the filament bundle in red.

structure could be identified based on the presence of nearby genes
with related or hypothetical annotations in either the fla or che-mcp
gene clusters.

Discussion
Structure of the basal body of the T. kodakaraensis archaellum

Here, we describe the morphology of the archaellar basal body in
T. kodakaraensis (Fig 4). We think it is almost certain that density
L1 in the T. kodakaraensis basal body corresponds to the ATPase,
Flal, since its size and shape match those of the homologous
ATPases in the T4P. Also, like the T4P ATPases, Flal is predicted to
interact directly with an integral membrane protein [6,7]. More
specifically, Flal shares domain homology with the assembly/disas-
sembly ATPases, PilB and PilT, of the bacterial T4P. The size of L1

EMBO reports Vol 18 | No 92017
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conical structure

Figure 3. Archaellum orientation with respect to the cell envelope.

archaella

A-D Tomographic slices through side views of cones. In the bottom row, white lines show the angle of the archaellum with respect to the surface layer, and red dashed
lines show the conserved distance from the archaellum at the membrane to the cone. Scale bar, 100 nm (applies to A-D).

E Schematic depicting the 44 nm distance from the cone to the basal body in the membrane for archaella at different radial positions along the cone. Since different
radial positions on the cone are located at different distances from the membrane (shorter at the tip and longer at the base), this results in a range of archaellar

orientations in the cell envelope.

is comparable to that of the PilB/PilT ring in the bacterial T4P
(Fig 4B), consistent with their conserved hexameric oligomerization
[7] and similar sizes of the protein monomers (540 amino acids for
Flal and 566 for PilB). Flal is predicted to interact directly with the
polytopic integral membrane protein FlaJ [6,7]. FlaJ shares
sequence homology with the ATPase-interacting inner membrane
protein PilC of the T4P [19]. The relative locations of these compo-
nents are therefore predicted to be the same in the basal bodies of
the archaellum and the bacterial T4P (Fig 4) [8,20], and the size
and shape and position of density L1 seen here support that expecta-
tion, and the corollary that these two systems likely share a similar
assembly mechanism.

The identities of the proteins making up L2, L3, and the cone
remain unclear. In the T4P, no structures were observed in the cyto-
plasm below the ATPase [8,20,21]. In Crenarchaeota, only one
accessory component is not membrane-bound (FlaH). In Euryarch-
aeota like T. kodakaraensis, however, additional soluble proteins,
FlaC/D/E, are thought to be components of the archaellum that

EMBO reports Vol 18 | No 92017

receive switching signals from the chemotaxis machinery [22]. All
of these proteins, and potentially others, are candidates for the
densities we observed. It will therefore be of great interest to obtain
a structure of the crenarchaeal basal body, which lacks FlaC/D/E,
for comparison, and/or to dissect the T. kodakaraensis basal body
structure through analysis of deletion mutants.

Conical structures anchor T. kodakaraensis archaella

We observed that T. kodakaraensis archaella associate with a
large conical structure in the cytoplasm. In a few cases, we
observed direct connections between archaella and cone. The fact
that we did not see such a connection for every archaellum may
simply reflect variations in image clarity and orientation of the
structures between cells in different cryotomograms. The
conserved distance from the cone to the archaellar basal body in
the membrane suggests a rigid interaction. It is an interesting
question how archaella are attached to the cone. We did not

© 2017 The Authors
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’ - flagellins
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L1 Flal = PilB/PilT
L2
= FlaH, FlaC/D/E?
L3 :
cone

Archaellum

Figure 4. Structure of the Thermococcus kodakaraensis archaellum.

Type IVa Pilus

A A subtomogram average of the archaellum reveals structural features, including four layers of density in the cytoplasm (L1-L3, cone). CM, cytoplasmic membrane. The
speculated identity of densities in the archaellum is proposed: archaellum fiber = FlaA/B flagellins; integral membrane density = FlaJ; L1 = Flal; L2/L3/cone = FlaH/

FlaC/D/E.

B For comparison, a subtomogram average of the type IVa pilus machine from Myxococcus xanthus is shown (adapted with permission from [8]). Arrows indicate
components with recognized homology. OM, outer membrane; IM, inner membrane.

Data information: Scale bar, 10 nm (applies to A, B).

observe strong densities connecting L3 and the cone in the aver-
aged basal body structure, but in individual particles we observed
heterogeneity. Also, the resolution of the average may be too low
to detect such connections. If, for example, the links are thin
(such as coiled-coils), they would not be resolved; similar coiled-
coil linkages in the bacterial flagellar basal body between FlaH
and the C-ring were not resolved even in higher-resolution subto-
mogram averages [23].

While it is possible that the conical structure and the archaellar
bundle are independent (though colocalizing) structures, we
propose that the T. kodakaraensis cone anchors the archaellar basal
body in part to provide leverage for rotation. In the bacterial T4P,

© 2017 The Authors

the ATPase is clamped by extensive interactions up through the cell
envelope that anchor it to the peptidoglycan cell wall [8] (Fig 5B).
Signals governing disassembly are thought to be processed by
sensory elements in the periplasm [8]. In the absence of a peptido-
glycan cell wall and outer membrane, the T. kodakaraensis archael-
lum appears to turn the system upside down, with components
stacking nearly 50 nm into the cytoplasm to anchor onto a large
cone (Fig 5A). Signals governing rotation and direction are likely
integrated by sensory components in the cytoplasm. Even thin link-
ages between the basal body and cone could provide leverage, as
long as there were multiple linkages (as is likely due to the multi-
meric nature of the basal body). While each archaellar filament is

EMBO reports Vol 18 | No 9| 2017
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Table 1. Abundance of the Thermococcus kodakaraensis KOD1 archaellar and chemotaxis proteins.

Accession® Gene Protein annotation Size® % A° % B Average, %
TK0O038 flaB1 Archaeal flagellin B1 precursor 294 0.40 0.43 0.41
TK0039 flaB2 Archaeal flagellin B2 precursor 580 0.26 0.27 0.27
TKO040 flaB3 Archaeal flagellin B3 precursor 258 0.24 0.24 0.24
TKO041 flaB4 Archaeal flagellin B4 precursor 218 nd 0.05 0.03
TK0042 flaBS Archaeal flagellin BS precursor 274 0.05 0.05 0.05
TK0043 flaC Archaeal flagella-related protein C 158 0.03 0.03 0.03
TKO044 flab Archaeal flagella-related protein D 474 011 011 011
TK0045 flaF Archaeal flagella-related protein F 174 nd nd

TK0046 flaG Archaeal flagella-related protein G 161 nd nd

TKO047 flaH Archaeal flagella-related protein H 232 nd 0.06 0.03
TK0048 flal Archaeal flagella-related protein | 540 0.02 0.02 0.02
TKO049 fla) Archaeal flagella-related protein | 579 nd nd nd
TKOO50 hyp Hypothetical protein 664 0.01 nd nd
TK0629 chew Chemotaxis signal transduction 145 012 011 012
TK0630 mcpl Methyl-accepting chemotaxis 438 011 012 011
TK0631 cheR Chemotaxis methyltransferase 279 nd nd nd
TK0632 chey Chemotaxis response regulator 120 0.06 0.05 0.06
TK0633 cheB Chemotaxis methylesterase 355 0.02 0.02 0.02
TKO634n cheA Chemotaxis histidine kinase 548 nd nd

TKO636 cheC Chemotaxis inhibitor protein 207 nd nd

TK0637 cheC Chemotaxis protein cheC 207 nd nd

TKO638 mcp2 Methyl-accepting chemotaxis 747 0.02 0.02 0.02
TK0639 cheD Chemotaxis protein cheD 161 nd nd

TK0640 hyp Hypothetical protein 251 nd nd

TKO641 cheF Hypothetical protein 341 nd nd

TKO0156 mcp3 Methyl-accepting chemotaxis 742 0.05 0.05 0.05
TK1606 mcp4 Methyl-accepting chemotaxis 251 0.02 0.01 0.02
TK2147 mcp5 Methyl-accepting chemotaxis 769 0.01 0.02 0.02

nd, not detected.

@Accession numbers, gene names, annotations, and protein size in number of amino acids are from the IMG-JG| database (Materials and Methods).
®Protein values are expressed as percent of total cell protein detected for replicates A and B in addition to the average value.

Source data are available online for this table.

likely more massive than the cone and might therefore induce it to
rotate, the presence of multiple archaella (and additional associated
structures, as described below) would allow the cone to leverage
them against one another, providing a massive anchor.

Similar leveraging structures may exist in other archaea. More
than 20 years ago, it was observed that when archaella are dissoci-
ated from lophotrichous H. salinarum cells by detergent, the
bundles remain intact, connected to a large (~500 nm diameter)
structure [11]. A similar structure was also observed below the cell
membrane in cell ghosts [12]. More recently, a spherical structure
was observed anchoring Tho670 fibers, T4P-like filaments in Ignicoc-
cus hospitalis. This structure is thought to be located in the
cytoplasm of the cell and contains a central ring of similar
dimensions to the one observed here [24]. It is possible that either
or both of these structures are related to the T. kodakaraensis
cone. Large cytoplasmic structures have not been described in

EMBO reports Vol 18 | No 9| 2017

other motile archaeal species to date, however, so it will be inter-
esting to determine how archaella may be anchored in those
systems.

It will also be of great interest to identify the proteins that form
the T. kodakaraensis cone and associated ring. These subunits must
be capable of interacting both circumferentially around the cone and
radially with subunits making up the next (larger or smaller diame-
ter) ring. While it is possible that the conical structure is an assembly
of stacked rings, we think it more likely that the subunits assemble
into a filament spiral, similar to what has been proposed for ESCRT-
IIT polymers [25,26]. Interestingly, an architecturally similar spiral
has been observed in the basal body of the bacterial flagellar motor:
In Wolinella succinogenes, an Archimedean spiral forms a bushing
for the motor in the periplasm, allowing the flagellum to rotate in the
cell wall. This spiral is formed by protein subunits interacting both
circumferentially and laterally through nonspecific interactions [27].

© 2017 The Authors
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B
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Figure 5. Schematic comparing organization of the related archaellum and type IVa pilus basal bodies.

A B

In the bacterial T4P (B), an integrated system of components spanning the outer and inner membranes (OM, IM) uses the peptidoglycan cell wall (PG) to clamp the

ATPase, allowing rotation of PilC (orange) in the membrane to assemble the pilus fiber. In the Thermococcus kodakaraensis archaellum (A), our results suggest that
an integrated system of components extends from the single membrane (CM) inward to a large conical structure in the cytoplasm to similarly brace the ATPase.
Sensory components (purple) are proposed to be located in the periplasm for the T4P (integrating signals for disassembly) and the cytoplasm for the archaellum

(integrating signals for rotation).

While that spiral takes the form of a disk, similar protein interactions
may give rise to a cone in T. kodakaraensis.

Thermococcus kodakaraensis cones are potential polar
organizing structures

In addition to a potential role in rigidly anchoring the basal body of
the archaellum, the T. kodakaraensis cone may function to gather
the archaellar bundle to maximize efficiency, either by concentrat-
ing molecules for assembly or signaling, or by concentrating force at
one point on the coccoid cell for directional swimming. The cone’s
structure may also help distribute the force from archaellar rotation
to the larger bulk of the cell’s contents. This might be more efficient
in a pushing than a pulling mode; swimming speed in another
euryarchaeon, H. salinarum, was found to be approximately twice
as fast when the archaella push as when they pull the cell body [5].
The structurally similar spiral basal disk in the bacterial flagellar
basal body of W. succinogenes was suggested to play a role in
dispersing lateral forces created by flagellar rotation [27].

Our results suggest a further role for the cone in breaking the
symmetry of the coccoid cell. In many rod-shaped bacterial cells,
proteins and other macromolecules are specifically localized to the
cell pole for various purposes ranging from cell motility and adhe-
sion to differentiation and division [28]. One well-studied example
of this polar organization occurs in Caulobacter crescentus, where
the oligomeric protein PopZ defines an asymmetric pole, localizing
many cytoplasmic proteins and tethering the chromosomal

© 2017 The Authors

centromere to facilitate division [29-31]. In Vibrio cholerae, the
HubP protein organizes the polar localization of the chromosomal
origin, chemotaxis machinery, and flagella [32]. Perhaps the
T. kodakaraensis cone similarly defines a pole in the spherical cells,
anchoring the chemotaxis and motility machinery. An intriguing
feature observed in our cryotomograms is the cone-associated REZ.
In bacterial cells, such REZs are commonly interpreted to be the
nucleoid [33,34]. Supporting this assignment, we observed bundles
of filaments (most extensive in lysed cells) associated with the REZ
(Fig 2). Such filaments are reminiscent of nucleoprotein filaments
formed by various bacterial DNA-binding proteins in stress condi-
tions [35-37].

A spatial organizer analogous to PopZ may be especially impor-
tant for a polyploid species like T. kodakaraensis (chromosome copy
number varies depending on growth phase, from 7 to 19 copies [38]).
Fluorescence imaging suggests that the nucleoid is relatively compact
in log phase growth, and nucleoids appear to separate before the cells
are deeply constricted [39]. Perhaps the cones segregate attached
structures, including the archaella and possibly chromosomes. This
function is consistent with the duplicated cone structure we observed
in one cell (Fig EV2), which could represent an intermediate after
replication and prior to segregation, or may simply represent an aber-
rant structure. Further studies imaging cells throughout the cell cycle
could shed light on whether, and how, cones function to coordinate
archaellar and chromosomal segregation.

Understanding the prevalence of this structure among Euryarch-
aeota and across different archaeal kingdoms may illuminate its

EMBO reports Vol 18 | No 9 | 2017
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function. If it is restricted to lophotrichous species, it may simply be
an anchoring mechanism for the archaella in the absence of a pepti-
doglycan cell wall. In that case, monotrichous or peritrichous
species may exhibit a less extensive plate underneath the basal
bodies of individual archaella. If it is more widely found in coccoid,
and/or highly polyploid cells, it may serve an added role in polar
specification.

In a very recent publication, Daum et al [40] report the structure
and organization of the archaellum machinery of another Euryarch-
aeon, Pyrococcus furiosus. The authors observe a very similar basal
body core structure and assign similar densities to FlaJ and Flal.
They further assign FlaH to a cytoplasmic ring interacting with Flal.
They observe an additional density forming a wide cytoplasmic ring
surrounding the inner core, which we did not resolve. The positions
of FlaC/D/E remain unclear, and finding each component in diverse
motor structures will be a focus of further studies.

Similarly to our findings in T. kodakaraensis, Daum et al [40]
also show that the archaella in P. furiosus co-localize with a “polar
cap”, a cytoplasmic structure similar to the cone described here.
This finding, along with previous observations (see above), suggests
that this archaellar anchoring mechanism may be a widespread
feature of Euryarchaeota.

Materials and Methods
Growth

Thermococcus kodakaraensis strain KOD1 [JCM 12380] was grown
anaerobically in MA-YT medium supplemented with elemental
sulfur as previously described [14,18].

Protein extraction and digestion

Cells were lysed and digested by the eFASP method [41]. Tryptic
peptides were pre-fractionated using strong cation exchange with
StageTips [42], with a modification in the peptide elution steps.
Peptides were eluted into nine instead of four fractions, using
ammonium acetate solution diluted in water containing 0.5% acetic
acid, 30% acetonitrile at the following final concentrations: 17.5,
20, 35, 50, 65, 80, 100, 300, and 500 mM. Fractions were analyzed
by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
on an EASY nLC1000 (Thermo Scientific) coupled to a hybrid mass
spectrometer (Q-Exactive, Thermo Scientific). Peptides were
desalted on an Acclaim PepMap100 C18 nano-trap column (Dionex,
75 um x 2 cm, Product # 164535) and separated on an Acclaim
PepMap RSLC analytical column (Dionex, 75 pm x 25 cm, Product
# ES802).

Database search

Mass spectral data were searched with Mascot version 2.4.1 (Matrix
Science, Boston, MA, USA) through Thermo Proteome Discoverer
version 1.4.0.288 (Thermo Scientific). All of the sample fractions were
combined in a single search against the Thermococcus kodakaraensis
protein database downloaded from https://img.jgi.doe.gov/ (ver-
sion 05/15/2015) concatenated with a reverse decoy database and
protein sequences of common contaminants. Carbamidomethylation
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of cysteine was specified as a fixed modification. Oxidation of
methionine was specified as a variable modification. Trypsin/P was
specified as the cleavage enzyme, and the search allowed for up to
two missed cleavages. The precursor mass error was set to £10 ppm
and the product mass error to +0.02 Da. Target false discovery rate
(FDR) was specified to be 0.01 (strict) and 0.05 (relaxed).

Electron cryotomography and image analysis

Samples of cell cultures in growth media were mixed with bovine
serum albumin-treated colloidal gold fiducial markers (Sigma) and
applied to Quantifoil R2/2 200 copper EM girds (Quantifoil Micro
Tools). After blotting excess liquid, grids were plunge-frozen in a
mixture of liquid ethane and propane [43] and subsequently kept at
liquid nitrogen temperature. Images were acquired using either an
FEI Polara G2 or Titan Krios 300 keV transmission electron micro-
scope (FEI Company) equipped with a field emission gun, image
corrector for lens aberration, energy filter (Gatan), and K2 Summit
direct electron detector (Gatan). Cumulative electron dose was 160
e’/['\2 or less for each tilt series. Tilt series were acquired using UCSF
Tomography software [44]. Images were contrast-transfer-function-
corrected, aligned, and reconstructed by weighted back projection
with the IMOD software package [45]. SIRT (Simultaneous Iterative
Reconstruction Technique) reconstructions were calculated with
TOMO3D [46], subtomogram averages generated using PEET [47],
and segmentations generated with Amira software (FEI Company).

Accession codes

The subtomogram average of the T. kodakaraensis archaellar basal
body was deposited into the Electron Microscopy Data Bank (entry
number EMD-8603).

Expanded View for this article is available online.
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