s Molecular Microbiology (2016) 99(4), 674-685 W

doi: 10.1111/mmi.13260
First published online 17 November 2015

The nucleotide-dependent interaction of FlaH and Flal is
essential for assembly and function of the archaellum motor

Paushali Chaudhury,'* Tomasz Neiner,'t

Edoardo D’Imprima,? Ankan Banerjee,*

Sophia Reindl,*t Abhrajyoti Ghosh,'

Andrew S. Arvai,* Deryck J. Mills,?

Chris van der Does,' John A. Tainer,*° Janet Vonck?
and Sonja-Verena Albers'*

"Molecular Biology of Archaea, University of Freiburg,
Institute of Biology Il, Schaenzlestr.1, 79104 Freiburg,
Germany.

2Department of Structural Biology, Max Planck Institute
of Biophysics, Max-von-Laue-Str. 3, 60438 Frankfurt,
Germany.

3FB- Chemie-Biochemie, AG-Essen, Philipps Universitat
Marburg, Hans-Meerwein-StralBe 4, 35039 Marburg,
Germany.

4Life Sciences Division, Lawrence Berkeley National
Laboratory, Berkeley, CA 94720, USA.

SDepartment of Molecular and Cellular Oncology, The
University of Texas M. D. Anderson Cancer Center,
1515 Holcombe Blvd., Houston, TX 77030, USA.

Summary

The motor of the membrane-anchored archaeal motil-
ity structure, the archaellum, contains FlaX, Flal and
FlaH. FlaX forms a 30 nm ring structure that acts as a
scaffold protein and was shown to interact with the
bifunctional ATPase Flal and FlaH. However, the struc-
ture and function of FlaH has been enigmatic. Here we
present structural and functional analyses of isolated
FlaH and archaellum motor subcomplexes. The FlaH
crystal structure reveals a RecA/Rad51 family fold with
an ATP bound on a conserved and exposed surface,
which presumably forms an oligomerization interface.
FlaH does not hydrolyze ATP in vitro, but ATP binding
to FlaH is essential for its interaction with Flal and
for archaellum assembly. FlaH interacts with the
C-terminus of FlaX, which was earlier shown to be
essential for FlaX ring formation and to mediate inter-
action with Flal. Electron microscopy reveals that FlaH
assembles as a second ring inside the FlaX ring in
vitro. Collectively these data reveal central structural
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mechanisms for FlaH interactions in mediating
archaellar assembly: FlaH binding within the FlaX ring
and nucleotide-regulated FlaH binding to Flal form the
archaellar basal body core.

Introduction

Motility is a critical feature of many prokaryotes (Jarrell and
McBride, 2008). The archaeal motility structure, the
archaellum, is a unique structure: its subunits share
homologies with the components of the assembly systems
of type IV pili (T4P) (Fig. 1A), which facilitate movement by
extension and retraction (Craig et al,, 2004; Berry and
Pelicic, 2015). Remarkably, the archaella rotate to propel
the cell forward, similar to the structurally unrelated bacte-
rial flagella (Jarrell and Albers, 2012). Archaella are com-
posed of only 7—13 proteins, and the genes encoding the
subunits of the archaella are usually found clustered in
the genome. Deletion of these genes leads to non-
archaellated strains, as demonstrated in Methanococcales
sp., Sulfolobales sp. and Halobacteriaceae sp. (Patenge
etal., 2001; Thomas etal., 2001; Chaban et al., 2007;
Tripepi et al., 2010). Although archaella were discovered
four decades ago and are widely found in archaea, it only
recently became possible to study them using a combined
genetic, biochemical and structural approach. Most of the
biochemical and structural data are available from the
crenarchaeon Sulfolobus acidocaldarius making this an
exemplary system for archaella structural biochemistry
and genetics.

In S. acidocaldarius, seven different proteins build the
archaellum complex and are essential for archaellation
(Fig. 1) (Lassak et al., 2012). FlaF and FlaG are essential
for the formation of archaella and predicted to be
monotopic membrane proteins. FlaF is a stator component
anchoring the archaellum to the cell envelope by binding to
the S-layer protein, the sole cell wall protein of S. acido-
caldarius (Banerjee and Albers, 2015). Like the pilin subu-
nits of the T4P systems, the archaellin FlaB contains an
N-terminal class Il signal peptide that is processed by a
membrane-bound aspartic acid protease called PibD
(Albers et al., 2003). It is so far unknown how processed
archaellins are assembled into the filament. However, it is
believed that the polytopic membrane protein of the
archaella assembly system FlaJ and the P-loop ATPase
Flal (homologue of the bacterial T4P inner-membrane
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Fig. 1. Schematic model of the S. acidocaldarius archaellum.
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A. The pre-archaellin FlaB is processed by the peptidase PibD/FlaK and then assembled into the archaellum filament, which is a three start
helical filament. The motor complex is formed by the ring-forming scaffold protein FlaX in which FlaH and Flal probably interact with the
integral membrane protein FlaJ. The dimeric soluble domain of FlaF interacts with the S-layer. FlaG most probably has a similar function as

FlaF as its soluble domain has homologies to FlaF.

B. Operons encoding the archaellum in S. acidocaldarius and P. furiosus. Genes have the same color as the respective proteins in (A).

protein (e.g. PilC of Myxococcus xanthus) and the assem-
bly ATPase (e.g. PilB of M. xanthus)) play a major role in
this process (Peabody et al., 2003; Ghosh and Albers,
2011).

The Flal ATPase from S. acidocaldarius forms hexam-
ers upon binding to ATP, and its activity is stimulated by
tetraether lipids (Ghosh et al., 2011). It is composed of a
flexible N-terminal domain and a C-terminal domain that
contains the ATP binding site. Deletion of the first 29
amino acids of Flal leads to an S. acidocaldarius cell that
still formed archaella but was no longer motile, demon-
strating a bifunctional role of Flal in both assembly and
rotation of the archaellum (Reindl et al., 2013). The S.
acidocaldarius FlaX cytoplasmic domain forms ring-like
oligomeric structures of 30 nm diameter (Banerjee et al.,
2012). Deletion of three predicted alpha-helices on the
C-terminus of FlaX abolishes formation of the ring and
interaction with Flal in vitro (Banerjee et al., 2012). FlaX
also interacts with FlaH.

Notably, the formation of a complex containing FlaX,
FlaH and Flal was confirmed in vitro, suggesting that
these three proteins form the core cytoplasmic motor
complex of the archaellum (Banerjee et al., 2013); the role
of FlaH, however, has been enigmatic. FlaH is a putative
ATP-binding protein with a possible regulatory function
toward Flal (Albers and Jarrell, 2015), as FlaH has a
predicted Walker A motif but a non-canonical Walker B
motif. Although crystals were obtained from the Methano-
caldococcus jannaschii FlaH (Meshcheryakov et al.,
2014), the only homologous structures are from PH0284

and PH0186 (Yokoyama et al., 2000; Kang et al., 2009),
two RecA fold proteins from Pyrococcus horikoshii
(2DR3.pdb and 2ZTS.pdb, respectively), which form
hexameric rings. However, these proteins have not been
characterized otherwise.

To better understand the biological roles of FlaH, we
solved its crystallographic structure and coupled struc-
tural analysis to biochemical assays. We then combined
this new structural and biochemical information with elec-
tron microscopy, mutational analyses of FlaH and studies
of its interactions with Flal and FlaX. Strains expressing
FlaH mutants that no longer bound nucleotides were
immotile and unable to assemble archaella, indicating that
ATP-binding by FlaH is essential for its function in the
archaellum motor. Together with the interaction studies of
the FlaH/Flal and FlaH/FlaX archaellum sub-complexes,
our results uncover the core structure of the archaellum
motor needed for archaeal motility.

Results
The crystal structure of SaFlaH

FlaH is conserved in all archaellated archaea (Jarrell and
Albers, 2012), essential for archaella assembly and rota-
tion (Patenge et al., 2001; Thomas et al., 2001; Chaban
et al., 2007; Lassak et al., 2012) and interacts with Flal
(Banerjee et al., 2013). To better understand the role of
FlaH in the archaellum, we determined the crystal structure
of FlaH from S. acidocaldarius (SaFlaH). Diffracting crys-
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Table 1. Crystallographic data collection and refinement statistics.

Data collection

Space group c2
Cell dimensions (A/°) a=103.4;:b=52.9; c=73.6
90; 130.8; 90
Wavelength (A) 1.0
Resolution range (A) 50-2.3
Completeness (%)? 85.5/43.2
Observed reflections 28 367
Unique reflections 11 612
Multiplicity? 2.411.9
Rsym (%)? 2.8/33.3
mean l/c? 19.3/2.4
Refinement statistics
Resolution range (A) 42.9-2.3
Ruwork (%)/Riree (%)° 19.3/24.8
Average B-factor (A) 60.1
Protein 59.8
Solvent 64.6
Number of atoms 1878
Protein 1765
Ligand 32
Water molecules 81
RMSD bond lengths 0.005
RMSD bond angles 0.98
Ramachandran favored (%) 95
Ramachandran allowed (%) 0.45
PDB ID 4YDS.pdb

a. Overall/last shell.
b. Riee is the cross-validation R factor for 10% of reflections against which
the model was not refined.

P. horikoshii
PHO0284

S. acidocaldarius 5. elongatus
FlaH KaiC

S. solfataricus
RadA

tals of SaFlaH were obtained in the presence of ATP and
Mg?*, and the structure was solved by molecular replace-
ment using the structure of the RecA superfamily ATPase
PHO0284 of P. horikoshii OT3 (2DR3.pdb) as search model
(Yokoyama et al., 2000). The final model was refined to a
resolution of 2.3 A with an Ryee and Ruox Of 24.8% and
19.3%, respectively (4YDS.pdb; see Table 1). Contrary to
the structural homologues PH0284 and PHO0186
(Yokoyama et al., 2000; Kang et al., 2009) of P. horikoshii,
which crystallized as hexamers, SaFlaH crystallized as
monomer with one molecule of SaFlaH in the asymmetric
unit. The final model encompasses residues 1-226, only
missing the last two residues and the C-terminal His-tag
(see Fig. 2A). SaFlaH contains a typical RecA/RAD51
superfamily ATPase domain with a large twisted central
B-sheet, sandwiched by o-helices on both sides. The
central B-sheet consists of nine strands and no additional
domains besides the classical RecA/RAD51 ATPase fold.
Consistent with the high affinity for ATP and the lack of
ATPase activity (Fig. 3A), the structure contains an Mg?--
ion and a clearly resolved ATP (Fig. 2B). Importantly, ATP
binds on an exposed and conserved surface of the FlaH
subunit (Fig. 2D and E) where it would be expected to
influence oligomerization, as seen in Rad51 archaeal
homologues (Shin et al., 2003; Wu et al., 2004).

Fig. 2. Crystal structure of FlaH with ATP
showing fold, ATP binding and conserved
surface regions.

A. Ribbon representation of the S.
acidocaldarius FlaH monomer showing fold,
secondary structure and ATP binding site.
ATP (sticks) bind to the active site and Mg?*
ion (yellow sphere). N- and C-termini are
indicated.

B. Active site with electron density (2IFol-IFcl
map at 1) for the bound ATP and Mg?*-ion.
The Walker A and Walker B residues K33 and
D122 are indicated.

C. FlaH compared with other RecA
superfamily ATPases. Similar structures
revealed by a DALI search for structural
homologues are shown. Additional subunits
besides the RecA/Rad51 domain are shown
in light green. Nucleotides or phosphate
bound to the active sites are shown in sticks,
ions as spheres.

D. Conservation of residues is depicted on
the SaFlaH surface. Dark green and light
green indicate identical and similar residues
respectively. FlaH monomers are in the same
orientation as in A and turned 180° and
shown as surface representation. ATP is
shown as orange sticks. Mg?* ion as a yellow
sphere.

E. FlaH interface within the hexamer modeled
by superposition on the PH0284 hexamer:
one monomer shown as cartoon to visualize
the highly conserved interfaces. ATP is shown
as orange sticks. Mg?* ion as yellow sphere.

P. furiosus
Rad51
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The DALI search (Holm and Rosenstrém, 2010)
for structural homologues of SaFlaH identified other
members of the RadA/Rad51/RecA family (Fig. 2C). The
closest hit is the RecA domain of the circadian clock
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Fig. 3. Mutations in the FlaH Walker A and B Motifs strongly
reduce nucleotide binding and interaction with Flal. The increase in
fluorescence upon MANT-ATP binding to 1 uM FlaH was
determined for increasing MANT-ATP concentrations for (A) WT
SaFlal (closed circles), SaFlaH®® (open circles) and SaFlaHP22N
(triangles) and (B) WT PfFlaH (closed circles) PfFlaH*%** (open
circles) and PfFlaHP™*N (triangles). (C) The binding of PfFlaH to
PfFlal was studied by microscale thermophoresis. The 34 nM
labeled WT PfFlaH, PfFlaH A or PfFlaHP'“N were mixed with
increasing concentrations (14 nM—29 uM) of unlabeled PfFlal, and
thermophoresis was performed. Curves were obtained from at least
two independent experiments. Binding curves were fitted to the Hill
equation, and binding is depicted as the fraction bound.

protein kinase KaiC (3S1A.pdb). The next closest hits
were the archaeal RadA Ss02452 paralogue with antire-
combinase activity (2WOM.pdb), the archaeal RecA
superfamily ATPase PH0284 (2DR3.pdb) that was used
for molecular replacement as input model and the
archaeal Rad51 protein (1PZN.pdb) followed by other
members of the RecA superfamily of ATPases (Fig. 2C).
An additional domain that is present in some of those
ATPases (shown in light green in Fig. 2C) is missing in
the SaFlaH structure, which consists of only the RecA
domain. Mapping the conservation of different FlaH
homologues on the structure of SaFlaH identified two
regions of conservation (Fig. 2C). Modeling the mono-
meric SaFlaH structure on the hexameric PH0284 struc-
ture reveals that the two regions of conservation
correspond to the interfaces of monomers in the hexa-
meric PH0284 structure (Fig. 2D and E). This strongly
suggests that SaFlaH is also able to form a hexamer.

FlaH walker motifs are essential for ATP binding and
Flal interaction

Examining the FlaH structure coupled to alignment of
sequences of several FlaH homologues from euryar-
chaeota and crenarchaeota showed a high sequence
and structural homology between FlaH homologues (see
Supplementary Fig. S1). FlaH sequences contain the
conserved Walker A motif, GXXXXGK(T/S), which is
essential for nucleotide binding in P-loop ATPases and
RecA family proteins (Hanson and Whiteheart, 2005). In
FlaHs, the aspartate residue in the Walker B motif,
hhhhDE, which functions in chelating the divalent cation,
is conserved, whereas the glutamate is replaced by a
serine or threonine in all homologues (Fig. S1). Mutation
of this glutamate in other ATPases often results in pro-
teins that bind but do not hydrolyze nucleotides (Hanson
and Whiteheart, 2005). We therefore generated mutants
in the lysine of the Walker A (SaFlaH*334) and the aspar-
tic acid in the Walker B (SaFlaHP'??N) motifs. WT SaFlaH
and both mutants were expressed in Escherichia coli
and purified. Purified SaFlaH is stabilized by the pres-

© 2015 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology, 99, 674—-685



678 P. Chaudhury et al. W

ence of nucleotides and lower yields were observed for
the mutants compared with WT SaFlaH. Both mutants
were concentrated to obtain similar concentrations as
WT SaFlaH (see Supplementary Figure S2A). Determi-
nation of the OD.gopgo ratio demonstrated that purifica-
tion in the absence of nucleotides or ammonium sulfate
precipitation removed the nucleotide from WT SaFlaH
but resulted in unstable protein.

ATP binding assays were performed with SaFlaH using
the fluorescent ATP analogue MANT-ATP. This nucleotide
analog shows an increase in fluorescence quantum yield
upon binding to proteins. Indeed an increase in fluores-
cence was observed when increasing concentrations of
MANT-ATP were incubated with 5 uM of SaFlaH (Fig. 3A).
However, only 20% of the purified SaFlaH bound MANT-
ATP suggesting that most of the purified SaFlaH is in a
nucleotide-bound state. Similar experiments with the two
Walker mutants showed that binding of MANT-ATP was
abolished in both mutants (Fig. 3A). Thus, WT SaFlaH
bound MANT-ATP with an affinity higher than 1 uM, but
SaFlaH"%3A and SaFlaHP'™2N only bound MANT-ATP with
strongly reduced affinity. Although different conditions and
metal-cofactors were tested, no ATP hydrolysis could be
detected either for WT SaFlaH or for the two mutants.

SaFlaH and SaFlal interact with high affinity
(Kp = 35 nM) (Banerjee et al., 2013). ATP was present in
these experiments, as it was co-purified with SaFlaH, but
no extra ATP was added. Experiments to study whether the
interaction between SaFlaH and SaFlal depends on
nucleotide binding to FlaH were complicated by the fact
that WT SaFlaH, SaFlaH*®** and SaFlaHP'??N were unsta-
ble in the nucleotide-free form. Therefore, we set out to
perform these experiments with the homologous proteins
from P. furiosus. WT PfFlaH, and the Walker A (PfFlaHK%34)
and Walker B mutants (PfFlaHP'“N) were expressed in E.
coli. PfrlaH, PfFlaH*®%* and PfFlaHP'N were purified to
homogeneity (see Supplementary Fig. S2B). Determina-
tion of the OD2gq/280 ratio of purified WT PfFlaH showed that
the purified protein still contained nucleotides, but for
PfrlaH, the nucleotide could be removed with ammonium
sulfate precipitation. WT PfFlaH, PfFlaHX®A and
PfFlaHPN were much more stable in the absence of
nucleotides than the proteins derived from S. acido-
caldarius. MANT-ATP binding assays with PfFlaH showed
that WT PfFlaH bound MANT-ATP with a 1:1 stoichiometry
and an affinity higher than 1 uM, whereas the PfFlaH"®3
and PfFlaHP“* mutants bound MANT-ATP only with much
lower affinity (Fig. 3B). To enable the study of the interac-
tion with P. furiosus Flal (PfFlal), PfFlal was also expressed
in E. coli and purified to homogeneity (see Fig. S2A) and
shown to be highly active (6 umoles freed phospate/mg
protein/min). To test whether PfFlal and PfFlaH interact,
PfFlaH was fluorescently labeled, and microscale thermo-
phoresis (MST) was performed using increasing concen-

trations of PfFlal. For these assays, the nucleotide-bound
form of PfFlaH was used. PfFlal bound to nucleotide-
bound PfFlaH with a Kp of around 1 uM (Fig. 3C). Interest-
ingly, PfFlal bound to the PfFlaHX%** and PfFlaHP40”
mutants with strongly reduced affinities, suggesting that
nucleotide binding by PfFlaH is important for its interaction
with PfFlal (Fig. 3C). Thus, mutagenesis of the Walker A
lysine and the Walker B aspartic acid in the motifs of
SaFlaH and PfFlaH strongly reduced nucleotide binding,
and in the case of PfFlaH also the interaction with PfFlal.

ATP binding to SaFlaH is essential for
archaellum assembly

To test whether nucleotide binding to SaFlaH is important
for assembly of the archaellum, the SaflaH*** and
SaflaHP?2N genes as well as the wild-type flaH were
expressed in a AaapFAflaH deletion strain. Strains with a
deletion in the aapF gene no longer produce aap pili.
Sulfolobus strains that do not express aap pili are more
motile in motility plate assays, and the archaellum is more
easily identified by electron microscopy (Henche et al.,
2012). The AaapF and AaapFAflaH deletion strains as
well as the AaapFAflaH complemented strains were
tested on motility plates (Fig. 4A and B). Deletion of flaH
rendered the hypermotile AaapF strain non-motile
(Fig. 4A), but the in trans complementation of the
AaapFAflaH strain with wild-type flaH restored motility
(Fig. 4A, most right panel). To be able to detect FlaH
expression levels, wild-type FlaH as well as SaflaH<®*
and SaflaHP®N were expressed with HA-tags in the
AaapFAflaH strain and tested for motility (Fig. 4B). The
HA-tagged wild-type FlaH restored motility in the
AaapFAflaH strain, although the motility radius was
slightly smaller than in the strain complemented with the
wild-type FlaH without the HA-tag, probably because the
tag has an influence on the optimal assembly of the motor
complex. But more importantly, the expression of the
SaflaH*3* and SaflaH’'?>N resulted in non-motile cells
(Fig. 4B), although both proteins were expressed at the
same levels as the wild-type protein (Fig. 4C). It was
described that in a flaH deletion mutant, the motor scaf-
fold protein FlaX is unstable, suggesting that FlaX is
directly or indirectly stabilized by FlaH (Lassak etal,
2012)(see Fig. 4C, lower blot). However, in the comple-
mented AaapFAflaH strains FlaX was stabilized by the
presence of the expressed wild type FlaH and FlaH
mutant proteins (Fig. 4C, lower blot). These data were
confirmed by an analogous dataset in which the FlaH
mutations were introduced into the genome of the
AaapFAflaH strain  (Fig. S3). In the SaflaH®* and
SaflaHP'?2N  expressing strains archaella were not
detected by electron microscopy (Fig. S3C). These data
suggest that the interaction between FlaH and Flal
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Fig. 4. Motility assays and Western Blot analysis of in trans
complemented AaapFAflaH strains using wild-type FlaH and HA
tagged FlaH and its Walker mutants.

A. Motility assays of the AaapF, AaapFAflaH strain and the in trans
with flaH complemented AaapFAflaH strain. Motility plates shown
are representative results of three repetitions.

B. Motility assays of the AaapFAflaH strain expressing either
HA-tagged flaH, flaH* or flaHP'?N. Motility plates shown are
representative results of three repetitions.

C. Whole cell pellets from the AaapFAflaH strain and the in trans
complemented strains from (B) were lysed, separated on
SDS-PAGE and blotted on PVDF membranes. Western blot
analysis was performed using anti-HA antibodies and anti-FlaX
antibodies confirming expression of HA-tagged FlaH wild-type
protein, FlaH Walker mutants and the presence of FlaX.

depends on the nucleotide bound state of FlaH and that
mutations that result in loss of nucleotide binding by FlaH
abolish the assembly of the archaellum.

FlaH interacts with the FlaX C-terminal domain

The above described experiments supported the earlier
notion that the interaction of FlaX with FlaH stabilizes the
motor complex formation in vivo. The formation of a
ternary complex of SaFlaH, SaFlal and SaFlaX without its
N-terminal trans-membrane domain was shown in vitro
(Banerjee et al., 2013). FlaX contains a triple helix coiled-
coil region which separates the N- and C-terminal
domains (Banerjee et al., 2012). FlaXc, which lacks the
first 37 amino acid residues and therefore its transmem-
brane domain (Fig. 5A), interacted with the N-terminal as
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well as with the C-terminal part of SaFlal, suggesting that
FlaXc builds a molecular scaffold around the Flal
hexamer during archaellum assembly (Banerjee et al.,
2013). Moreover, it was demonstrated that the presence
of the coiled-coil region in FlaX was not important for the
FlaX-Flal interaction. To map the interaction domains of
FlaX and FlaH, Hise-FlaXc and Strepll-FlaH were mixed
and incubated with Streptactin beads. As shown in
Fig. 5B, FlaXc was only present in the elution fraction
when it was incubated in the presence of FlaH but did not
bind to the Streptactin beads itself. Therefore, it could be
confirmed that FlaXc and FlaH interact in vitro.

To identify whether the coiled-coil region of FlaXc is
important in the FlaXc-FlaH interaction, we purified N
terminal Hiss tagged FlaXcn (a deletion of the C-terminal
domain: residue 128-250) and FlaXcc1 (a deletion of the
N-terminal domain: residue 38-86) that both contained
the coiled coil region (Fig. 5A) (Banerjee et al., 2012).
When both FlaX variants were incubated with Strepll
tagged FlaH and Streptactin beads, the results indicated
that FlaXcn did not interact with FlaH (Fig. 5C), whereas
FlaXcc1 formed a complex with FlaH (Fig. 5D). This result
confirmed that the C terminal domain of FlaX (residues
128—-250) independent of its coiled-coil domain interacts
with FlaH.

Single particle electron microscopy analysis of the
SaFlaX/FlaH complex

To visualize the interaction between SaFlaX and SaFlaH,
we mixed the purified proteins in vitro in an equimolar
ratio and analyzed them by cryo-EM. As in the structure
of FlaXc alone (Banerjee etal., 2012), we observed
hollow rings of varying diameter with symmetries ranging
from 15 to 23 fold. Remarkably, almost every SaFlaXc
ring contained a ring of extra density on the inside
(Fig. 5E; Supplementary Figure S4), demonstrating that
FlaH binds inside the FlaX ring. Although individual par-
ticles are recognizable in the single images (Fig. 5E), no
interpretable substructure was visible in the class aver-
ages (Fig. 5F—Il), indicating a symmetry mismatch
between the SaFlaXc ring and the inner ring. In order to
solve the symmetry mismatch, the SaFlaXc rings were
first sorted into classes that displayed the same symme-
try, then a further alignment and classification against the
internal density was performed for each class (Fig. 5F—
IIl). This method gave the best results for the ring with
20-fold symmetry where nine or 10 discrete particles
were observed inside the ring (Fig. 5F-lll) correlating in
size and shape with the crystal structure of SaFlaH
(Fig. 5F—1V) and similar to the densities in the raw data
(Fig. 5E, Supplementary Fig. S4A). This suggests that
the substructures in the SaFlaX ring with 20-fold symme-
try are formed by monomeric SaFlaH. Thus, SaFlaH
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Fig. 5. SaFlaH interacts with SaFlax and forms substructures inside the SaFlaX ring in vitro.
A. A schematic of SaFlaX truncates used in this study. The black box indicates the membrane domain (residues 10-32), and the light gray box

is the coiled coil region (residues 87-127) of SaFlaX.

B. Strepll-tagged SaFlaH and Hise-tagged SaFlaXc were mixed (S, starting material) and incubated with streptactin beads. Unbound proteins
were removed (U, unbound fraction), the beads were washed (W, wash fraction) and proteins were eluted with 5 mM d-desthiobiotin (E,
elution). As a control, a similar experiment was performed in the absence of SaFlaH. Fractions were separated on a SDS-PAGE and
visualized by Coomassie staining. Fractions were also transferred after SDS-PAGE to PVDF membranes, and proteins were detected using
anti-Strep and anti-His antibodies. M depicts the PAGE size standard. An analogous interaction experiment was performed with Hise-tagged
SaFlaXcn (C), where no interaction with FlaH was observed. In contrast SaFlaXcc1 (D) showed interaction with FlaH. These results suggest
that the C-terminal domain of FlaX is essential for the interaction with FlaH. Consistent with Banerjee et al. (2012), an asterisk (*) depicts
degraded protein in the case of FlaXcc1 in D, a circle (¢) depicts an oligomeric forms of the FlaXcn as visualized in the anti-His blot, a filled

triangle (A) depict monomers of FlaXcn visualized on SDS-PAGE.

E. Cryo-EM images of FlaX/FlaH complexes: selected rings belonging to the class with 20-fold symmetry. Discrete particles are visible inside

the rings, probably representing SaFlaH.

F. Class averages of ring images. (I) SaFlaX ring with 20-fold symmetry (Banerjee et al., 2012); (Il) 20-fold symmetric SaFlaX/SaFlaH
complexes aligned to the SaFlaX ring; (lll) Particles belonging to the class average in Il aligned to the inner part of the ring. Discrete densities
are visible; these densities were smeared out in Il resulting in a continuous inner ring; (IV) The densities inside the SaFlaX rings correspond to
the size and shape of the monomer structure of SaFlaH (yellow, filtered to 40 A resolution). Scale bar = 20 nm.

binds to the inside of the ring formed by SaFlaX, most
likely to the C-terminal domain of SaFlaX.

Discussion

Archaea are present in most biological environments
including e.g. the human gut. All motile archaea use the
archaellum for motility so the structural biochemistry and
activities of this machinery is of great interest. The flaH,

flal and flaJ genes are conserved in all fla operons among
archaea, and the proteins encoded by these genes are
proposed to form the archaellum motor core complex
(Ghosh and Albers, 2011; Banerjee et al., 2013). To better
understand the archaellum assembly, we characterized
FlaH, a component whose role was unknown. Our analy-
sis of crenarchaeal and euryarchaeal FlaHs showed that
FlaH binds ATP with high affinity but lacks detectable in
vitro ATPase activity. The crystal structure of ATP-bound
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SaFlaH shows the expected positioning of the residues of
the ATP-binding Walker A and Walker B motifs and that
ATP is positioned at a conserved FlaH surface where it
most likely is involved in protein—protein interactions
(Fig. 2D and E). The closest structural homologue of
SaFlaH, PH0284 and PH0186 of P. horikoshii, crystallized
as a hexamer (Yokoyama et al., 2000; Kang et al., 2009).
Superposition of the monomeric SaFlaH structure on the
hexameric PH0284 structure shows that the conserved
surfaces surrounding the bound ATP molecule (see
Fig. 2E) form the interface between two monomers in the
hexamer. It is therefore likely that upon binding to ATP,
SaFlaH has the ability to hexamerize as we also showed
for PfFlaH using cross-linking (Fig. 6A).

Mutations in the Walker A and Walker B motifs resulted
in proteins that bound nucleotides with a strongly reduced
affinity (Fig. 3). Strains expressing these SaFlaH mutants
were unable to assemble archaella and were no longer
motile, indicating that ATP-binding by SaFlaH is important
for its function in the archaellum motor (Fig. 4). Most
importantly, thermophoresis showed that the FlaH-Flal
interaction depends on nucleotide binding by FlaH. Flal
and FlaH can both be present in at least the monomeric
and hexameric state. In the interaction studies, the only
nucleotides present were derived from FlaH, which was
added in the nucleotide-bound state. Thus, nucleotide-
bound FlaH most likely binds to a monomeric nucleotide-
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Fig. 6. Proposed model of FlaH binding
within the FlaX ring and nucleotide-regulated
FlaH binding to Flal to form the archaellar
basal body core.

A. FlaH oligomerization by cross-linking. FlaH
was incubated with or without formaldehyde,
separated on SDS-PAGE and detected by
anti His-tag antibody.

B. FlaH residues involved in interface
formation are colored orange for the
FlaH-FlaH interaction modeled by comparison
with the PH0284 hexamer.

C. Side view of the SaFlaH hexamer (green)
modeled based on the hexameric PH0284 of
P. horikoshii with SaFlal (orange) illustrate
that the outer diameters of both protein
oligomers are of comparable size.

D. Cartoon of our proposed quaternary
structure of the archaellum motor complex
taking into account previous data, the
cross-linking result and the FlaH-FlaX
localization and interaction data from Fig. 5.

free Flal. How these interactions are influenced by the
different oligomeric states of FlaH and Flal is focus of
further studies as it is important to determine where the
interaction site of FlaH and Flal is.

We further demonstrated that the C-terminal domain of
SaFlaX is crucial for the interaction with FlaH. EM analysis
of in vitro mixed SaFlaXc-SaFlaH samples showed that
SaFlaH is located inside the SaFlaXc ring. Rings of widely
different diameters were observed with 15- to 23-fold sym-
metry, probably as an artifact of the in vitro assembly.
Image analysis of the rings with 20-fold symmetry indi-
cated 9—10 particles of the size and shape of the SaFlaH
monomers on the inner side of the SaFlaXc rings. Thus,
SaFlaH can interact as a monomer with the SaFlaX ring.
The size of the FlaX ring in the in vivo archaellum complex
is currently still unknown, and therefore we do not know
the exact stoichiometry, or exact numbers of FlaX and
FlaH in the rings. The observed hexameric structures of
both Flal and FlaH structural homologues make it possi-
ble to speculate that FlaH forms a hexamer in vivo,
however (Fig. 6A and B). Interestingly, euryarchaeota like
P. furiosus do not encode a homologue of FlaX but have
three additional proteins in their archaella operons: FlaC/
D/E (Fig. 1). These have probably evolved during the
acquisition of the chemotaxis system in these archaea.
Although FlaC/D/E do not contain membrane domains
like FlaX, they do have coiled-coil domains and therefore
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we propose that these take over the role of FlaX in the
euryarchaeal archaellum motor complex (Kira Makarova,
personal communication).

Thus, these new data along with other existing informa-
tion indicate that SaFlaX, SaFlaH and SaFlal interact with
each other and together form the archaellar basal body
core (Banerjee et al., 2013), Flal and FlaH can be present
in monomeric and hexameric forms, and the interaction
between Flal and FlaH is dependent on nucleotide
binding to FlaH. FlaX forms large rings inside which FlaH
can bind. Flal interacts with both FlaX and FlaH, thus
placing Flal inside the FlaX ring (Fig. 6D). Also the inner
membrane protein FlaJ is expected to be located inside
this FlaX ring. Taken together, the emerging picture indi-
cates a central role for FlaH interactions in the assembly
and rotation of the archaellum that is most likely driven by
the interactions among FlaH, Flal, Flad and FlaX. In par-
ticular, nucleotide-binding by FlaH promotes Flal interac-
tion within the FlaX ring (see Fig. 6D).

This model is still speculative but can be used to help
design experiments to address three of the next important
questions. How do FlaH and Flal work together in the core
complex of the archaellum in both archaellum assembly
and rotation? How and when does the switch between
assembly and rotation occur, and how are FlaH and Flal
proteins involved in this switch? Likely comparative
examination of archaellum among different organisms will
play key roles in addressing these and other emerging
questions. However, the many strengths of the S. acido-
caldarius system including powerful genetics and struc-
tures for FlaH, Flal and FlaF and their assemblies suggest
S. acidocaldarius will continue to be one of the strong
platforms for these investigations.

Material and methods
Protein expression and purification

Overexpression constructs were transformed into E. coli
codon plus cells and grown as preculture overnight at
37°C in LB medium containing ampicillin (50 ug ml-') and
chloramphenicol (34 ug mi-'). Two liters of fresh medium
containing antibiotic was inoculated with 2 ml preculture
and grown at 37°C to an ODgg of 0.6—0.8. Subsequently,
the cultures were chilled on ice for 30 min and induced
with 0.5 mM of isopropyl B-D-thiogalactopyranoside.
Growth was continued for 16 h at 17°C. Cells were col-
lected by centrifugation and frozen in liquid nitrogen and
stored at —80°C.

Cells expressing SaFlaH, PfFlaH or mutants of these
proteins were thawed on ice, resuspended in 50 ml lysis
buffer (50 mM HEPES-NaOH, pH 7.3, 150 mM NacCl) con-
taining Complete EDTA-free protease inhibitor cocktail
(Roche) and lysed by sonication. Cell debris was removed

by centrifugation at 4°C for 30 min at 4600 x g and for
30 min at 20 000 x g. The isolated supernatant was then
incubated with DNase | for 1 h on ice followed by precipi-
tation with 20% (w/v) ammonium sulfate. The pellet was
collected by centrifugation for 1 h at 4500 x g at 4°C,
resuspended in 10 ml lysis buffer and dialyzed overnight
against 1 | dialysis buffer (50 mM HEPES pH 7.3, 300 mM
NaCl). Further Ni-NTA (Sigma Aldrich, Seelze, Germany)
or Streptactin affinity (IBA GmbH, Géttingen, Germany)
based purification were performed using columns equili-
brated in purification buffer (50 mM MES, 500 mM NaCl,
pH 6.0), and proteins were eluted in purification buffer
containing 500 mM imidazol or 2.5 mM d-desthiobiotin.
Further purification of FlaH was achieved by incubation at
50°C for 20 min, followed by centrifugation for 15 min at
10 000 x g, and the supernatant was dialyzed overnight
against 1| purification buffer. The protein aliquots were
frozen in liquid nitrogen and stored at —80°C until further
use. Hisg-tagged PfFlal was purified and precipitated
using 80% (w/v) ammonium sulfate and resuspended in a
buffer containing 50 mM Tris-HCI pH 8, 150 mM NacCl.
SaFlal and SaFlaXc and its variants were purified as
described (Ghosh et al., 2011; Banerjee et al., 2012).

Crystallization and structure determination of SaFlaH

For crystallization of SaFlaH, purified SaFlaH was concen-
trated in purification buffer supplemented with 2 mM ATP
and 5 mM MgCl, using Amicon centrifugal filter devices
with a cutoff of 10 kDa. Concentrated SaFlaH was loaded
on a Superose 6 column equilibrated in 20 mM Tris pH 7.0,
500 mM NaCl and 5% glycerol. Peak fractions correspond-
ing to momomeric SaFlaH were pooled, concentrated to
6 mg mlI~" and crystallized in 100 mM HEPES pH 7.0,
32.5% PEG 3350 and 150 mM NaSCN. Crystals were
flash-frozen in liquid nitrogen using 1,4-butanediol as cryo-
protectant. Diffraction data (Otwinowski and Minor, 1997)
were collected at the ALS SIBYLS beamline (Berkeley, CA)
(Classen etal, 2013) and processed with HKL2000
(Table S1). The FlaH structure was solved with molecular
replacement using Phaser (McCoy et al., 2007) and the
RecA superfamily ATPase PHO0284 from P. horikoshii
(2DR3.pdb) as search model. The structure was refined
using PHENIX (Adams et al., 2010) and manually fit using
COOT (Emsley and Cowtan, 2004). Refinement statistics
are shown in Table S1. The structure was deposited at the
PDB database as 4YDS.pdb.

Molecular cloning and mutagenesis

To construct expression plasmids for SaFlaH and PfrlaH,
the SaflaH or PfflaH genes were amplified from pSVA284
(carrying a codon optimized flaH gene) or genomic DNA of
P. furiosus DSM3638, using primer pairs 771/772, 3612/
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3613, 786/2168 or 3681/3682 respectively. Hisg or Strepll
tags were included in the primers when necessary. PCR
products were cloned as Ndel/Xhol, EcoRI/Hindlll,
and BamHlI/Notl digested fragments into pETDuet1, yield-
ing plasmids pSVA293, pSVA2100, pSVA2108 and
pSVA2167. SaFlaH or PfFlaH point mutations were con-
structed using site directed mutagenesis via round PCR
on pSVA2100 or pSVA2167. SaFlaH"%* SaFlaHP22N,
PfFlaH %3 and PfFlaHP™*N mutants were created using
primer pairs 3632/3633, 3634/3635, 3699/6000 and 6003/
6004 yielding plasmids pSVA2130, pSVA2131, pSVA2176
and pSVA2178 respectively. Strains, plasmids and primers
used in this study are summarized in Tables S1-S3.

Generation of FlaH in vivo point mutations

In vivo point mutations in S. acidocaldarius were gener-
ated via a modification of the protocol described by
Lassak et al. (2012). The flaH gene with about 700 bp up-
and down-stream regions was amplified by PCR from
genomic DNA of S. acidocaldarius DSM639 with primers
3614/3617 and cloned as Apal/Pstl fragment into
pSVA406, yielding pSVA2126. Site directed mutagenesis
of SaflaH was performed via round PCR on pSVA2126
using primer pairs 3615/3616 and 3627/3628 to obtain
pSVA2113 and pSVA2124 respectively. The constructs
were methylated in E. coli strain ER1821 and transformed
into S. acidocaldarius MW455 (AaapF/AflaH) to express
the protein in trans. All vectors constructed and primers
used are shown in Supplementary Tables S2—-S4.

MANT-ATP binding assay

Binding of MANT-ATP (2’-/3’-O-(N’-methylanthraniloyl)
adenosine-5"-O-triphosphate) was monitored by fluores-
cence resonance energy transfer (FRET) from excited
tryptophanes to the bound MANT-ATP using a tempera-
ture controlled ISS PC1 spectrofluorometer. To reduce
background fluorescence by only exciting bound MANT-
nucleotide, the MANT-ATP was excited via excitation of
the tryptophans resulting in Fluorescence Resonance
Energy Transfer (FRET). The excitation wavelength was
set to 285 nm and the emission detected at 450 nm. Slit
widths for excitation and emission were set to 1 nm.
Binding was measured by titration of 1 uM SaFlaH or
PfFlaH with increasing MANT-ATP concentrations
(0-7 uM) at 25°C in binding buffer (20 mM MES, 500 mM
NaCl, 5 mM MnCl,, pH 6.2). Fluorescence was corrected
for MANT-ATP fluorescence in the absence of protein.

ATP hydrolysis assays

ATP hydrolysis was determined for SaFlaH, PfFlaH and
mutants of these proteins using the malachite green
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assay in a buffer containing 20 mM Tris pH 7.0, 500 mM
NaCl, 5 % glycerol, 1 mM ATP and 5mM MgCl, as
described previously (Lanzetta et al., 1979).

Microscale thermophoresis (MST)

For MST measurements, PfFlaH, PfFlaHX*A and
PfrFlaHP™N were fluorescently labeled using the amine-
reactive Monolith NT™ protein labeling kit NT-647
(NanoTemper Technologies GmbH) according to the
manufacturer’s instructions. To determine the binding affin-
ity of PfFlal, 33.3 nM labeled PfFlaH in 20 mM Tris-HCI pH
8, 200 mM NaCl and 0.05 % (v/v) Tween-20 was titrated
with increasing concentrations of PfFlal. The measure-
ments were performed at 25°C, 80% LED power and
infrared-laser power, resulting in a temperature jump of ~
2°C. Samples were incubated for 15 min before measure-
ments. The laser on and off times were adjusted to 30 and
5 s respectively. Measurements were performed on a Nan-
oTemper Monolith NT.115 instrument in hydrophilic-treated
capillaries, and analyzed using NT analysis software
version 1.4.27 (NanoTemper Technologies GmbH) by
fitting the normalized fluorescence (Fno.m) to the Hill equa-
tion (Frorm = (Fnorm,max — Frorm,min) X [Flal]"/([Flal]” + Kd"),
where  Fpommax = Maximal normalized fluorescence,
Frormmin = minimal normalized fluorescence, [Flal] = con-
centration of Flal, Kd = dissociation constant and n = hill
coefficient. The percentage bound PfFlal was determined
using the Fnommax @nd Frommin Values of the curve fit.

Motility assays and electron microscopy

Swimming assay on semi solid plates and transmission
electron microscopy of S. acidocaldarius cells were per-
formed as described previously (Lassak et al., 2012).

In vitro binary complex formation

In vitro protein—protein complex formation was performed
essentially as described previously (Banerjee etal,
2013). Hise-tagged FlaH was incubated with either FlaH,,
FlaHg, or FlaHq in a buffer containing 50 mm Tris-HCI pH
8.0 and 150 mM NaCl, and then applied to Ni-NTA affinity
beads (Ni-NTA; Sigma Aldrich, Seelze, Germany). Beads
were washed, and proteins were eluted in the same buffer
containing 500 mM imidazole. As a control FlaH., FlaHc,
or FlaH.: were bound to a column in the absence of
Hise-tagged FlaH. Fractions were separated on SDS-
PAGE and either stained by Coomassie or transferred to
PVDF membranes and analyzed using o-His or o-Strep
antibodies.

Cryo EM/single particle analysis

Purified SaFlaX and SaFlaH were mixed in a stoichiomet-
ric manner. For initial analysis, FlaX/FlaH complexes were
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diluted to a final concentration of 0.05 mg ml~' and nega-
tively stained with 1% (w/v) uranyl acetate. Electron
micrographs were collected using a Philips CM120 at
120 kV at a magnification of 44 000x on a Gatan 2k x 2k
CCD camera.

For cryo-EM, FlaX/FlaH samples at a protein concen-
tration of 2.5 mg mlI~" were applied to glow-discharged
Quantifoil grids (Quantifoil MicroTools) and vitrified by
injection into liquid ethane using a Vitrobot plunge-
freezing device (FEI). Images were recorded using a
back-thinned FEI Falcon Il direct electron detector.
Images were recorded manually at a nominal magnifica-
tion of 39 000x yielding a pixel size at the specimen of
2.74 A at a defocus of 2-6 um. Particles were selected
using the boxer module from EMAN (Ludtke et al., 1999).
The CTF was determined using EMAN2 (Tang et al.,
2007). A data set of 16 000 particles was processed with
Imagic V (van Heel et al.,, 1996). The images were sub-
jected to multireference alignment and multivariate statis-
tical analysis. The images were classified and images
assigned to the same class were averaged.

Cross-linking experiment

The oligomerization behavior of FlaH was assessed using
chemical cross-linking as described earlier in (Banerjee
etal, 2012) and formaldehyde was used as chemical
cross-linker. 37% formaldehyde was diluted to a final con-
centration of 5% (v/v) in 20 mM HEPES, pH 7.2, 150 mM
NaCl buffer to prepare the fresh working stock.
0.5 mg mI~' of protein was incubated with 0.1% (v/v) for-
maldehyde, and the mixture was incubated at room tem-
perature for 5 min, and the cross-linking reaction was
stopped using 125 mM glycine-NaOH, pH 10.

Finally, the cross-linked product was precipitated with
trichloroacetic acid (TCA). One volume of 50% TCA stock
was mixed with two volumes of cross-linked sample and
incubated for 30 min on ice. Samples were centrifuged at
14 000 x g for 5 min. The supernatant was removed, and
the white fluffy pellet was washed three times with 200 pl
of ice-cold 100% acetone for the complete removal of the
TCA. The pellet was then dried in a heat block at 95°C to
remove residual acetone and resuspended in 20 mM
HEPES, pH 7.2, 150 mM NaCl buffer. The sample was
mixed with Laemmli buffer, and the cross-linked oligomers
of FlaH were visualized on 11% SDS-PAGE with Coomas-
sie blue staining and anti-His western blot.
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