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Abstract Prior to 2008, all previously studied conven-
tional bacterial flagellar motors appeared to utilize either
H" or Na™ as coupling ions. Membrane-embedded stator
complexes support conversion of energy using transmem-
brane electrochemical ion gradients. The main H-coupled
stators, known as MotAB, differ from Na+-coupled sta-
tors, PomAB of marine bacteria, and MotPS of alkaliphilic
Bacillus. However, in 2008, a MotAB-type flagellar motor
of alkaliphilic Bacillus clausii KSM-K16 was revealed as
an exception with the first dual-function motor. This bacte-
rium was identified as the first bacterium with a single sta-
tor—rotor that can utilize both H" and Na™ for ion-coupling
at different pH ranges. Subsequently, another exception, a
MotPS-type flagellar motor of alkaliphilic Bacillus alca-
lophilus AV1934, was reported to utilize Na™ plus K* and
Rb™ as coupling ions for flagellar rotation. In addition, the
alkaline-tolerant bacterium Paenibacillus sp. TCA20, which
can utilize divalent cations such as Ca?*, Mg?*, and Sr**,
was recently isolated from a hot spring in Japan, which con-
tains a high Ca*" concentration. These findings show that
bacterial flagellar motors isolated from unique environments
utilize unexpected coupling ions. This suggests that bacteria
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Introduction

“Alkaliphilic bacteria grow well in a highly alkaline envi-
ronment around pH 10 and generally require sodium ions
(Na™) for growth.” Similar descriptions of extremophiles
have frequently been included in books over the last
35 years (Horikoshi and Akiba 1982). Dr. Koki Horiko-
shi, who was committed to developing the study of the
basis and application of alkaliphilic microorganisms,
was the source of this definition. In the early days of the
study of alkaliphilic bacteria, extracellular enzymes pro-
duced by these extremophiles were added to detergents to
improve the removal of dirt from laundry, and were used
for the mass production of cyclodextrin with added value
from cheap starch raw material (Horikoshi and Akiba 1982,
Horikoshi 1991, 1999, 2016).

A diagrammatic illustration of the pH homeostasis capac-
ity of the Nat-dependent alkaliphiles and elements of their
membrane-associated Na™ and H' translocation pathways
is shown in Fig. 1. The extremely alkaliphilic Bacillus pseu-
dofirmus OF4 and Bacillus halodurans C-125 display robust
multi-subunit-type Na™/H™ antiport (Mrp system)-dependent
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Fig. 1 Potential participation
in the Na* cycle of alkaliphilic
Bacillus spp vs. that in the Na™*
and K* cycle of alkaliphilic

Bacillus alcalophilus. An illus- V0I+tage gated
tration of the pH homeostasis ('\IIBaP Cgt‘% mel
capacity of the Nat- and Na™ Ngt

plus K*-dependent alka-
liphiles and elements of their
membrane-associated Na™, K,
and H' translocation pathways.
NDH NADH oxidoreductase,
MQ menaquinone, Mrp electro-
genic Nat/H™" antiporter, CPAs
cation proton antiporters

Na* K+ Ca®*
Voltage gated
Non-selective

channel (BA)

Respiration ATP Synthase
H+

N
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Na*/solute Nat & K*-coupled
symporters motility

B. pseudofirmus OF4 (BP) and B. halodurans C-125 (BH): Na*-dependent pH homeostasis

B. alcalophilusAV1934 (BA): Both Natand K- dependent pH homeostasis

pH homeostasis and also contain NaChBac-type voltage-
gated sodium channels that participate in Na™ circulation,
which supports pH homeostasis and normal chemotaxis (Fuji-
nami et al. 2007a, 2009; Krulwich et al. 2011). The Mrp anti-
porter is the dominant electrogenic Na™/H™ antiporter, which
obtains its energy from the transmembrane electrical poten-
tial built as a consequence of the respiratory proton efflux
in alkaliphilic Bacillus (Krulwich et al. 2011). The work of
Krulwich and colleagues in 1979 and the 1980s revealed that
alkaliphilic B. alcalophilus AV1934 uses electrogenic Na*/
H* antiporter activity and a Na™/solute symporter to facilitate
growth at alkaline pH (Guffanti et al. 1979, 1981). Mandel
et al. reported the presence of an electroneutral K¥/H™ anti-
porter in this bacterium (Mandel et al. 1980). We speculate
that B. alcalophilus also displays unique K'-dependent pH
homeostasis at high pH. For alkaliphiles, under conditions of
a reversed pH gradient where the pH inside the cell is lower
than that outside, it is very difficult to utilize a proton motive
force for energy production, solute symport, and flagellar
rotation under high alkaline pH, compared with the situa-
tion for neutrophilic bacteria (Ito 2002; Krulwich et al. 2006;
Ito et al. 2011). Instead, alkaliphiles utilize a sodium motive
force to survive in such environments. Interestingly, one of
the key energy-supplying enzymes, F F,-ATP synthase that
performs ATP synthesis by oxidative phosphorylation (OXI-
PHOS) of alkaliphilic Bacillus species utilizes the proton
motive force (pmf) rather than the sodium motive force (smf)
(Guffanti and Krulwich 1994). There are several hypotheses
to explain this mechanism of ATP synthesis, the details of
which have been reviewed elsewhere (Krulwich 1995; Krul-
wich et al. 2011; Preiss et al. 2013, 2015; Goto et al. 2016).

Overview of conventional bacterial flagellar motor
and its stator

The bacterial flagellum has many characteristics in com-
mon with the type III secretion system (Fig. 2a) (Minamino
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2014). On the other hand, the archaeal flagellum, named
the archaellum, has many traits in common with the type
IV pili (Fig. 2b). For this reason, the bacterial flagellum and
archaellum are believed to have different origins (Metlina
2004; Ng et al. 2006). The sources of rotary energy for the
bacterial flagellum and archaellum are completely differ-
ent. The bacterial flagellum utilizes an ion motive force;
on the other hand, the archaellum utilizes ATP as a source
of rotary energy. The details of the archaellum have been
reviewed in detail elsewhere (Albers and Pohlschroder
2009; Albers and Jarrell 2015; Makarova et al. 2016).

The bacterial flagellar motor basically consists of three
parts: the basal body, which works as a motor; the external
extended flagellar filament; and the hook, which works as a
universal joint for connecting the motor and the flagellar fila-
ment (Fig. 2a). The motor of Gram-negative bacteria such as
Escherichia coli has an L and a P ring component, whereas
the motor of Gram-positive bacteria such as Bacillus species
lacks these rings (Fig. 2a) (Fujinami et al. 2009; Minamino
and Imada 2015). The motor is divided into a stator part and
a rotor part. The MotA-type and MotB-type proteins form the
stator complexes, anchored to the cell wall through a puta-
tive peptidoglycan-binding (PGB) motif in the periplasmic
domain of a MotB-type protein. Mot complexes comprise
four copies of MotA-type proteins and two copies of MotB-
type proteins, and they are arranged in a ring of membrane-
embedded complexes surrounding each flagellum (Fig. 2a).

The stator complex works as an ion channel through
which H* or Na™ passes. The MotA-type protein com-
prises four transmembrane segments with a large cytoplas-
mic loop between the second and third segments (Fig. 2c,
d). The MotB-type protein comprises only one transmem-
brane segment (Fig. 2c, d).

In E. coli, a perfectly conserved aspartic acid residue is
present at position 32 (Asp-32) of MotB. This residue is
conserved in all MotB, MotS, and PomB sequences known
to date (Figs. 2d, 4). In a previous random mutational study
of MotB in E. coli, several other amino acid substitutions
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Fig.2 A schematic of bacterial flagellum and archaellum. a The
left image shows the proton-driven flagellar motor of E. coli, and the
right image shows the sodium-driven flagellar motor of alkaliphilic B.
pseudofirmus OF4. The gram-negative bacteria motor contains addi-
tional ring structures, the P-ring and the L-ring. The stator complex
is composed of two integral membrane proteins: MotP and MotS for
the alkaliphilic B. pseudofirmus motor, and MotA and MotB for the
E. coli motor. The stator is anchored at the PG layer around the rotor
via the periplasmic PGB domain of the MotB and MotS subunits.
OM outer membrane, CM cytoplasmic membrane, PG peptidogly-

for Asp-32 were found to eliminate motility, suggesting
that Asp-32 functions as the coupling ion-binding site.
Only a glutamic acid substitution for Asp32 retained poor
motility (Zhou et al. 1998b). It is proposed that a cytoplas-
mic hydrophilic loop domain of MotA interacts with the
C-terminal domain of the rotor subunit of FliG (Fig. 2c)
(Chun and Parkinson 1988; Sharp et al. 1995). In addition,
electrostatic interactions between the rotor and the stator
interface at the H*-coupling bacterial flagella are critical
for generating motor torque (Zhou et al. 1998a; Kojima
and Blair 2001). The electrostatic interaction between the
charged amino acid residues of the C-terminal region of
FliG and the cytoplasmic loop of the MotA subunit is also
important for stator assembly into a motor, as reported in

can. b Schematic diagram of an archaellum. M membrane, X FlaX,
H FlaH. ¢ Schematic diagram of the proposed electrostatic interac-
tions between rotor and stator interface in the H'-coupling bacterial
flagellar, critical for generating motor torque. PGB Peptidoglycan-
binding motif. d Schematic diagram of conventional flagellar stators
using either proton or sodium ions for coupling. PGB peptidoglycan-
binding motif, D an absolutely conserved aspartic acid residue, A/—
A4 transmembrane segments 1-4 of MotA, MotP, or PomA subunit,
P1-P4 transmembrane segments 1-4 of MotP or PomA subunits

studies performed on Salmonella (Morimoto et al. 2010,
2013). Therefore, the cytoplasmic stator part is critical for
assembly the stator into a motor and functions as an energy
conversion unit for converting an ion motive force to a driv-
ing force of flagella.

The stator is not always attached to the motor. On the
contrary, each individual stator dynamically moves from
the vicinity of the motor to regions not bound to the motor
in living cells, as observed using single molecule technol-
ogy based on GFP-fusion proteins (Leake et al. 2006).

FliG, FliM, and FliN proteins are components of the
switch complex, which is configured as a C-ring struc-
ture. This configuration has been directly observed using
electron microscopy (Fig. 2a) (Marykwas et al. 1996;
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Tang et al. 1996). These proteins (FliG, FliM, and FliN)
are required for flagellar assembly, torque generation, and
control of the flagellar motor rotation [counter clockwise
(CCW) or clockwise (CW)] (Yamaguchi et al. 1986a, b;
Lloyd et al. 1996).

Escherichia coli, Salmonella, and most neutrophilic
bacteria utilize a proton motive force (pmf) as a source of
rotational energy of the flagella motor, and the stator is a
MotA/MotB complex. On the other hand, species of Vibrio,
Shewanella, Aeromonas, and alkaliphilic Bacillus use a
sodium motive force (smf) for the rotary energy (Zhu et al.
2013; Kojima 2015). The Na'-coupled stator of Vibrio,
Shewanella, and Aeromonas is known as PomA/PomB,
whereas the stator of the alkaliphilic Bacillus is known as
MotP/MotS. Both stators are homologues to MotA/MotB.

To date, only alkaliphilic Bacillus species and Vibrio
cholera have been shown to entirely rely on Na™*-coupled
motility; however, other alkaline-resistant bacteria have
been inferred to possess Na'™- and H*-driven flagellar
motors based on genomic evidence (Matsuura et al. 1977;
Atsumi et al. 1992; Hase and Barquera 2001; Takami et al.
2002; McCarter 2004, 2005). For example, a Na™-driven
single polar flagellum has been described from Vibrio para-
haemolyticus and Vibrio alginolyticus, whereas H*-driven
multiple lateral flagella were expressed under certain con-
ditions. Two separate sets of genes encode the polar and lat-
eral flagella of Vibrio. Numerous other bacteria have been
found to have hybrid motility systems. Moreover, these
hybrid systems do not always use different coupling ions.
Depending on the environmental conditions, one or the
other dual motility system predominates (McCarter 2004,
2005). Bacillus subtilis and Shewanella oneidensis MR-1
use H-coupled MotA/MotB and Na'-coupled MotP/MotS
and PomA/PomB stators to generate the torque required
for flagellar rotation (Fujinami et al. 2009; Minamino and
Imada 2015; Paulick et al. 2015).

Conventional flagellar stator and motility
of alkaliphilic Bacillus

In alkaliphilic Bacillus, it was shown that the driving force
for swimming is not a proton motive force, but a sodium
motive force. Hirota et al. first reported that the swimming
speed of alkaliphilic Bacillus sp. YN-1 cells increased lin-
early with a logarithmic increase of Nat concentration (up
to 100 mM) and the optimal pH for motility was approxi-
mately 10.5 (Hirota et al. 1981; Hirota and Imae 1983).
However, the stator genes were not identified until 2004.
Our group identified the stator protein from alkaliphilic B.
pseudofirmus OF4, which grows optimally above pH 10
and the minimum pH value is approximately 7.5 (Guffanti
et al. 1986). We named this stator protein MotP/MotS (pH
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and sodium) (Ito et al. 2004). Neutrophilic Bacillus sub-
tilis has MotP/MotS homologs, YtxD/YtxE, which were
originally identified as hypothetical proteins in the chro-
mosome, and these stator proteins are also Nat-coupled
stators (Ito et al. 2004; Terahara et al. 2006). The level of
homology between B. pseudofirmus MotP and MotS pro-
teins and the sodium-coupled stator subunits, V. alginolyti-
cus PomA and PomB, is 36 and 28 % for identity and 62
and 43 % for similarity, respectively. On the other hand,
the level of homology between B. pseudofirmus MotP and
MotS proteins and the proton-coupled stator subunits, B.
subtilis MotA and MotB, is 40 and 29 % for identity and
62 and 54 % for similarity, respectively. Furthermore, the
level of homology between PomA and PomB proteins of
V. alginolyticus and MotA and MotB proteins in B. subtilis
is 31 and 22 % for identity and 56 and 45 % for similarity,
respectively. The results demonstrate that there is consid-
erable diversity at the protein level among the three stator
sub-families within this bacterial stator family (Fig. 3).

Aono et al. reported on the flagellar formation of alka-
liphilic B. halodurans C-125 (Aono et al. 1992). This alka-
liphile showed an increase in the average number of flagella
per cell from O to 21 when the pH was elevated from 6.9 to
10. The synthesis of flagellin and the formation of flagella
were shown to be suppressed during growth at pH 7, which
would account for poor motility of cells grown at pH < 8.
Therefore, the synthesis of flagellin and the formation of fla-
gella in this bacterium were clearly shown to be regulated by
external pH. On the other hand, B. pseudofirmus OF4 cells
showed one to two flagella per cell, irrespective of the exter-
nal pH and the level of flagellin expression. These results
suggest that the regulation of B. pseudofirmus OF4 flagella-
tion differs from that of B. halodurans C-125 flagellation and
is independent of the external pH (Fujinami et al. 2007b).

The swimming speed of B. pseudofirmus OF4 cells
changes with external pH and sodium concentration. No
motility was observed at pH 6, and little motility was
observed at pH 7. However, the swimming speed of B.
pseudofirmus OF4 cells increased linearly with the loga-
rithmic increase of sodium concentration up to 230 mM.
The poor motility of B. pseudofirmus OF4 at low pH prob-
ably reflects competitive inhibition of Nat-based motility
by high [H*]. Similar suggestions have been made with
respect to HT sites of the E. coli and Salmonella rotors
(Minamino et al. 2003) and the Na™ sites of the Na™-driven
rotor of V. alginolyticus (Yoshida et al. 1990).

In the following sections, we introduce three nonconven-
tional flagellar motors derived from alkaliphilic Bacillus
and Paenibacillus. The genetic engineering system for each
bacterial type has not been developed yet; consequently,
our group characterized the properties of each stator in a
stator-less mutant of genetically tractable E. coli or B.
subtilis.
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Fig. 3 Phylogenetic tree of Escherichia coli_MotA (POAF06.1, out-group)
g’frﬁ,‘ibg?lffﬁ;’;ﬁfﬁffﬁi?d 595 Oceanobacillus iheyensis_MotP (WP_011066619)
from Aeromonas, Bacillus, Bacillus alcalophilus_MotP (WP_003320987.1)
Oceanobacillus, Paenibacil- 883 4 60 Bacillus pseudofirmus OF4_MotP (AAB94399)
lus, Shewanella, and Vibrio 1000 Bacillus halodurans C-125_MotP (BAB06959) - MotP
sp. using the neighbor-joining Bacillus megaterium_MotP (WP_013085228.1)
method. The MotA sequence of 871 1000 Bacillus licheniformis_MotP (WP_011198198)
E. coli was used as out-group. —{990 Bacillus subtilis 168_MotP (AIY94302) _
ggzsb ggrlzif;;ejc?alpiﬁgz?' 1000~ Aeromonas salmonicida_PomA (WP_005317570) )
The phylogenetic tree was Aeromonas popoffii_ PomA (WP_042035815.1)
constructed using Clustal W 1000 1000 EShewane/la oneidensis MR-1_PomA (WP_011071707)
(http://clustalw.ddbj.nig.ac.jp) Shewanello decolorationis_PomA (WP_039978555.1) L . -
with 1000 bootstrap samplings. - 661 —°°1 oo Vibriofischer_pom (YP_204097)
Bacillus alcalophilus_MotP, 1 Vibrio crassostreae_PomA (CDT35694.1)
faensbacilies sp. A2 ﬂoo Vibrio alginalyticus_PomA (KIP7L317)
KSM-K16 MotA are shown in 1000 Vibrio parahaemolyticus_PomA (NP_797068) 3
red. Functional analysis of the 1000 Paenibacillus sp. TCA-20_MotA1 (WP_047912335.1) 7
cluster motility containing Pae- Paenibacillus terrae_MotA (AET57622.1)
nibacillus sp. TCA-20_MotA1 944 Paenibacillus vortex_MotA (WP_006213013) - MotA?
has not yet been experimentally Paenibacillus lactis_ MotA (EHB54643.1) i
C?Sf:ﬁfirvf:ghiﬁiﬂf&fafﬁm Bacillus clausii KSM-K16_MotA (BAD64518) I
D L o MotA o tho databas 1000 Oceanobacillus iheyensis_MotA (WP_011066938)
Bacillus subtilis 168 MotA (NP_389252)
Bacillus licheniformis_MotA (AAU40425) - MotA
Paenibacillus sp. TCA-20_MotA2 (GAK43333.1)
01 Paenibacillus polymyxa_MotA (WP_013368736.1)
— 1000 pgenibacillus jamilae_MotA (KT578536.1)

Properties of the flagellar stator and motility
of alkaliphilic Bacillus clausii KSM-K16

Alkaliphilic B. clausii KSM-K16 has been noted to pro-
duce industrially useful enzymes such as alkaline protease
(Kobayashi et al. 1995; Kageyama et al. 2007). Since com-
pletion of the genome sequence of B. clausii KSM-K16
in 2005, various genes related to the flagellar motor have
been identified. Interestingly, the genome sequence of this
bacterium revealed a single set of genes encoding a proton-
coupled MotA/MotB-like pair of proteins as the stator. B.
clausii MotA and MotB proteins (BCl-MotA/MotB) were
found to be closely related to the proton-coupled stator
subunits, MotA and MotB, in B. subtilis (identity: 52 and
45 %, similarity: 73 and 64 %, respectively), while they
were not as closely related to the sodium-coupled stator
subunits, MotP and MotS, in B. subtilis (identity: 32 and
28 %, similarity: 57 and 55 %, respectively). As is typi-
cally the case in alkaliphilic Bacillus species, the flagellar
motor is driven by a sodium motive force with MotP/MotS
as the stator because a proton motive force is difficult to
utilize under highly alkaline pH (Ito et al. 2004). However,
only H*-coupled-type stator genes motA/motB was identi-
fied in this genome. All previously studied flagellar stators
utilize either H™ or Na' as coupling ions. This raised the

possibility that either the motility of this alkaliphile would
be lost in the upper pH range for growth or MotA/MotB
are capable of utilizing both a proton and a sodium motive
force as a source of rotary energy. This alkaliphile swims
well over the range of pH from 7 to 11, and swimming
assays suggested that Na™ could be utilized as a coupling
cation for energy for flagellar rotation at high pH (Terahara
et al. 2008).

A stator-less B. subtilis mutant (AmotA/motB, AmotP/
motS) expressing MotA/MotB from B. clausii named as
BCI-AB was shown that the coupling ion was changed from
H' to Na™ with increasing external pH (Fig. 5b). These
results support the hypothesis that MotA/MotB from B.
clausii is a bifunctional stator with respect to ion-coupling
capacity. This was also confirmed using the sodium chan-
nel inhibitor 5-(N-ethyl-N-isopropyl)-amiloride (EIPA), an
amiloride analogue, and the protonophore carbonyl cyanide
m-chlorophenyl hydrazone (CCCP), which dissipates elec-
trochemical HT gradients. At elevated pH, the swimming
speeds of BCI-AB were reduced by EIPA, but the results
of inhibition by CCCP were reversed. These findings sup-
port the hypothesis that the flagellar motor of B. clausii
MotA/MotB can mainly utilize a proton motive force at a
pH below 8.5; on the other hand, it can change to using a
sodium motive force above pH 9.0 (Terahara et al. 2008).
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Transmembrane segment Coupling ion

MotB_E. coli 28 TAYADFMTAMMAFFLVMWLISISSP 52 H*
MotB_V. alginolyticus 28 VAFADFMIALMALFLVLWVMQVVDK 52 H*
MotB_V. parahaemolyticus 27 VAFADFMIALMALFLVLWVMQVVDK 51 H*
MotB_V. mimicus 27 TAMADFMIALMALFLVLWVMQTVNK 51 H*
MotB_B. subtilis 20 VPYADILTLLLALFIVLYASSSIDA 44 H*
MotB_B. lichenoformis 21 IPYADLLTLLLALFIVLFAMSSIDA 44 H*
MotB_O. iheyensis 19 LPYADLLTLLVALFIVLFAMSDINI 43 H*
MotB_B. clausii 22 LPYADMLTLLVALFIVLFAMGQIDQ 46  H Na*
MotS_B. alcalophilus 18 VTFSDLMTLILVFFVILFSMSEIDN 42 Na! KRB
MotS_B. subtilis 26 VTFTDLITLILVFFILLFSMSQIDL 50 Na*
MotS_O. iheyensis 19 VTYSDMITLILVFFILLFSMSQIDQ 43 Na*
MotS_B. lichenoformis 21 ITFSDLITLILVFFILLFSMSQIDL 45 Na*
MotS_B. pseudofirmus 17 VTFSDMMTLILVFFILLFSMSVVDA 41 Na"
MotS_B. halodurans 17 VTFSDLMTLILVFFILLFSMSVVDA 41 Na*
MotS_B. megaterium 17 VTFADLVTLILVFFILLFSMSSVDN 41 Na*
PomB_V. alginolyticus 20 GTFADLMSLLMCFFVLLLSFSEMDV 44 Na*
PomB_V. parahaemolyticus 20 GTFADLMSLLMCFFVLLLSFSEMDV 44 Na*
PomB_V. splendidus 20 GTFADLMSLLMCFFVLLLSFSEMDV 44 Na*
PomB_V. fisheri 19 ATFADLATLLMCFFVLLLSFSEMDV 43 Na*
MotB1_P. sp. TCA-20 25 ITYADLITLLLIFFVMMYAMSRLDA 53 Ca’, Mg®/s¢*
MotB2_P. sp. TCA-20 21 LPYSDLMTLLLALFITLFSMSSIDA 45 H

Fig. 4 Alignment with flagellar motor sequences from other bacte-
ria and their coupling ions. Alignments of the region containing the
single transmembrane segment of MotB, MotS and PomB. MotB_B.
clausii, MotS_B. alcalophilus, and MotB1_P. sp.TCA-20 are shown
in red. The position of D32 in MotB_E. coli is known to be critical
for rotation and is highlighted in green. The MotAB of B. clausii can
use Na' instead of H* to promote flagellar rotation at high pH lev-
els. The position of V43 in MotB_E. coli (the first line) is conserved
among all of the MotB-H*-type proteins and is highlighted in light

Furthermore, we identified whether the bifunctional BCI-
MotA/MotB could be modified to a stator that uses either
protons or sodium ions at both neutral and alkaline pH. Our
previous studies showed that a proton or sodium ion selec-
tive domain is present in the MotB or MotS subunits of the
Mot complex (Ito et al. 2005). On the basis of the amino
acid sequence alignment of Bacillus MotB and MotS sub-
units, we identified some conserved amino acid residues
(Fig. 5a). We expected that a conserved ion selective domain
would be located in the highly conserved transmembrane
segment, because the number of basic residues tends to be
greatly reduced in proteins of alkaliphiles facing outside the
surface of the cytoplasmic membrane. On the other hand,
the same segments present an increased abundance of acidic
residues compared to those of neutralophile homologues
(Krulwich et al. 2007). To construct a proton-coupled stator
and a sodium-coupled stator from bifunctional BCl-MotA/
MotB, we initially made two distinct triple mutants (named
BCl-MotB-H and BCIl-MotB-Na, respectively; shown in
Fig. 5). The B. clausii MotB introduced mutations (BCI-
MotB-H; G42S, Q43S and Q46A) successfully selected
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blue. The position of L41 in MotS_B. subtilis (the 10th line from the
top) is conserved among all of the MotS- and PomB-Na™-type pro-
teins, with the exception of MotS_B. alcalophilus (9th line from the
top), and is highlighted in yellow. The same position in B. alcalophi-
lus MotS encodes methionine instead of the conserved leucine resi-
due and is highlighted in violet. A MotS-M33L mutation in B. alcalo-
philus exhibits a loss of both Kt and Rb* coupling motility in E. coli
(Terahara et al. 2012)

for only protons by imitating the MotB subunit of the pro-
ton-coupled stator. In contrast, the B. clausii MotB muta-
tions (BCIl-MotB-Na; V37L, A40S and G42S) successfully
selected only for sodium ions by imitating the MotS subunit
of the sodium-coupled stator (Fig. 5). These results suggest
that these amino acid residues are critical for ion selectivity.
Additionally, by analyzing each single and double mutant,
the Q43S mutation appears as critical for proton coupling.
Furthermore, the Q43S mutation combined with either the
G42S or the Q46A mutation was required to achieve the
loss of sodium coupling. On the other hand, the V37L muta-
tion was critical for sodium coupling and the V37L muta-
tion combined with either the A40S or the G42S mutation
was required to achieve the loss of proton coupling at low
pH. The mutation V37 is predicted to be located in the mid-
dle of the single TMS of BCI-MotB sequence, on the same
face as the conserved aspartic acid residue, D26, critical
for flagellar rotation (Figs. 4, 5a) (Kojima and Blair 2004).
The mutation L37 is highly conserved among the MotS and
PomB components of the sodium-coupled stators of Bacil-
lus and Vibrio species (Fig. 4). Thus, these results suggest
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Fig. 5 Multiple alignment of the region containing the single trans-
membrane segment of MotB and MotS, and the coupling cations of
a stator-less Bacillus subtilis mutant (AABAPS) expressing B. sub-
tilis motAB (BS-AB), B. subtilis motPS (BS-PS), B. clausii motAB
(BCI-AB) and BCI-AB derivative mutants (BCl-AB-H and BCI-AB-
Na). a Multiple alignment of the region containing the single trans-
membrane segment of Oceanobacillus iheyensis MotB (OI_MotB)
and MotS (OI_MotS), B. subtilis MotB (BS_MotB) and MotS (BS_
MotS), and B. clausii MotB (BCI_MotB). The sequence of B. clausii

that leucine 37 may function as a sodium-selective filter for
these sodium channels.

We also applied the same approach to the distinct H'-
and Na'-coupled stators of B. subtilis, Bs-MotAB and Bs-
MotPS, and identified which mutations conferred dual ion-
coupling capacity in each of them (Terahara et al. 2008).
This is the first report of a bifunctional flagellar stator able
to use both Na™ and H" to power motility, changing its
preference with the pH.

Properties of the flagellar stator and motility
of alkaliphilic Bacillus alcalophilus AV1934

Alkaliphilic B. alcalophilus AV1934 was one of the first
alkaliphilic bacteria to be identified, back in 1934. This
alkaliphile was isolated from human feces and found to
grow at an alkaline pH (Vedder 1934). This alkaliphile
prefers to grow in K'-rich and Nat-poor conditions in
an extremely alkaline environment. Before the genome
sequence of B. alcalophilus AV1934 was finished in 2014
(GenBank: ALPT00000000.2) (Attie et al. 2014), the sta-
tor genes of this alkaliphile were identified by us in 2012
(Terahara et al. 2012). This bacterium possesses a single set
of genes encoding a Na'-coupled MotP/MotS-like pair of
proteins as the stator.

MotB is highlighted in gray. The black bold letters underlined repre-
sent locations of point mutations in B. clausii MotB mimicking BS_
MotB (G42S, Q43S and Q46A) to yield BCI_MotB-H, and B. clausii
MotB mimicking BS_MotS to yield BCl_MotB-Na (V37L, A40S
and G42S). The asterisk (*) indicates a position of an absolutely con-
served aspartic acid residue, critical for flagellar rotation. b Relation-
ship between coupling cations and the flagellar rotation to environ-
mental pH (Terahara et al. 2008)

Bacillus alcalophilus MotP and MotS proteins (BA-
MotP and BA-MotS) are closely related to the sodium-cou-
pled stator subunits MotP and MotS, in B. subtilis (identity:
49 and 48 %, similarity: 75 and 68 %, respectively), while
they are not as closely related to the proton-coupled stator
subunits, MotA and MotB, in B. subtilis (identity: 39 and
29 %, similarity: 61 and 55 %, respectively).

This alkaliphile swims well over the pH range from 7 to
11, and swimming assays in the native host suggested that
both Na™ and K" can be utilized as coupling cations to
produce the energy for flagellar rotation at high pH. E. coli
cells expressing BA-MotP/MotS showed both Na*t- and K*-
dependent motility. We identified a key amino acid residue
for ion selectivity of K™ of the MotPS-type stator. The 33rd
methionine residue in the single transmembrane segment
of the MotS subunit is critical for K selectivity. Gener-
ally, this site is conserved as leucine in the MotS subunit in
Bacillus and Vibrio species (Fig. 4). E. coli cells expressing
BA-MotP/MotS-M33L showed only Na*-dependent motil-
ity and lost K*-dependent motility completely (Fig. 6).

The swimming speed of B. alcalophilus was sensitive
to the Na™-coupled flagellar stator inhibitor EIPA in both
Na™ and K* buffers (Terahara et al. 2012). We previously
suggested that EIPA-binding sites are present in both the
MotP and the MotS subunits and that this inhibitor blocks
the passage of K™ (Ito et al. 2005).
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Fig. 6 Effect of KCl and NaCl on swimming speed of E. coli strains
expressing MotPS from B. alcalophilus. The schematic diagrams of
both a sodium and potassium ion-coupled flagellar motor (EC-BAPS)
and only a sodium ion-coupled flagellar motor (EC-BAPS-MotS_
M33L) appear on the right side

In insect larvae, whose gut is known to constitute an
alkaline environment, the elevation of gut pH is linked to
potassium transport and net accumulation of K,CO; (Dow
1984); in addition, termite-derived alkaliphiles have been
shown to exhibit NaCl sensitivity and preference for K+
over Na™ during growth at high pH (Ohkuma et al. 2003).
Interestingly, a bacterial voltage-gated Na* channel (NaCh-
Bac) homolog from B. alcalophilus AV1934 named NsyBA
showed a voltage-gated channel that is nonselective among
Nat, Ca’", and K* ions (DeCaen et al. 2014). This is
another example of adaptation to the external environment.
Therefore, B. alcalophilus is assumed to have evolved these
properties to adapt to a potassium-rich environment. This is
the first report to describe a flagellar motor that can use K+
and Rb* as coupling ions.

Properties of the flagellar stator and motility
of alkaline-tolerant bacterium Paenibacillus
sp. TCA-20

Our group has looked for novel types of flagellar stators
from bacteria isolated from diverse environments. There are
several kinds of cation-coupled voltage-gated ion channels
(Hess et al. 1986; Doyle et al. 1998; Alam and Jiang 2009;
DeCaen et al. 2014). However, divalent cation-coupled fla-
gellar motors had not been identified in nature. Therefore,
we considered that calcium ions, which are abundant in
nature, are another candidate for coupling ions of the bacte-
rial flagellar motor.

The alkaline-tolerant bacterium Paenibacillus sp. strain
TCA20 which showed Ca*"-dependent growth at pH 7-9
(optimum, pH 8) was isolated from a water sample col-
lected from Tsurumaki Onsen, a well-known hot spring in
Kanagawa Prefecture, Japan, which contains a high ca*t

@ Springer

concentration (1740 mg/L). The draft genome sequence
of this bacterium was reported in 2014 (GenBank:
BBIW00000000.1) (Fujinami et al. 2014).

Adding Ca’* and Mg?>" to the medium moderately
enhanced growth, which was better than without diva-
lent cations. The swimming behavior of this bacterium
showed Ca’*-, Mg?*-, and Sr’*-dependent motility at pH
8.0 (Fig. 7a—c). The draft genome of strain TCA20 shows
that it has two sets of MotA/MotB-like genes, named TCA-
motAl/motB1 and TCA-motA2/motB2. TCA-MotAl and
MotB1 showed moderate resemblance to B. subtilis MotA
and MotB, which constitute the H*-coupled B. subtilis
stator Mot complex (identity: 37 and 31 %, similarity: 61
and 52 %, respectively), and to B. subtilis MotP and MotS,
which constitute the Nat-coupled B. subtilis stator Mot
complex (identity: 36 and 32 %, similarity: 60 and 51 %,
respectively). TCA-MotA2 and MotB2 were shown to be
closely related to B. subtilis MotA and MotB (identity: 53
and 44 %, similarity: 72 and 64 %, respectively). The phy-
logenetic features of the two stator proteins suggest that
TCA-MotA2/MotB2 function as an H'-type stator. How-
ever, TCA-MotA1/MotB1 belong to a different stator clus-
ter than the H™-coupled MotAB or Na'-coupled MotPS
complex (Fig. 3).

The function of the motility cluster containing TCA-
MotB1 has not yet been experimentally characterized,
although each protein was automatically annotated as
MotB in the database. TCA-MotAl/MotBl and TCA-
MotA2/MotB2 from strain TCA-20 were integrated into
the lacA gene locus in the chromosome of motA/motB and
motP/motS-deleted B. subtilis. The strains were designated
TCA-AB1 and TCA-AB2, respectively. Strains AABAPS
carrying B. subtilis motA/motB or B. subtilis motP/motS
were used as individual control strains for H*- or Na*-
coupling motility. As a result, all three strains exhibited
restored motility, and swimming speed was measured in
liquid medium.

The swimming speeds of TCA-AB1 and TCA-AB2 cells
were measured at several Mg>" concentrations in 10 mM
potassium phosphate buffer. TCA-AB1 exhibited no swim-
ming capacity without added Mg?t and stimulated by
Mg?* (Fig. 7d). The same experiment was performed using
CaCl,. However, the tumbling frequency of all strains was
drastically increased and it was very difficult to measure
the linear swimming velocity of each strain. Therefore,
experiments were performed by the addition of only Mg>™,
which indicated that the TCA-AB1 rotor prefers using
Mg?* in the heterologous neutrophilic host.

The protonophore CCCP did not affect TCA-AB1 swim-
ming in the presence of Mg?" at inhibitor concentrations up
to 25 M at pH 8.0 (Fig. 7e). Conversely, the Nat-coupled
flagellar stator inhibitor EIPA did not affect the swimming
of TCA-AB1 and TCA-AB2 in the presence of 10 mM
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Fig. 7 Effect of divalent cations on swimming speed of Paenibacil-
lus sp. TCA20, Escherichia coli, and Bacillus pseudofirmus OF4, and
effect of Mg”, CCCP, and Na* channel inhibitor EIPA on the swim-
ming speed of Bacillus subtilis mutant strains. Swimming speeds
of Paenibacillus sp. TCA20, E. coli, and B. pseudofirmus OF4 cells
were measured in 30 mM Tris—HCI containing several MgCl, (a),
CaCl, (b), or SrCl, (¢) concentrations. The results represent the aver-
age swimming speed of 30 independent cells from three independent
experiments. The error bars indicate standard deviations. BS-AB,

MgCl, and 100 mM NaCl at inhibitor concentrations up to
100 uM (Fig. 7f). These results indicate that the coupling
ions of the TCA-MotAB 1 and TCA-MotAB 2 stator com-
plex are Mg and H, respectively. Additionally, a B. sub-
tilis mutant lacking both a stator and a major Mg>* uptake
system, expressing TCA-MotAB 1, could complement both
growth and motility deficiency under low Mg>* conditions,
and exhibited [Mg?*], identical to that of the wild-type.
These results suggest a coupling of flagellar rotation and
Mg?* uptake.

The stator protein TCA-MotAB 1 has a universally
conserved Asp-33 residue of MotB1 critical for motil-
ity, and predicted as a H-binding site in E. coli (Fig. 4)

BS-PS, OF4PS, TCA-AB1, and TCA-AB2 mutant strains were
grown for 6 h at 37 °C in Spizizen I medium plus 1 mM MgCl, and
1 % xylose at pH 8.0 with shaking. Cells were suspended in 1 mL of
phosphate buffer (pH 8.0) (e), plus the indicated amounts of CCCP
plus 10 mM MgCl, (f), plus the indicated amounts of EIPA plus
10 mM MgCl, and 100 mM NaCl (g), and then incubated at 37 °C
for 10 min. Phosphate buffer contained 10 mM potassium phosphate
(pH 8.0), 5 mM glucose, 1 % (w/v) xylose, 10 ug/mL tryptophan, and
lysine. The swimming speed is the average speed of >30 cells

(Zhou et al. 1998b). A coupling of the ion influx pathway
forms by the third and fourth transmembrane segments of
the MotA subunit and a single transmembrane segment of
the MotB subunit (Braun et al. 2004). There is no further
negative charged amino acid residue near Asp-33 of TCA-
MotB1 and the third and fourth transmembrane segments
of TCA-MotAl. This suggests that divalent cations work
as coupling ions for flagellar rotation in the TCA20 strain;
however, the predicted coupling ion-binding site was a sin-
gle negatively charged side chain of an aspartic acid resi-
due. Using divalent cations for flagellar rotation, the mem-
brane potential would be consumed two times faster than
using monovalent cations. Therefore, it is interesting that
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the motor torque couples with divalent cations as well as
with monovalent cations. This is the first report of a flagel-
lar motor that can use Ca’*, Mg?*, and Sr** as coupling
ions (Imazawa et al. 2016).

Conclusions

Previously, bacterial flagellar motors were thought to be
driven by H* or Na'. However, various other types of fla-
gellar motors have now been identified. It is interesting that
novel motors have been created in the process of microbial
adaptation and evolution in the wild. For example, the alka-
liphile B. clausii KSM-K16 has a MotAB-type flagellar sta-
tor, but this stator can utilize Na% as a coupling ion as well
as HT (Terahara et al. 2008). For KSM-K16, utilization of
the H*-type stator is disadvantageous in an alkaline envi-
ronment. Therefore, this bacterium may have evolutionarily
adapted to utilize Na™ as the coupling ion instead of H' in
a highly alkaline environment.

Alkaliphilic B. alcalophilus AV1934, which was isolated
from human feces, has a MotP/MotS-type stator and shows
potassium-dependent growth and motility at an alkaline pH
(Terahara et al. 2012). In addition, it is believed that Paeniba-
cillus sp. TCA-20, which was isolated from hot springs rich in
calcium ions, also evolved to utilize calcium ions for flagellar
rotation as an adaptation to the environment. This provides an
interesting insight into the evolution of movement of the fla-
gellar motor as a new type of adaptation to the environment.

New findings of third and fourth types of flagellar
motors, which are coupled to potassium ions and divalent
cations, add to the range of diversity identified in flagellar
motor research. There are a variety of extreme environ-
ments on earth and many extremophiles have been found
in such places. If unknown unique microorganisms are
isolated from such environments in the future, they are
expected to possess novel types of flagellar motor that uti-
lize unexpected coupling ions to produce energy for rota-
tion. In addition, it is expected that the identification of
stator genes of microorganisms growing in extreme envi-
ronments will lead to progress in the application of the fla-
gellar motor as a bioengineered synthetic component.
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