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Abstract

The coordination of cell cycle progression and flagellar synthesis is a complex process in motile
bacteria. In y-proteobacteria, the localization of the flagellum to the cell pole is mediated by
the SRP-type GTPase FIhF. However, the mechanism of action of FIhF, and its relationship with
the cell pole landmark protein HubP remain unclear. In this study, we discovered a novel
protein called FipA that is required for normal FIhF activity and function in polar flagellar
synthesis. We demonstrated that membrane-localized FipA interacts with FIhF and is required
for normal flagellar synthesis in Vibrio parahaemolyticus, Pseudomonas putida, and
Shewanella putrefaciens, and it does so independently of the polar localization mediated by
HubP. FipA exhibits a dynamic localization pattern and is present at the designated pole before
flagellar synthesis begins, suggesting its role in licensing flagellar formation. This discovery
provides insight into a new pathway for regulating flagellum synthesis and coordinating

cellular organization in bacteria that rely on polar flagellation and FIhF-dependent localization.
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Introduction

Many cellular processes depend on a specific spatiotemporal organization of its components.
The DNA replication machinery, cell division proteins and motility structures are some
examples of elements that need to be positioned at a particular site during the cell cycle in a
coordinated manner to ensure adequate cell division or proper function of the structures. To
carry out this task, many cellular components of bacteria have a polar organization, i. e. they
are asymmetrically positioned inside the cell, which is particularly apparent in monopolarly
flagellated bacteria. In the marine bacteria Vibrio, which constitutively express a single polar
flagellum (McCarter 1995; Kim and McCarter 2000), it is crucial to coordinate the localization
and timing of flagellar components, in order to guarantee that newly born cells only produce
a flagellum around cell division. This process is coordinated with the chromosome replication
and the chemotaxis clusters through a supramolecular hub that is tethered at the old cell pole
(Takekawa et al. 2016; Yamaichi et al. 2012). This organization depends on ATPases of the
ParA/MinD family, which regulate the migration of the hub components to the new cell pole
as the cell cycle progresses. In this way, the new cell has a copy of the chromosome and a set
of chemotaxis clusters positioned next to what will be the site for the new flagellum. Central
to this process is the protein HubP, which recruits to the pole the three ATPases responsible
for the localization of these organelles: ParA1l for the chromosome (Fogel and Waldor 2006),
ParC for the chemotaxis clusters (Ringgaard et al. 2011) and FIhG for the flagellum (Correa,
Peng, and Klose 2005; Arroyo-Pérez and Ringgaard 2021). Orthologs of HubP occur in several
species, e.g., Pseudomonas (where it is called FimV), Shewanella or Legionella, where they
similarly act as organizers (hubs) of the cell pole (Wehbi et al. 2011; Rossmann et al. 2015; Coil

and Anné 2010).

The bacterial flagellum is a highly intricate and complex subcellular structure. It is composed
of around 25 different proteins, which have to be assembled in different stoichiometries in a
spatiotemporally coordinated manner (Macnab 2003; Chevance and Hughes, 2008). Although
there may be significant differences among species, flagella in general are composed of a
motor attached to the cytoplasmic membrane, a rod connecting it to the extracellular space,
a hook and a filament. The basal body is composed of a cytoplasmic C-ring or switch complex
(Francis et al. 1994), which receives the signal from the chemotaxis proteins and transfers it

to the MS ring, which is embedded in the cytoplasmic membrane (Homma et al. 1987; Ueno,
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80 Oosawa, and Aizawa 1992). Attached to it, on the cytoplasmic side, is the export apparatus,
which allows secretion of rod, hook and filament components (Minamino 2014). Flagella can
also be sheathed, if an extension of the outer membrane covers the filament, as is the case in

many Vibrio species (Chen et al. 2017).

85 The positioning and counting of the flagella are mediated in many bacteria by the interplay
between two flagellar regulators, FIhF and FIhG. Studies in a wide variety of proteobacteria
indicate that FIhG is a negative regulator that restricts the number of flagella that are
synthesized. In organisms such as strains of Vibrio, Shewanella putrefaciens and Pseudomonas
aeruginosa, the absence of MinD-like ATPase FIhG results in hyper-flagellated cells (Kusumoto

90 et al. 2006; Arroyo-Pérez and Ringgaard 2021; Schuhmacher et al. 2015; Blagotinsek et al.,
2020; Campos-Garcia et al. 2000; Murray and Kazmierczak 2006). In contrast, in polarly
flagellated species such as Campylobacter jejuni, Vibrio cholerae, Vibrio parahaemolyticus, P.
aeruginosa, S. putrefaciens and Shewanella oneidensis, the SRP-type GTPase FlhF is a positive
regulator of flagellum synthesis and necessary for proper localization. A deletion of flhF results

95 in reduced number and mis-localization of flagella (Hendrixson and Dirita 2003; Correa, Peng,
and Klose 2005; Arroyo-Pérez and Ringgaard 2021; Pandza et al. 2000; Rossmann et al. 2015;
Gao et al. 2015, Navarrete et al, 2019).

The current model predicts that GTP-bound dimeric FIhF (Bange et al. 2007; Kondo et al. 2018)
localizes to the cell pole to where it recruits the initial flagellar building blocks, e.g., the MS-
100 ring protein FliF (Green et al., 2009). A long-standing question is how FIhF recognizes and
localizes to the designated cell pole. In P. aeruginosa and V. alginolyticus it was demonstrated
that FIhF localized polarly upon ectopic production in the absence of the flagellar master
regulator FIrA (Green et al. 2009; Kondo, Homma, and Kojima 2017). It was therefore
speculated that FIhF assumes its polar localization in the absence of other flagellar proteins or
105 even without any further additional protein factors. The underlying mechanism, however,
remains enigmatic, given that neither in its monomeric nor its dimeric form, FIhF possesses
any regions that would indicate a membrane association.
Here, we provide evidence demonstrating that FIhF does not localize independently. Instead,
we show that FipA, a small integral membrane protein with a domain of unknown function, is
110 (co-)responsible for recruiting FIhF to the membrane at the cell pole and, at least in some

species, it acts in concert with the polar landmark protein HubP/FimV. Using V.
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parahaemolyticus and two additional polarly flagellated y-proteobacteria, the monopolarly
flagellated S. putrefaciens and the lophotrichous P. putida, we show that FipA universally
mediates recruitment of FIhF to the designated cell pole. The spatiotemporal localization
115 behavior of FipA as well as its relationship to FIhF, support its role as a licensing protein that

enables flagellum synthesis.

Results

Identification of an FIhF protein interaction partner: FipA

120 In order to identify potential factors required for FIhF function and its recruitment to the cell
pole, we performed affinity purification of a superfolder green fluorescent protein (sfGFP)-
tagged FIhF (FIhF-sfGFP) ectopically expressed in wild-type V. parahaemolyticus cells followed
by shotgun proteomics using liquid chromatography-tandem mass spectrometry analysis (LC-
MS/MS). Among the proteins that were significantly enriched in FIhF-sfGFP purifications, eight

125 were structural components of the flagellum (Fig. 1A; Supplementary Table S1), but also a
non-flagellar protein, VP2224, was significantly co-purified with FIhF (Fig. 1A; Supplementary
Table S1). The homologue of VP2224 in V. cholerae, there named FIrD, was previously shown
to exert the same activating role on flagellar gene regulation as FIhF (Moisi et al. 2009),
suggesting a function related to FIhF. Notably, FIhF was also significantly co-purified in the

130 reciprocal co-IP-MS/MS experiment using VP2224-sfGFP as bait (Fig. 1B), suggesting a direct
or indirect interaction of VP2224 and FIhF. To further investigate the co-purification data,
bacterial two-hybrid (BACTH) assays in the heterologous host E. coli were carried out and
suggested a direct interaction between FIhF and VP2224. FIhF and VP2224 were also found to
self-interact (Fig. 1E). Additionally, these data indicated that FIhF and VP2224 form an

135 interaction complex in both the native and a heterologous host organism. Thus, we identified
VP2224 as a novel interaction partner of FIhF and named it FipA for FIhF Interaction Partner
A.
FipA constitutes a new family of FIhF interaction partners

140 The gene encoding FipA is located immediately downstream of the flagellar operon that
encodes FlIhA, FIhF, FIhG, FliA and the chemotaxis proteins (Fig. 1C). In V. parahaemolyticus,
FipA consists of 163 amino acids with a molecular mass of 18.4 kDa. In silico analysis and

membrane topology mapping predicted that FipA consists of a short periplasmic N-terminal
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part, consisting of amino acids 1-5, followed by a transmembrane region (6-28), and a
145 cytoplasmic part harboring a coiled region (amino acids 31-58) and a domain of unknown
function, DUF2802, positioned in the C-terminal half of the protein (from amino acids 68-135)
(Fig. 1D; Supplementary Fig. S1).
InterPro database analyzes found that FipA homologues (i. e. membrane proteins consisting
of a single cytoplasmic DUF2802 repeat) are widespread among y-proteobacteria. Exceptions
150 are the Enterobacteriaceae, which do not possess any copies of either fipA nor of flhF and
flhG. Actually, FipA is only present in genomes that also encode FIhF and FIhG (Fig. 1G), which
prompted the question of whether FipA is involved in regulating the flagellation pattern in
concert with the FIhF-FIhG system. By including in our analysis the flagellation pattern
reported in the literature, we found that the species that encode FipA are all polar flagellates,
155 either monotrichous or lophotrichous (Fig. 1G). FipA homologues are absent from bacteria
that use the FIhF-FIhG system to produce different flagellation patterns, like the peritrichous
Bacillus, the amphitrichous e-Proteobacteria or Spirochetes (Supplementary Table S2). In the
o-Proteobacteria, where FIhF homologues are only present in a few species, FipA is absent as
well (Fig. 1G).
160
Based on these analyzes, we hypothesized that FipA represents a new family of FIhF
interaction partners important for the y-proteobacteria. To test this hypothesis, we decided
to analyze FipA function in our monotrichously flagellated model organism V.
parahaemolyticus, the distantly related and lophotrichously flagellated Pseudomonas putida
165 and the monotrichous Shewanella putrefaciens. BACTH analysis showed that the FipA
orthologue from both P. putida (PpFipA, PP_4331) and S. putrefaciens (SpFipA,
SputCN32_2550) interact with FIhF of their respective species and that they self-interact (Fig.
1F; Supplementary Fig. S2) — a result similar to that of FipA from V. parahaemolyticus
(VpFipA). This supported our hypothesis and indicated that FipA has a general function as an

170  FlhF interaction partner, thus constituting a new class of FIhF interaction partners.

FipA is required for proper swimming motility and flagellum formation
We continued our studies of FipA in the three organisms V. parahaemolyticus, P. putida and
S. putrefaciens in parallel. To avoid interference with the secondary non-polar flagellar system

175 of S. putrefaciens, we used a strain that is unable to form the secondary flagella (AflaAB;), to
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which we will refer to as S. putrefaciens wild type in this study. For the swimming assays in
soft agar, a strain of V. parahaemolyticus deleted in the lateral flagellin gene (A/lafA) was used
as the background.
We first generated strains with individual deletions of the fipA and flhF genes. Strikingly,
180 absence of FipA in V. parahaemolyticus completely abolished swimming motility in soft-agar
medium, to the same degree as cells lacking FIhF (Fig. 2A). Furthermore, single-cell tracking of
planktonic V. parahaemolyticus cells confirmed that cells lacking FipA were completely non-
motile and behaved identical to cells lacking FIhF (Fig. 2B). Importantly, ectopic expression of
FipA in the AfipA strain restored the strain’s swimming ability to wild-type levels (Fig. 2B),
185 further supporting that it is the deletion of fipA that results in the phenotype and not polar
effects resulting from the fipA deletion. The C-terminal FipA-sfGFP fusion used throughout this
paper also restored the phenotype (Fig. 2B), indicating that the fusion protein is fully
functional.
A similar phenotype was observed for P. putida cells lacking FipA, however, the phenotype
190 was not as pronounced as that observed in V. parahaemolyticus (Fig. 2A, 2C). While cells
lacking FIhF were severely affected in their ability to spread through soft agar (around 40% of
wild-type spreading, Fig. 2C), fipA deletion strains of P. putida were still able to spread, with
only a ¥25% reduction.
A different phenotype was observed for S. putrefaciens mutants. Firstly, cells lacking flhF were
195 still able to spread in soft agar about half as far as wild-type cells. Secondly, the deletion of
fipA only had a minor effect on spreading, as the mutants almost reached 90% of wild-type
spreading (Supplementary Fig. S3). Altogether, these results indicate that FipA is necessary
for normal flagella-mediated swimming motility in all three model species, albeit at a different
extent reaching from almost complete loss of swimming in V. parahaemolyticus to only a small

200 effectin S. putrefaciens.

FipA is required for proper assembly of the polar flagellum

The swimming phenotypes in the absence of FipA could result from defects in either flagellum

assembly or in the flagellar motor performance. To differentiate between these possibilities,
205 we examined V. parahaemolyticus by transmission electron microscopy (TEM) (Fig. 2D, E) and

P. putida and S. putrefaciens by fluorescent labeling of the flagellar filament(s) (Fig. 2F, G;

Supplementary Fig. S3). Planktonic V. parahaemolyticus cells lacking either FIhF or FipA,
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showed a complete absence of flagella on the bacterial surface, while a single polar flagellum
was observed in ~50 % of wild-type cells (Fig. 2D, E). Flagellum quantification in P. putida

210 showed that the deletion of PpFIhF drastically decreased flagellar formation, but in contrast
to V. parahaemolyticus, did not abolish flagellation completely. Delocalization of flagella was
also observed in ~5 % of P. putida AfIhF cells (Fig. 2F-G). The deletion of PpFipA had a more
modest effect than in V. parahaemolyticus, reducing the number of flagellated cells to about
half of that of the wild type (down to ~36% from ~77%, Fig. 2G). In S. putrefaciens, deletion of

215 fipA also results in a decrease in flagellation, albeit again at a lower extent (AfipA, 42%; wild
type 57%). Similarly, as previously reported (Rossmann et al, 2015), loss of SpFIhF only reduces
the proportion of flagellated cells (to 35%). However, in most of the flagellated AflhF mutants,
the flagella were displaced away from the pole (28%), which was not observed in AfipA
mutants.

220 Based on this set of experiments, we concluded that FipA and FIhF are essential for normal
formation of polar flagella in all three bacterial model species, but their precise function might

be different.

FipA and HubP ensure proper localization of FIhF to the cell pole

225 As our previous results showed an interaction between FipA and FlhF, we analyzed if the
intracellular localization of FIhF was influenced by FipA. In this regard, we used functional
translational fusions of FIhF to fluorescent proteins expressed from its native site on the
chromosome in V. parahaemolyticus, P. putida and S. putrefaciens (Supplementary Figs. S4
and S5; Arroyo-Pérez and Ringgaard 2021; Rossmann et al. 2015).

230 In V. parahaemolyticus, FIhF localized either diffusely in the cytoplasm or to the cell pole as
previously reported (Arroyo-Pérez and Ringgaard 2021). However, a significant delocalization
of FIhF from the cell pole occurred in the absence of FipA (Fig. 3A-C). Particularly, FIhF was
diffusely localized in ~¥37% of cells or localized to the cell pole in a uni- and bi-polar manner in
~45% and ~19%, respectively, compared to wild-type cells (Fig. 3B). Absence of FipA

235 significantly reduced localization of FIhF to the cell pole with a concomitant increase in
diffusely localized FIhF (70%; Fig. 3A-C). Furthermore, the foci of FIhF at the cell pole in the
absence of FipA were significantly dimmer compared to wild-type FIhF foci (Fig. 3D), indicating
that the amount of FIhF localized to the cell pole is lower in the absence of FipA. Importantly,

even though FIhF was still able to localize to the cell pole in a certain number of cells lacking
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240 FipA, no flagellum was formed in this background (Fig. 2D-E), thus indicating that FipA not only
is required for proper polar recruitment of FIhF, but also for the stimulation of flagellum
formation.

Given the role of HubP in cell pole organization and its reported interaction with FIhF
(Yamaichi et al, 2012), we also analyzed the localization of FIhF in the absence of HubP. As for

245  FipA mutants, recruitment of FIhF to the cell pole was reduced in the absence of HubP (Fig.
3A-C). Strikingly, in the double deletion strain AfipA AhubP, FIhF did not localize as foci at the
cell pole at all but was instead localized diffusely in the cytoplasm in 100% of cells (Fig. 3A-C).
Immunoblot analysis showed that the difference in localization of FIhF-sfGFP was not due to
differences in expression levels (Supplementary Fig. S5A).

250 The requirement for FipA and FimV (the HubP ortholog in P. putida) for FIhF-mCherry
localization in P. putida was even stronger, with ~95 and ~90% cells with diffuse FIhnF-mCherry
signal in their absence, respectively (Fig. 3E, F). FIhF was also completely delocalized in the
double mutant AfipA AfimV. Unfortunately, the signal from the mCherry fusion was too weak
to reliably measure the foci intensities in these strains, which may partly be due to instability

255  of the fusion.

Furthermore, analysis of FIhF-mVenus localization in S. putrefaciens confirmed that FIhF
localization was not affected in a AhubP background (Supplementary Fig. S6; Rossmann et al,
2015). In a S. putrefaciens mutant lacking fipA, monopolar localization of FIhF-mVenus
decreased to 63% of the cells (wild type 86%; Supplementary Fig. S6) and in a number of cells

260 (35% compared to 3% in the wild type), localization was lost completely and the signal became
diffuse in the cytoplasm. Moreover, in a mutant lacking both hubP and fipA, dislocalization of
FIhF-mVenus became more pronounced, as only weak polar localization occurred in 45% of
the cells, while in 35% of the cells polar fluorescence was completely lost and FIhF-mVenus
was distributed in the cytoplasm.

265 Altogether, these data show that both FipA and HubP work together to promote normal polar

localization of FIhF.

Membrane anchoring of FipA is required for its function in regulating flagellum formation
and proper FIhF localization
270 In order to identify the regions of FipA mediating its role in flagellum regulation, we next

analyzed the N-terminal transmembrane domain for FipA membrane anchoring and its
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function in mediating proper flagellum production. When expressed in E. coli, a C-terminally
GFP-tagged version of FipA (VpFipA-sfGFP) showed a clear membrane localization, while a
FipA variant deleted for the predicted transmembrane (TM) domain between residues 7-27
275 (FipAATM), was diffusely localized in the cytoplasm (Fig. 4A). These observations show that
FipA is indeed a membrane protein anchored by the predicted transmembrane domain. To
then study the function of FipA membrane localization, the native fipA locus was replaced by
a gene encoding a FipA variant lacking the N-terminal TM domain, and the resulting strain
(fipA ATM) was analyzed for flagellum production. The V. parahaemolyticus strain carrying this
280 mutation did not produce any flagella at all (Fig. 4B), as did the AfipA strain (Fig. 2D). Similarly,
the fipA ATM mutation in P. putida had the same swimming defect as the deletion of fipA (Fig.
4C), indicating that the attachment to the membrane is essential for FipA function also in this
species.
In S. putrefaciens, loss of the FipA TM domain had rather little effect on flagella-mediated
285 spreading through soft agar (Supplementary Figs. S3A. However, this was expected as in S.
putrefaciens the full deletion of FipA alone exerts only little effect on swimming and FIhF

localization (Supplementary Figs. S3A, B).

A conserved cytoplasmic domain in FipA mediates interaction with FIhF

290 After validating an essential role for membrane anchoring of FipA, we analyzed in more detail
the cytoplasmic DUF2802 domain. By aligning various FipA homologs, we identified a motif of
conserved amino acids, and three of them (G110, E126 and L129 of VpFipA) were 100%
conserved among FipA homologues (Fig. 5A). Therefore, we chose these amino acids for
mutagenesis.

295 Alanine substitutions of residues G110 and L129 abolished the interaction between VpFipA
and VpFIhF in BACTH analysis, while the E126A substitution did not affect the interaction (Fig.
5B). All these variants were, however, still able to self-interact with wild-type VpFipA (Fig. 5B).
The corresponding substitutions in PpFipA (G104A and L123A) also abolished the interaction
with PpFlhF; the mutation in the glycine had a less pronounced effect as in V.

300 parahaemolyticus (Fig. 5C). None of these mutations affected the self-interaction of FipA (Fig.
5C). In S. putrefaciens, the corresponding residue substitutions in SpFipA (G106A and L118A)
also suppressed interaction with FIhF, but not with itself (Supplementary Fig. S7A).

Altogether, these results suggest that conserved residues in the DUF2802 domain support the

10
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interaction between FipA and FlhF, and that the self-interaction is mediated by a different

305 region.

Interaction between FipA and FIhF is required for FipA function on regulating flagellum
formation and FIhF localization
We proceeded to evaluate the role of these residues in vivo. After introducing the mutations
310 inthe fipA gene in its native loci, the effects on motility were almost indistinguishable from a
AfipA mutation. In V. parahaemolyticus, this resulted in completely non-motile cells in
planktonic cultures (Fig. 5D). In P. putida, the effect was again less pronounced, but there was
a reduction in the swimming halo of the same magnitude as in the AfipA background. Only the
G104A mutation had a less pronounced phenotype, which was still significantly different from
315 the wild-type (Fig. 5E).
The localization of FIhF was also affected by the point mutations in fipA. Cells of V.
parahaemolyticus expressing VpFIhF-sfGFP natively had reduced polar localization when
VpFipA was substituted with either G110A or L129A (Fig. 5F), with almost 50% of cells
presenting only diffuse VpFlhF-sfGFP signal. The effect was more pronounced in P. putida,
320 with almost 90% percent of cells presenting diffuse PpFIhF-mCherry signal in the presence of
PpFipA G104A or L123A, very close to the ~95% of cells in the AfipA background (Fig. 5G). The
general effect of the point mutations in S. putrefaciens was also similar to the deletion of fipA,
where it has a weaker effect than in the other two organisms (Supplementary Fig. S7). Thus,
it seems that the DUF2802 domain of FipA is responsible for the effect of FipA on motility, and
325 that its effects occur primarily through the interaction with FIhF. Furthermore, the

interruption of FipA-FIhF impedes the recruitment of FIhF to the cell pole.

Cell cycle-dependent polar localization of FipA

Given FipA’s function on regulating correct recruitment of FIhF to the cell pole, we next
330 analyzed the intracellular localization of FipA in our three model organisms, V.

parahaemolyticus, P. putida and S. putrefaciens. To this end, a hybrid gene bearing a fusion of

fipA to sfgfp was used to replace native fipA in all three species, resulting in stable and

functional production of FipA C-terminally tagged with sfGFP (Supplementary Fig. S8). In wild-

type strains of all three organisms, FipA formed distinct foci at the cell pole, either uni- or bi-

335 polarly (Figs. 6A, B and Supplementary Fig. $9). No delocalized foci were ever observed. A
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remarkable difference between P. putida and V. parahaemolyticus is that in P. putida, FipA
occurred as foci in virtually all cells (Fig. 6B), whereas in V. parahaemolyticus, it remained
diffuse in half of the population (Fig. 6A). The ratio of bi-polar to uni-polar foci was also greater
in P. putida (~1:2) than in V. parahaemolyticus (~1:5). This behavior was explored further by

340 following the proteins through the cell cycle in the two organisms. In V. parahaemolyticus,
FipA foci disappear frequently (Fig. 6C; 14’). A new focus appears at the opposite pole,
sometimes before cell division (Fig. 6C; 56’), sometimes after (Fig. 6C; 42’). On rare cases, the
first focus persists until after the second focus appears, resulting in bipolar foci (Fig. 6C; 63’).
On the other hand, in P. putida, the FipA foci were more stable, and foci at both poles often

345 persisted until cell division. In fact, appearance of the second focus at the new pole frequently
occurred right after cell division (Fig. 6D; 50’), explaining the greater bi-polar to uni-polar ratio
of FipA foci in this organism. These results are consistent with a protein that is recruited to
the cell pole right before the start of the flagellum assembly after cell division, albeit the timing
may vary between different species.

350

Polar localization of FipA depends on the FipA-FIhF interaction and on HubP
Finally, we determined whether FIhF plays a role in FipA localization. To this end, FIhF was
deleted in the strains expressing FipA-sfGFP from its native promoter. AlImost no FipA foci
were detected in this background for both V. parahaemolyticus (Fig. 7A-C) and P. putida (Fig.
355 7D-F), even though the protein levels of FipA were comparable to that in the wild type
(Supplementary Fig. S8).
Furthermore, the FipA variants that do not interact with FIhF (Fig. 5B, C), were also labeled in
the native fipA locus with sfGFP. Both VpFipA G110A and VpFipA L129A were incapable of
forming polar foci (Fig. 7B, C). The corresponding variant in P. putida, PpFipA L123A was also
360 mostly distributed in the cytoplasm, whereas the variant PpFipA G104A did exhibit some polar
localization, although reduced (Fig. 7E, F). This is the variant that did show some interaction
with PpFIhF (Fig. 5C, G).
Altogether, these results suggest that, in V. parahaemolyticus and P. putida, a direct
interaction with FIhF, mediated by the residues in the DUF2802, is responsible for recruiting
365 FipA to the pole. Surprisingly, in S. putrefaciens mutants deleted in flhF, FipA displayed only a
slight difference in polar localization (Supplementary Fig. S9). However, a SpFipA G106A

reduced the protein’s localization (to ~50% cells with foci). It is likely that in S. putrefaciens,
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HubP is (co-)mediating the localization of FipA, as in the absence of HubP, FipA-sfGFP at the

cell pole drastically decreases (Supplementary Fig. S9).

370

Discussion

In bacteria, numerous processes are localized to specific cellular compartments. This is
particularly evident in polarly flagellated bacteria, where the intricate flagellar multicomplex
needs to be synthesized in a spatiotemporally regulated fashion. Flagellar synthesis is initiated
375 by the assembly of the first flagellar building blocks within the cytoplasmic membrane, which
in polar flagellates is targeted to the designated cell pole. In a wide range of bacterial species,
the SRP-type GTPase FIhF and its antagonistic counterpart, the MinD-like ATPase FIhG,
regulate flagellar positioning and number (Kazmierczak and Hendrixson 2013, Schuhmacher,
Thormann, and Bange 2015). In particular, FIhF has been shown to function as a positive
380 regulator and a major localization factor for the initial flagellar building blocks of polar flagella.
Upon production, GTP-bound dimeric FIhF localizes to the cell pole, but the mechanism by
which the protein assumes its designated position at the cell pole, remained elusive. One
candidate protein, the polar landmark HubP (FimV in Pseudomonas sp.) had been identified
earlier and was shown to interact with FIhF in V. parahaemolyticus (Yamaichi et al, 2012).
385 Accordingly, polar localization of FIhF is decreased in mutants lacking hubP (this study;
Rossmann, Brenzinger et al, 2015), however, in a number of cells FIhF localized normally and
the cells showed normal flagellation. This was indicative that HubP does play a role in
functionally recruiting FIhF, but that another factor was still missing. In this study we identified
the protein FipA as a second polarity factor for FIhF.
390
FipA consists of an N-terminal transmembrane domain and a cytoplasmic region with a
conserved domain of unknown function (DUF2802). The corresponding gene is located
immediately downstream of the motility operon that includes flhF and flhG. Notably, FipA is
highly conserved among bacteria that use the FIhF/FIhG system to position the flagella,
395 strongly suggesting that FipA has evolved together with FIhF and FIhG to regulate the
flagellation pattern. In this study, we therefore investigated three distantly related y-
proteobacteria including one lophotrichous species, V. parahaemolyticus, P. putida and S.
putrefaciens, in more detail. We found that FipA is conserved as a regulatory factor of FIhF

and that its functions rely on similar features in all three species.
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400
FipA is essential for normal flagellum synthesis, however, the severity of a fipA deletion
differed among the three species studied. In V. parahaemolyticus, a fipA deletion phenocopies
the loss of flhF, and cells no longer synthesize flagella. Notably, in the absence of FipA in V.
parahaemolyticus, FIhF is still localized at the pole in about a third of the cells. Despite this,
405 these cells were still unable to form flagella, strongly suggesting that occurrence of FIhF at the
pole alone is not sufficient to trigger flagellum synthesis in the absence of FipA.
This strict requirement for FIhF has been reported in the closely related V. alginolyticus
(Kusumoto et al, 2009). On the other hand, in V. cholerae, the requirement for FIhF on
flagellation is less strict (Green et al, 2009), and in P. putida and S. putrefaciens even less so:
410 mutants deleted in flhF or fipA of both species can generally still produce flagella and swim
(this work; Rossmann et al, 2015). In P. putida, a AfipA mutant has a phenotype reminiscent
to a AflhF mutant as both drastically decrease the number of flagella, which may also be
delocalized in flhF mutants (Pandza et al, 2003). In S. putrefaciens, deletion fipA decreases the
number of flagella to a similar extent as a flhF mutation, however, while in the latter case the
415 flagella are frequently delocalized, the flagella remain at a polar postion, when fipA is missing.
Taken together, these results strongly suggest that FipA does not act as a general polarity
factor for the full flagellar machinery, but rather it stimulates the activity of FIhF to initiate

polar flagellation.

420 FipA and HubP affect polarity of FIhF through different mechanisms
In all three species, FipA directly interacts with FIhF as demonstrated by reciprocal co-immuno
precipitations and by bacterial two-hybrid assays. These experiments suggest that FipA is able
to dimerize (or oligomerize) and that the FIhF-FipA interaction is dependent on conserved
residues in the DUF2802 domain. Furthermore, these residues are not required for the ability

425 of FipA to interact with itself, suggesting that the two processes occur independently and at
different protein interfaces. Microscopic and physiological assays showed that direct
interaction between FIhF and FipA is required for FIhF targeting and function. In addition, a
FipA mutant lacking its N-terminal transmembrane domain was non-functional, indicating that
interaction of FIhF and FipA has to take place at the membrane.

430
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In the absence of FipA, polar localization of FIhF was significantly decreased in all three species
and almost completely diminished when hubP was deleted together with fipA. Removing
HubP/FimV alone had a similar effect as removing FipA on the localization of FIhF, although to
a lesser extent, as more cells still had polar FIhF in the AhubP/fimV mutant than in the AfipA
435 mutant. Furthermore, the unipolar to bipolar ratio of FIhF foci increased in the AhubP mutant
compared to the wild-type or the AfipA background. While the deletion of fipA increases the
number of cells with diffuse localization, it does not affect the time frame in the cell cycle at
which FIhF shifts from unipolar to bipolar in V. parahaemolyticus. In contrast, deleting hubP
delays the time frame in which FIhF assumes a bipolar position. This indicates that HubP and
440 FipA represent two different pathways that stimulate polar localization of FIhF, and that both
are required to bring sufficient (active) FIhF molecules to trigger MS-ring formation and start

flagellum assembly.

Localization of FipA
445 A notable feature of FipA is its dynamic localization pattern within the cell over the cell cycle
in all three species studied, the nature of which is unclear so far. Foci of FipA may appear
mono- or bipolarly and frequently, but not necessarily, disappear once the flagellar apparatus,
or the flagellar bundle in the case of P. putida, is established. It remains to be shown whether
the FipA protein is actively moving from one pole to another or if newly formed FipA is
450 recruited to the opposite pole while being degraded at the old position. Notably, in V.
parahaemolyticus and P. putida FipA does not localize polarly in the absence of interaction
with FIhF, suggesting that both proteins are recruited as a complex.
In contrast, in S. putrefaciens, FipA still localizes to the cell pole also in the absence of FIhF as
long as the polar landmark HubP is present. This is indicating a more important role for HubP
455 inthis species. However, also in S. putrefaciens active FIhF localizes to the cell pole and flagella
are formed in the absence of HubP. The nature of the polar marker that recruits or guides FipA
or a FipA/FIhF to the designated pole is still elusive. The discovery of FipA provides a new point
where spatiotemporal organization is coordinated. However, it remains to be explored if the
complex is anchored through yet another protein, such as the TonBm-PocA-PocB complex in
460 P. putida (Ainsaar et al, 2019) or through an intrinsic feature of the cell envelope or cytoplasm

during cell division.
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How does FipA upgrade the current model of polar flagellar synthesis?
Based on the findings in different species, our current model of FIhF/FIhG-mediated polar
465 flagellar synthesis predicts, that upon production, GTP-bound dimeric FIhF is localizing or
being recruited to the cell pole to where it recruits the first flagellar components to initiate
the assembly. The monomeric form of the ATPase FIhG, the FIhF antagonist, is binding to the
flagellar C-ring building block FliM and is transferred to the nascent flagellar structure, where
it is released and dimerizes upon ATP binding (Schuhmacher et al, 2015; Blagotinsek et al,
470 2020). The ATP-bound FIhG dimer can associate with the membrane and interact with the
GTP-bound FIhF dimer, thereby stimulating its GTPase activity. This leads to monomerization
of FIhF and loss of polar localization (reviewed in Kojima, Terashima, and Homma 2020;
Schuhmacher et al., 2015). Dimeric FIhG does also interact with the master regulator of flagella
synthesis, FIrA (or FleQ in Pseudomonas) and prevents the synthesis of further early flagellar
475 building blocks (Dasgupta & Ramphal, 2001; Blagotinsek et al, 2020; Chanchal et al, 2021). By
this, FIhG links flagella synthesis with transcription regulation and effectively restricts to
number of polar flagella that are formed. Based on this model, FipA may recruit FIhF to the
membrane and stimulate or stabilize GTP binding and dimerization of FIhF to promote polar
localization and initiation of flagella synthesis. Thus, the role of FipA is to shift the equilibrium
480 to the active state of FIhF in order to start assembly of the MS ring. Accordingly, current
studies address the structural basis of the FipA-FIhF interaction, the potential effect of FipA
on GTP-binding and dimerization of FIhF, and the role of the polar marker HubP in this process.
In addition, fipA expression is independent of the rest of the flagellar genes in other species
of Vibrio (Moisi et al. 2009; Petersen et al. 2021) and S. putrefaciens (Schwan et al, 2022).
485 Thus, fipA transcription could provide another regulatory point to lead to the synthesis of a
flagellum. Thus, the discovery of FipA opens several novel open questions in the field of

flagellum regulation.

490 Materials and methods
Growth conditions and media
In all experiments V. parahaemolyticus, and E. coli were grown in LB medium or on LB agar
plates at 37°C containing antibiotics in the following concentrations: 50 pg/mL kanamycin, 100

pug/mL ampicillin and 20 upg/mL chloramphenicol for E. coli and 5 pg/mL for V.
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495 parahaemolyticus. S. putrefaciens CN-32 and P. putida KT 2440 were grown in LB medium or
LB agar plates at 30 °C. When required, the media were supplemented with 50 pg/mL

kanamycin, 300 uM 2,6-diaminopimelic acid and/or 10 % (w/v) sucrose.

Strains and plasmids

500 The strains and plasmids used in this study are listed in Tables S3 and S4, respectively. Primers
used are listed in Table S5. E. coli strain SM10Apir was used to transfer DNA into V.
parahaemolyticus by conjugation (Miller & Mekalanos, 1988). For DNA transfer into S.
putrefaciens and P. putida, E. coli WM3064 was used. E. coli strains DH5aApir and SM10Apir
were used for cloning. Construction of V. parahaemolyticus deletion mutants was performed

505 with standard allele exchange techniques using derivatives of plasmid pDM4 (Donnenberg &
Kaper 1991). Chromosomal deletions and integrations in S. putrefaciens and P. putida were
carried out by sequential crossover as previously described (Rossman et al. 2015) using

derivatives of plasmid pNPTS138-R6K (Lassak et al. 2010).

510 Construction of plasmids
Plasmid pSW022: The regions flanking vp2224 (fipA) were cloned with primers VP2224-del-a/
b and VP2224-del-c/ d, using V. parahaemolyticus RIMD 2210633 chromosomal DNA as
template. The resulting products were fused in a third PCR using primers VP2224-del-a/
VP2224-del-d. The end product was digested with Xbal and ligated in the equivalent site of
515 vector pDM4, resulting in plasmid pSW022. The mutation in V. parahaemolyticus was
confirmed with a PCR using primers VP2224-del-a/VP2224-check. Plasmid pPM123: The
regions flanking aa 7-27 of vp2224 (fipA) were cloned with primers VP2224-del-a/ del AA7-27
vp2224-b and del AA7-27 vp2224-c/ VP2224-del-d, using V. parahaemolyticus RIMD 2210633
chromosomal DNA as template. The resulting products were fused in a third PCR using primers
520 VP2224-del-a/ VP2224-del-d. The end product was digested with Xbal and ligated in the
equivalent site of vector pDM4, resulting in plasmid pPM123. The mutation in V.
parahaemolyticus was confirmed with a PCR using primers VP2224-del-a/VP2224-check.
Plasmid pPM178: The gene vp2224 (fipA) was amplified from V. parahaemolyticus RIMD
2210633 chromosomal DNA with primers C-term sfGFP-vp2224-a/-b; the downstream region
525 with primers C-term sfGFP-vp2224-e/f; the gene encoding sfGFP with C-term sfGFP-vp2224-

c/d from plasmid pJHO36. The three products were fused together in another PCR using
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primers C-term sfGFP-vp2224-a/f. The obtained product, encoding FipA fused in frame to
sfGFP via a 5-residue linker, was digested with Spel and Sphl and ligated in vector pDM4
digested with Xbal and Sphl, resulting in plasmid pPM178. The mutation in V.
530 parahaemolyticus was confirmed with a PCR using primers C-term sfGFP-vp2224-f/VP2224-
check. Plasmid pPM179 & pPM180: The region upstream of vp2224 (fipA) were amplified as
for pPSW022. The downstream region was amplified with downstream vp2224-cw/VP2224-del-
d from V. parahaemolyticus RIMD 2210633. The gene vp2224 itself was amplified with primers
vp2224 cw restore deletion/vp2224 ccw restore deletion, from plasmids pEPO05 & pEP006,
535 carrying the mutations G110A and L129A. The products were fused in a third PCR using
primers VP2224-del-a/ VP2224-del-d. The end product was digested with Xbal and ligated in
the equivalent site of vector pDM4, resulting in plasmids pPM179 & pPM180. The the re-
insertion in V. parahaemolyticus SW01 was confirmed with a PCR using primers VP2224-del-
a/VP2224-check. Plasmid pPM187 & pPM191: The insertion of sSfGFP at the C-terminus of FipA
540 was cloned with the same strategy for pPM178, but using pPM179 & pPM180 as templates
for the vp2224 sequence, resulting in plasmids pPM191 & pPM187, respectively. Plasmid
pPM146: The gene vp2224 (fipA) was amplified from V. parahaemolyticus RIMD 2210633
chromosomal DNA with primers vp2224-cw-pBAD/vp2224-ccw-pBAD. The product was
digested with enzymes Xbal and Sphl, and inserted in the corresponding site in plasmid
545 pBAD33. Plasmid pPM159: The gene vp2224 (fipA) was amplified from V. parahaemolyticus
RIMD 2210633 chromosomal DNA with primers C-term sfGFP-vp2224-a/-b, and the gene
encoding sfGFP with C-term sfGFP-vp2224-c/sfGFP-1-ccw from plasmid pJH036. The resulting
products were fused in another reaction with primers C-term sfGFP-vp2224-a/sfGFP-1-ccw,
and this final product was digested with Xbal and cloned in pBAD33. Plasmid pPM194: Same
550 as pPM159, but vp2224 ATM was amplified from pPM123 using primers vp2224 AA1-6/28-
end w/o Stop/sfGFP-1-ccw. Plasmids pSW74 & pSW119: The region of the gene vp2224 (fipA)
encoding the cytoplasmic part (residues 28-163) was amplified with primers tr2224 put18C
cw/ pUT18C/pKT25-vp2224-ccw from V. parahaemolyticus chromosomal DNA. The product
was digested with Kpnl and Xbal and ligated in the corresponding site in pKT25, to generate
555 pSW74, and in pUT18C, to generate pSW119. Plasmid pPM118 & pPM119: The cytoplasmic
part of the gene vp2224 (fipA) was amplified with primers pUT18/pKNT25-tr-vp2224-cw &
pUT18/pKNT25-vp2224ccw from V. parahaemolyticus chromosomal DNA. The product was

digested with Kpnl and Xbal and ligated in the corresponding site in pUT18, to generate

18


https://doi.org/10.1101/2023.09.20.558563
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.20.558563; this version posted September 21, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

pPM118, and in pKNT25, to generate pPM119. Plasmid pPM124 & pPM128: The gene vp2234
560 (flhF) was amplified with primers pUT18/pKNT25- vp2234-cw & pUT18/pKNT25-vp2234 -ccw
from V. parahaemolyticus chromosomal DNA. The product was digested with Kpnl and Xbal
and ligated in the corresponding site in pUT18, to generate pPM124, and in pKNT25, to
generate pPM128. Plasmid pPM132 & pPM136: The gene vp2234 (flhF) was amplified with
primers pUT18C/pKT25- vp2234-cw & pUT18C/pKT25-vp2234 -ccw from V. parahaemolyticus
565 chromosomal DNA. The product was digested with Kpnl and Xbal and ligated in the
corresponding site in pUT18C, to generate pPM132, and in pKT25, to generate pPM136.
Plasmids pPM160, pPM161 & pPM162: Site directed mutagenesis was performed on plasmid
pSW74 by the QuickChange method (Zheng, Baumann, and Reymond 2004), using primers
vp2224-Gly-110Ala-cw/ccw, vp2224-Glu 126Ala-cw/ccw or vp2224-Leu 129Ala-cw/ccw. After
570 digesting the template with Dpnl, the products were transformed into E. coli and the
mutations were confirmed by sequencing. Plasmid pPM106: The gene vp2224 (fipA) was
amplified with primers pUT18C/pKT25-vp2224-cw & pUT18C/pKT25-vp2224ccw from V.
parahaemolyticus chromosomal DNA. The product was digested with Kpnl and Xbal and
ligated in the corresponding site in pKTop, to generate pPM106. Plasmid pPM109 & pPM112:
575 The phoA-lacZa fragment of pKTop was amplified with primers vp2224 C-term PhoA-LacZ cw
& end -LacZ w/o STOP ccw. The full length vp2224(fipA) gene was amplified from plasmid
pPM146 using primers LacZ to vp2224 w/o ATG & end vp2224 ccw. The vp2224 ATM allele
was amplified from plasmid pPM123 using primers vp2224 AA1-6/28-end w/o Stop & end
vp2224 ccw. The PCR products were fused in a second PCR using primers vp2224 C-term PhoA-
580 LacZ cw & end vp2224 ccw. The fusion product was digested with Xbal and Hindlll and cloned
in the corresponding site of plasmid pBAD33.
Plasmids for genetic manipulation of S. putrefaciens and P. putida: The desired DNA fragments
were generated by PCR using appropriate primer pairs (see Supplementary Table S5) that in
addition create overhangs suitable for subsequent Gibson assembly into EcoV-digested vector
585 pNTPS138-R6K (Gibson et al., 2009; Lassak et al, 2010). If necessary, primer overhangs were
also used to generate base substitutions in the gene fragment to be cloned. Plasmids for
Bacterial Two Hybrid (BACTH) analysis were similarly generated by amplification of the desired

DNA-fragments, which were then introduced into the suitable vectors by Gibson assembly.

590 Soft-agar swimming assays
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V. parahaemolyticus soft-agar swimming assays were essentially performed as described in
(Ringgaard, et al, 2013) with the following modifications. Late exponential cultures of the
required strains were used to prick LB plates with 0.3% agar, and incubated for 30 hours at
30° C. For S. putrefaciens and P. putida soft-agar swimming assays, 2 ul of an exponentially
595 growing culture of the appropriate strains were spotted onto 0.25 % LB agar plates and
incubated at 30 °C (S. putrefaciens) or room temperature (P. putida) for about 18 hours.

Strains to be directly compared were always spotted onto the same plate.

Bacterial-two-hybrid experiments, BACTH

600 BTH101 cells were made competent with calcium chloride. 15 plL aliquots were spotted in a
96 well plate, to which 2.5 uL of the corresponding pUT18(C) and pK(N)T25 derivative plasmids
were added. After 30 minutes on ice, a heat shock at 42° C was applied for 30 s. The
transformed cells were allowed to recover for 1 hour, after which the were grown in selective
LB broth for another 3 hours. The resulting cultures were spotted on plates containing

605 kanamycin, ampicillin, IPTG (0.25 mM) and X-Gal (80 pg/mL). The plates were photographed
after 48-72 hours at 30° C.

Video tracking of swimming cells

Video tracking of swimming cells was performed essentially as described previously
610 (Ringgaard, et al, 2013). Swimming cells were recorded using the streaming acquisition

function in the Metamorph software and the swimming paths of individual cells were tracked

using the MTrack] plug-in for Imagel. The swimming speed, displacement, and number of

reversals of individual cells were then measured and the average plotted with error bars

indicating the standard deviation. Video tracking was performed using a Zeiss Axio Imager M1
615 fluorescence microscope. Images were collected with a Cascade:1K CCD camera

(Photometrics), using a Zeiss aPlan-Fluar 40x/1.45 Oil phase contrast objective.

Transmission-electron-microscopy (TEM) analysis

Cell cultures grown to an OD600 = 0.5-0.6 were spotted on a plasma-discharged carbon-coated copper
620 grid (Plano, Cat#5162-3) and rinsed with 0.002% uranyl acetate. Afterwards they were rinsed with

water and blotted dry with Whatman filter paper. TEM images were obtained with a JEOL JEM-1400

Plus 120 KV transmission electron microscope at 80 kV.
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Flagellum labeling
625 To fluorescently label flagellar filaments, maleimide-ligates dyes (Alexa Fluor 488 C5
maleimide fluorescent dye; Thermo Fisher Scientific) were coupled to surface-exposed
cysteine residues, which were introduced into the flagellins (FlaA and FlaB) of the polar
flagellar system in S. putrefaciens and P. putida as described (Kiihn et al. 2017, Hintsche et al.
2017). Images were recorded as described in the microscopy section.
630
Fluorescence microscopy
Florescence microscopy on V. parahaemolyticus was carried out essentially as previously
described (Muraleedharan et al, 2018), using a Nikon eclipse Ti inverted Andor spinning-disc
confocal microscope equipped with a 100x lens, an Andor Zyla sCMOS cooled camera, and an
635 Andor FRAPPA system. Fluorescence microscopy on S. putrefaciens and P. putida was carried
out as previously described (Kiihn et al. 2017) using a custom microscope set-up (Visitron
Systems, Puchheim, Germany) based on a Leica DMI 6000 B inverse microscope (Leica)
equipped with a pco.edge sCMOS camera (PCO), a SPECTRA light engine (lumencor), and an
HCPL APO 63x/1.4-0.6 objective (Leica) using a custom filter set (T495lpxr, ET525/50m;
640 Chroma Technology) using the VisiView software (Visitron Systems, Puchheim, Germany).
Microscopy images were analyzed using Imagel) imaging software (http://rsbweb.nih.gov/ij)
and Metamorph Offline (version 7.7.5.0, Molecular Devices). Demographs were generated as
described by Cameron et al, 2014, and modified in Heering & Ringgaard 2016 and Heering,
Alvarado and Ringgaard, 2017.
645
Mapping interaction partners using co-immunoaffinity purification and mass spectrometry
(co-IP-MS)
For sample preparation of the IP-MS experiments we were using a modified version of the
protocol presented by Turriziani et al, 2014. Cells were centrifuged and cell pellets were
650 washed with cold PBS. Cell pellets were resuspended in lysis buffer (50 mM HEPES (pH 7.5),
150 mM NaCl, 0.5 % NP50, 5 mM EDTA, compete mini protease inhibitors (Complete Mini
(Roche)). Cell lysis was performed by repetitive sonication. After removing cell debris by
centrifugation 10ul GFP-trap Sepharose (Chromotek) slurry was added to the lysate and
incubation was carried out for 1.5 hours on a rotating shaker at 4 °C. Then the beads were

655 pelleted, the supernatant removed and the beads washed 4x with 100 mM NH4COs to remove
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remaining protease inhibitors and detergents. 200 ul elution buffer (1 M urea, 100 mM
NH4CO3s, 1 pg Trypsin (Promega)) was added to the beads and incubated at 1000 rpm on a
thermomixer at 27°C for 45min. Beads were centrifuged and supernatant was collected. In
order to increase peptide recovery 2 washing steps with 100ul elution buffer 2 (1 M urea, 100
660 mM NH4COs, 5 mM Tris(2-caboxyethyl)phosphine)) was performed and the individual bead
supernatants were collected into one tube. Tryptic digestion was carried out overnight at 30
°C. After digest alkylation was performed with 10 mM iodoacetamide at 25 °C (in the dark).
Then the samples were acidified (1 % trifluoroacetic acid (TFA)) and C18 Microspin column
(Harvard Apparatus) was carried out according to the manufacturer’s instruction. The samples
665 were dried and recovered in 0.1 % TFA and applied to liquid chromatography-mass
spectrometry (LC-MS) analysis.
LC-MS analysis of digested lysates was performed on a Thermo QExactive Plus mass
spectrometer (Thermo Scientific), which was connected to an electrospray ionsource (Thermo
Scientific). Peptide separation was carried out using an Ultimate 3000 RSLCnano with Proflow
670 upgrade (Thermo Scientific) equipped with a RP-HPLC column (75 pum x 42 cm) packed in-
house with C18 resin (2.4 um; Dr. Maisch) on an in-house designed column heater. The
following separating gradient was used: 98 % solvent A (0.15 % formic acid) and 2 % solvent B
(99.85 % acetonitrile, 0.15 % formic acid) to 35 % solvent B over 90 at a flow rate of 300 nl/min.
The data acquisition mode was set to obtain one high resolution MS scan at a resolution of
675 70,000 full width at half maximum (at m/z 200) followed by MS/MS scans of the 10 most
intense ions. To increase the efficiency of MS/MS attempts, the charged state screening
modus was enabled to exclude unassigned and singly charged ions. The dynamic exclusion
duration was set to 30 sec. The ion accumulation time was set to 50 ms (MS) and 50 ms at
17,500 resolution (MS/MS). The automatic gain control (AGC) was set to 3x10° for MS survey
680 scan and 1x10° for MS/MS scans.
MS raw data was then analyzed with MaxQuant (Version 1.6.3.4)

(https://www.nature.com/articles/nbt.1511) using a V.parahaemolyticus RIMD 2210633

uniprot database (www.uniprot.org). MaxQuant was executed in standard settings with
activated “match between runs” option. The search criteria were set as follows: full tryptic
685 specificity was required (cleavage after lysine or arginine residues); two missed cleavages
were allowed; carbamidomethylation (C) was set as fixed modification; oxidation (M) and

deamidation (N,Q) as variable modification. For further data analysis the MaxQuant LFQ
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values were loaded into Perseus (https://www.nature.com/articles/nmeth.3901) and a

Student’s T-test was performed on LFQ values with false discovery rate 0.01 and SO: 0.1 as
690 significance cut-off.
The mass spectrometry proteomics data have been deposited to the ProteomeXchange

Consortium via the PRIDE (PubMed ID: 34723319) partner repository with the dataset
identifier PXD045379 (http://www.ebi.ac.uk/pride).

695
Membrane topology mapping of FipA
We experimentally determined the membrane orientation of FipA in the membrane using the
dual pho-lac reporter system (Karimova et al, 2009), which consists of a translational fusion of
the E. coli alkaline phosphatase fragment PhoA22-472 and the a-peptide of E. coli B-
700 galactosidase, LacZ4-60. A periplasmic localization of the reporter leads to high alkaline
phosphatase activity and low [B-galactosidase activity, whereas a cytosolic location of the
reporter results in high B-galactosidase activity and low alkaline phosphatase activity. Pho-
Lac-FipA and FipA-Pho-Lac fusion proteins were ectopically expressed in E. coli DH5a grown
on a dual-indicator LB medium containing a blue indicator for phosphatase activity (X-Phos)

705 and red indicator for B-galactosidase activity (Red-Gal) (see Supplementary Figure S1).

Bioinformatic analysis

Homologues of FipA were searched using BLAST against the KEGG database, with the

sequence of the V. parahaemolyticus protein. All homologues containing a DUF2802 were
710 included. The search was later expanded to species known to encode a FIhF homologue

(defined as the highest scoring result from a BLAST search using FIhF of V. parahaemolyticus

as a query, that was also encoded upstream of an FIhG homologue). The flagellation

phenotype was later corroborated in the description registered at the List of Prokaryotic

names with Standing in Nomenclature (Parte et al. 2020).

715

Acknowledgements

We are grateful to Dr. Kathrin Schirner for comments on the manuscript and suggestions for
experiments, and Manuel Gonzalez-Vera for his help on the phylogenetic search. We would

like to thank Ulrike Ruppert for great technical support and Jan Heering for construction of

23


https://www.nature.com/articles/nmeth.3901
http://www.ebi.ac.uk/pride
https://doi.org/10.1101/2023.09.20.558563
http://creativecommons.org/licenses/by-nd/4.0/

720

725

730

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.20.558563; this version posted September 21, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

perpetuity. It is made available under aCC-BY-ND 4.0 International license.

plasmid pJHO36. This work was supported by the Ludwig-Maximilians-Universitat Mlnchen

and the Max Planck Society (SR) and by a grant (TRR 174 P12) from the Deutsche

Forschungsgemeinschaft DFG to KMT within the framework of the DFG priority program TRR

174.

Conflict of interests

The authors declare no conflict of interests.

References

Ainsaar, Kadi, Hedvig Tamman, Sergo Kasvandik, Tanel Tenson, and Rita Horak. 2019.
“The TonBm-PocAB System Is Required for Maintenance of Membrane Integrity and
Polar Position of Flagella in Pseudomonas Putida.” Journal of Bacteriology 201 (17):

e00303-19. https://doi.org/10.1128/JB.00303-19.

Arroyo-Pérez, Erick Eligio, and Simon Ringgaard. 2021. “Interdependent Polar
Localization of FIhF and FIhG and Their Importance for Flagellum Formation of Vibrio
Parahaemolyticus.” Frontiers in Microbiology 12.
https://doi.org/10.3389/fmicbh.2021.655239.

Bange, Gert, Georg Petzold, Klemens Wild, Richard O. Parlitz, and Irmgard Sinning.
2007. “The Crystal Structure of the Third Signal-Recognition Particle GTPase FlhF
Reveals a Homodimer with Bound GTP.” Proceedings of the National Academy of
Sciences 104 (34): 13621-25. https://doi.org/10.1073/pnas.0702570104.

Blagotinsek, Vitan, Meike Schwan, Wieland Steinchen, Devid Mrusek, John C. Hook,
Florian Rossmann, Sven A. Freibert, et al. 2020. “An ATP-Dependent Partner Switch
Links Flagellar C-Ring Assembly with Gene Expression.” Proceedings of the National

Academy of Sciences 117 (34): 20826-35. https://doi.org/10.1073/pnas.2006470117.

Cameron, T. A,, J. Anderson-Furgeson, J. R. Zupan, J. J. Zik, P. C. Zambryski,
Peptidoglycan synthesis machinery in Agrobacterium tumefaciens during unipolar
growth and cell division. MBio 5, e01219-14 (2014).

Campos-Garcia, Jesus, Rebeca Ndjera, Laura Camarena, and Gloria Soberén-Chavez.
2000. “The Pseudomonas Aeruginosa MotR Gene Involved in Regulation of Bacterial
Motility.” FEMS Microbiology Letters 184 (1): 57-62. https://doi.org/10.1111/j.1574-
6968.2000.tb08990.x.

24


https://doi.org/10.1128/JB.00303-19
https://doi.org/10.1073/pnas.2006470117
https://doi.org/10.1101/2023.09.20.558563
http://creativecommons.org/licenses/by-nd/4.0/

735

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.20.558563; this version posted September 21, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

perpetuity. It is made available under aCC-BY-ND 4.0 International license.

Chanchal, Priyajit Banerjee, Shikha Raghav, Hemant N. Goswami, and Deepti Jain.
2021. “The Antiactivator FleN Uses an Allosteric Mechanism to Regulate 254-
Dependent Expression of Flagellar Genes in Pseudomonas Aeruginosa.” Science
Advances 7 (43): eabj1792. https://doi.org/10.1126/sciadv.abj1792.

Chen, Meiting, Ziyi Zhao, Jin Yang, Kai Peng, Matthew A.B. Baker, Fan Bai, and Chien
Jung Lo. 2017. “Length-Dependent Flagellar Growth of Vibrio Alginolyticus Revealed
by Real Time Fluorescent Imaging.” ELife 6: 1-16.
https://doi.org/10.7554/elife.22140.

Chevance, Fabienne F. V., and Kelly T. Hughes. 2008. “Coordinating Assembly of a
Bacterial Macromolecular Machine.” Nature Reviews Microbiology 6 (6): 455-65.

https://doi.org/10.1038/nrmicro1887.

Coil, David A., and Jozef Anné. 2010. “The Role of FimV and the Importance of Its
Tandem Repeat Copy Number in Twitching Motility, Pigment Production, and
Morphology in Legionella Pneumophila.” Archives of Microbiology 192 (8): 625-31.
https://doi.org/10.1007/s00203-010-0590-8.

Correa, NE, Fen Peng, and KE Klose. 2005. “Roles of the Regulatory Proteins FIhF and
FIhG in the Vibrio Cholerae Flagellar Transcription Hierarchy.” Journal of Bacteriology
187 (18). https://doi.org/10.1128/JB.187.18.6324-6332.2005.

Dasgupta, N., and R. Ramphal. 2001. “Interaction of the Antiactivator FleN with the
Transcriptional Activator FleQ Regulates Flagellar Number in Pseudomonas
Aeruginosa.” Journal of Bacteriology 183 (22): 6636—44.
https://doi.org/10.1128/JB.183.22.6636-6644.2001.

Donnenberg, M. S., J. B. Kaper, Construction of an eae deletion mutant of
enteropathogenic Escherichia coli by using a positive-selection suicide vector. J
Bacteriol 59, 4310-4317 (1991).

Fogel, Michael A, and Matthew K Waldor. 2006. “A Dynamic, Mitotic-like Mechanism
for Bacterial Chromosome Segregation.” Genes & Development 20 (23): 3269-82.
https://doi.org/10.1101/gad.1496506.tion.

Francis, Noreen R., Gina E. Sosinsky, Dennis Thomas, and David J. DeRosier. 1994,
“Isolation, Characterization and Structure of Bacterial Flagellar Motors Containing the
Switch Complex.” Journal of Molecular Biology.

https://doi.org/10.1006/jmbi.1994.1079.

25


https://doi.org/10.1038/nrmicro1887
https://doi.org/10.1006/jmbi.1994.1079
https://doi.org/10.1101/2023.09.20.558563
http://creativecommons.org/licenses/by-nd/4.0/

740

745

750

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.20.558563; this version posted September 21, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

perpetuity. It is made available under aCC-BY-ND 4.0 International license.

Fredrickson, James K., John M. Zachara, David W. Kennedy, Hailang Dong, Tullis C.
Onstott, Nancy W. Hinman, and Shu-mei Li. 1998. “Biogenic Iron Mineralization
Accompanying the Dissimilatory Reduction of Hydrous Ferric Oxide by a Groundwater
Bacterium.”  Geochimica et Cosmochimica Acta 62 (19): 3239-57.

https://doi.org/10.1016/5S0016-7037(98)00243-9.

Gao, Tong, Miaomiao Shi, Lili Ju, and Haichun Gao. 2015. “Investigation into FIhFG
Reveals Distinct Features of FIhF in Regulating Flagellum Polarity in Shewanella

Oneidensis” 98 (August): 571-85. https://doi.org/10.1111/mmi.13141.

Gibson, Daniel G., Lei Young, Ray-Yuan Chuang, J. Craig Venter, Clyde A. Green,
Johnathan C.D., Christina Kahramanoglou, Alamgir Rahman, Alexandra M.C. Pender,
Nicolas Charbonnel, and Gillian M. Fraser. 2009. “Recruitment of the Earliest
Component of the Bacterial Flagellum to the Old Cell Division Pole by a Membrane-
Associated Signal Recognition Particle Family GTP-Binding Protein.” Journal of

Molecular Biology 391 (4): 679-90. https://doi.org/10.1016/j.jmb.2009.05.075.

Heering, J., S. Ringgaard, Differential localization of chemotactic signaling arrays during
the lifecycle of Vibrio parahaemolyticus. Front. Microbiol. 7, 1767 (2016).

Heering, J., A. Alvarado, S. Ringgaard, Induction of cellular differentiation and single
cell imaging of Vibrio parahaemolyticus swimmer and swarmer cells. J. Vis. Exp. e55842
(2017).

Hendrixson, David R, and Victor J Dirita. 2003. “Transcription of s 54 -Dependent but
Not s 28 -Dependent Flagellar Genes in Campylobacter Jejuni Is Associated with
Formation of the Flagellar Secretory Apparatus.” Molecular Microbiology 50: 687—-702.
https://doi.org/10.1046/j.1365-2958.2003.3731 .x.

Hintsche, Marius, Veronika Waljor, Robert GroRmann, Marco J. Kihn, Kai M.
Thormann, Fernando Peruani, and Carsten Beta. 2017. “A Polar Bundle of Flagella Can
Drive Bacterial Swimming by Pushing, Pulling, or Coiling around the Cell Body.”

Scientific Reports 7 (December): 16771. https://doi.org/10.1038/s41598-017-16428-9.

Homma, M., S. Aizawa, G. E. Dean, and R. M. Macnab. 1987. “Identification of the M-
Ring Protein of the Flagellar Motor of Salmonella Typhimurium.” Proceedings of the
National Academy of Sciences of the United States of America.

https://doi.org/10.1073/pnas.84.21.7483.

Hook, John C., Vitan Blagotinsek, Jan Pané-Farré, Devid Mrusek, Florian Altegoer, Anita

26


https://doi.org/10.1016/S0016-7037(98)00243-9
https://doi.org/10.1111/mmi.13141
https://doi.org/10.1016/j.jmb.2009.05.075
https://doi.org/10.1046/j.1365-2958.2003.3731.x
https://doi.org/10.1038/s41598-017-16428-9
https://doi.org/10.1073/pnas.84.21.7483
https://doi.org/10.1101/2023.09.20.558563
http://creativecommons.org/licenses/by-nd/4.0/

755

760

765

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.20.558563; this version posted September 21, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

Dornes, Meike Schwan, Lukas Schier, Kai M. Thormann, and Gert Bange. 2020. “A
Proline-Rich Element in the Type Ill Secretion Protein FIhB Contributes to Flagellar
Biogenesis in the Beta- and Gamma-Proteobacteria.” Frontiers in Microbiology 11.

https://www.frontiersin.org/articles/10.3389/fmicb.2020.564161.

e Hutchison, and Hamilton O. Smith. 2009. “Enzymatic Assembly of DNA Molecules up
to Several Hundred Kilobases.” Nature Methods 6 (5): 343-45.
https://doi.org/10.1038/nmeth.1318.

e |yer, Shankar Chandrashekar, Delia Casas-Pastor, David Kraus, Petra Mann, Kathrin
Schirner, Timo Glatter, Georg Fritz, and Simon Ringgaard. 2020. “Transcriptional
Regulation by o Factor Phosphorylation in Bacteria.” Nature Microbiology 5 (3): 395—
406. https://doi.org/10.1038/s41564-019-0648-6.

e Karimova, Gouzel, Josette Pidoux, Agnes Ullmann, and Daniel Ladant. 1998. “A
Bacterial Two-Hybrid System Based on a Reconstituted Signal Transduction Pathway.”
Proceedings of the National Academy of Sciences 95 (10): 5752-56.
https://doi.org/10.1073/pnas.95.10.5752.

e Karimova, G., C. Robichon, D. Ladant, Characterization of YmgF, a 72-residue inner
membrane protein that associates with the Escherichia coli cell division machinery. J.
Bacteriol. 91, 333—-346 (2009).

e Kazmierczak, Barbara I.,, and David R. Hendrixson. 2013. “Spatial and Numerical
Regulation of Flagellar Biosynthesis in Polarly Flagellated Bacteria.” Molecular

Microbiology 88 (4): 655—63. https://doi.org/10.1111/mmi.12221.

e Kim, Yun Kyeong, and Linda L. McCarter. 2000. “Analysis of the Polar Flagellar Gene
System of Vibrio Parahaemolyticus.” Journal of Bacteriology 182 (13): 3693-3704.
https://doi.org/10.1128/JB.182.13.3693-3704.2000.

e Kojima, Seiji, Hiroyuki Terashima, and Michio Homma. 2020. “Regulation of the Single
Polar Flagellar Biogenesis.” Biomolecules 10 (4): 533.
https://doi.org/10.3390/biom10040533.

e Kondo, Shota, Michio Homma, and Seiji Kojima. 2017. “Analysis of the GTPase Motif of
FIhF in the Control of the Number and Location of Polar Flagella in Vibrio Alginolyticus.”
Biophysics and Physicobiology 14 (0): 173-81.
https://doi.org/10.2142/biophysico.14.0_173.

27


https://www.frontiersin.org/articles/10.3389/fmicb.2020.564161
https://doi.org/10.1038/nmeth.1318
https://doi.org/10.1038/s41564-019-0648-6
https://doi.org/10.1073/pnas.95.10.5752
https://doi.org/10.1111/mmi.12221
https://doi.org/10.1101/2023.09.20.558563
http://creativecommons.org/licenses/by-nd/4.0/

770

775

780

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.20.558563; this version posted September 21, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

perpetuity. It is made available under aCC-BY-ND 4.0 International license.

Kondo, Shota, Yoshino Imura, Akira Mizuno, Michio Homma, and Seiji Kojima. 2018.
“Biochemical Analysis of GTPase FIhF Which Controls the Number and Position of
Flagellar Formation in Marine Vibro.” Scientific Reports 8 (1): 1-12.
https://doi.org/10.1038/s41598-018-30531-5.

Kusumoto, Akiko, Kenji Kamisaka, Toshiharu Yakushi, Hiroyuki Terashima, Akari
Shinohara, and Michio Homma. 2006. “Regulation of Polar Flagellar Number by the
FIhF and FIhG Genes in Vibrio Alginolyticus.” Journal of Biochemistry 139 (1): 113-21.
https://doi.org/10.1093/jb/mvj010.

Kusumoto, Akiko, Noriko Nishioka, Seiji Kojima, and Michio Homma. 2009. “Mutational
Analysis of the GTP-Binding Motif of FIhF Which Regulates the Number and Placement
of the Polar Flagellum in Vibrio Alginolyticus.” Journal of Biochemistry 146 (5): 643-50.
https://doi.org/10.1093/jb/mvp109.

Kihn, Marco J., Felix K. Schmidt, Bruno Eckhardt, and Kai M. Thormann. 2017.
“Bacteria Exploit a Polymorphic Instability of the Flagellar Filament to Escape from
Traps.” Proceedings of the National Academy of Sciences 114 (24): 6340-45.
https://doi.org/10.1073/pnas.1701644114.

Lassak, Jiirgen, Anna-Lena Henche, Lucas Binnenkade, and Kai M. Thormann. 2010.
“ArcS, the Cognate Sensor Kinase in an Atypical Arc System of Shewanella Oneidensis
MR-1.”  Applied and Environmental Microbiology 76 (10): 3263-74.
https://doi.org/10.1128/AEM.00512-10.

Macnab, Robert M. 2003. “How Bacteria Assemble Flagella.” Annual Review of
Microbiology 57: 77-100. https://doi.org/10.1146/annurev.micro.57.030502.090832.
McCarter, L. L. 1995. “Genetic and Molecular Characterization of the Polar Flagellum
of Vibrio Parahaemolyticus.” Journal of Bacteriology 177 (6): 1595-1609.
https://doi.org/10.1128/ib.177.6.1595-1609.1995.

Miller, V, L., J. J. Mekalanos, A novel suicide vector and its use in construction of
insertion mutations: osmoregulation of outer membrane proteins and virulence
determinants in Vibrio cholerae requires toxR. J Bacteriol 170, 2575-2583 (1988).

Milton, Debra L., Ronan O’Toole, Per Horstedt, and Hans Wolf-Watz. 1996. “Flagellin A
Is Essential for the Virulence of Vibrio Anguillarum.” Journal of Bacteriology 178 (5):

1310-19. https://doi.org/10.1128/jb.178.5.1310-1319.1996.

28


https://doi.org/10.1093/jb/mvj010
https://doi.org/10.1093/jb/mvp109
https://doi.org/10.1073/pnas.1701644114
https://doi.org/10.1128/AEM.00512-10
https://doi.org/10.1128/jb.177.6.1595-1609.1995
https://doi.org/10.1128/jb.178.5.1310-1319.1996
https://doi.org/10.1101/2023.09.20.558563
http://creativecommons.org/licenses/by-nd/4.0/

785

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.20.558563; this version posted September 21, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

perpetuity. It is made available under aCC-BY-ND 4.0 International license.

Minamino, Tohru. 2014. “Protein Export through the Bacterial Flagellar Type Ill Export
Pathway.” Biochimica et Biophysica Acta - Molecular Cell Research 1843 (8): 1642—-48.
https://doi.org/10.1016/j.bbamcr.2013.09.005.

Moisi, Manuel, Christian Jenul, Susan M. Butler, Aaron New, Sarah Tutz, Joachim Reidl,
Karl E. Klose, Andrew Camilli, and Stefan Schild. 2009. “A Novel Regulatory Protein
Involved in Motility of Vibrio Cholerae.” Journal of Bacteriology 191 (22): 7027-38.
https://doi.org/10.1128/JB.00948-09.

Muraleedharan, S., C. Freitas, P. Mann, T. Glatter, S. Ringgaard, A cell length-
dependent transition in MinD-dynamics promotes a switch in division-site placement
and preservation of proliferating elongated Vibrio parahaemolyticus swarmer cells.
Mol. Microbiol. 109, 365-384 (2018).

Murray, Thomas S., and Barbara I. Kazmierczak. 2006. “FIhF Is Required for Swimming
and Swarming in Pseudomonas Aeruginosa.” Journal of Bacteriology 188 (19): 6995—
7004. https://doi.org/10.1128/JB.00790-06.

Navarrete, Blanca, Antonio Leal-Morales, Laura Serrano-Ron, Marina Sarrid, Alicia
Jiménez-Fernandez, Lorena Jiménez-Diaz, Aroa Lodpez-Sdnchez, and Fernando
Govantes. 2019. “Transcriptional Organization, Regulation and Functional Analysis of
FIhF and FleN in Pseudomonas Putida.” PLOS ONE 14 (3): e0214166.
https://doi.org/10.1371/journal.pone.0214166.

Nelson, K. E., C. Weinel, I. T. Paulsen, R. J. Dodson, H. Hilbert, V. a. P. Martins dos
Santos, D. E. Fouts, et al. 2002. “Complete Genome Sequence and Comparative
Analysis of the Metabolically Versatile Pseudomonas Putida KT2440.” Environmental

Microbiology 4 (12): 799-808. https://doi.org/10.1046/j.1462-2920.2002.00366.x.

Pandza, S., M. Baetens, C. H. Park, T. Au, M. Keyhan, and A. Matin. 2000. “The G-
Protein FIhF Has a Role in Polar Flagellar Placement and General Stress Response
Induction in Pseudomonas Putida.” Molecular Microbiology 36 (2): 414-23.
https://doi.org/10.1046/j.1365-2958.2000.01859.x.

Parte, Aidan C., Joaquim Sarda Carbasse, Jan P. Meier-Kolthoff, Lorenz C. Reimer, and
MarkusYR 2020 Goker. 2020. “List of Prokaryotic Names with Standing in
Nomenclature (LPSN) Moves to the DSMZ.” International Journal of Systematic and

Evolutionary Microbiology 70 (11): 5607—-12. https://doi.org/10.1099/ijsem.0.004332.

29


https://doi.org/10.1128/JB.00948-09
https://doi.org/10.1371/journal.pone.0214166
https://doi.org/10.1046/j.1462-2920.2002.00366.x
https://doi.org/10.1101/2023.09.20.558563
http://creativecommons.org/licenses/by-nd/4.0/

790

795

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.20.558563; this version posted September 21, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

perpetuity. It is made available under aCC-BY-ND 4.0 International license.

Petersen, Blake D., Michael S. Liu, Ram Podicheti, Albert Ying-Po Yang, Chelsea A.
Simpson, Chris Hemmerich, Douglas B. Rusch, and Julia C. van Kessel. 2021. “The Polar
Flagellar Transcriptional Regulatory Network in Vibrio Campbellii Deviates from
Canonical Vibrio Species.” Journal of Bacteriology 203 (20): e00276-21.
https://doi.org/10.1128/JB.00276-21.

Ringgaard, Simon, Kathrin Schirner, Brigid M. Davis, and Matthew K. Waldor. 2011. “A
Family of ParA-like ATPases Promotes Cell Pole Maturation by Facilitating Polar
Localization of Chemotaxis Proteins.” Genes and Development 25 (14): 1544-55.

https://doi.org/10.1101/gad.2061811.

Ringgaard, S., et al., ParP prevents dissociation of CheA from chemotactic signaling
arrays and tethers them to a polar anchor. Proc Natl Acad Sci U S A 111, E255-E264
(2013).

Rossmann, Florian, Susanne Brenzinger, Carina Knauer, Anja K. Dorrich, Sebastian
Bubendorfer, Ulrike Ruppert, Gert Bange, and Kai M. Thormann. 2015. “The Role of
FIhF and HubP as Polar Landmark Proteins in Shewanella Putrefaciens CN-32.”

Molecular Microbiology 98 (4): 727-42. https://doi.org/10.1111/mmi.13152.

Rossmann, Florian M., Tim Rick, Devid Mrusek, Lasse Sprankel, Anja K. Dorrich, Tabea
Leonhard, Sebastian Bubendorfer, Volkhard Kaever, Gert Bange, and Kai M. Thormann.
2019. “The GGDEF Domain of the Phosphodiesterase PdeB in Shewanella Putrefaciens
Mediates Recruitment by the Polar Landmark Protein HubP.” Journal of Bacteriology

201 (7): e00534-18. https://doi.org/10.1128/JB.00534-18.

Schuhmacher, Jan S., Florian Rossmann, Felix Dempwolff, Carina Knauer, Florian
Altegoer, Wieland Steinchen, Anja K. Dorrich, et al. 2015. “MinD-like ATPase FIhG
Effects Location and Number of Bacterial Flagella during C-Ring Assembly.”
Proceedings of the National Academy of Sciences of the United States of America 112
(10): 3092-97. https://doi.org/10.1073/pnas.1419388112.

Schuhmacher, Jan S., Kai M. Thormann, and Gert Bange. 2015. “How Bacteria Maintain
Location and Number of Flagella?” FEMS Microbiology Reviews 39 (6): 812-22.
https://doi.org/10.1093/femsre/fuv034.

Schwan, Meike, Ariane Khaledi, Sven Willger, Kai Papenfort, Timo Glatter, Susanne
HauRler, and Kai M. Thormann. 2022. “FIrA-Independent Production of Flagellar

Proteins Is Required for Proper Flagellation in Shewanella Putrefaciens.” Molecular

30


https://doi.org/10.1101/gad.2061811
https://doi.org/10.1111/mmi.13152
https://doi.org/10.1128/JB.00534-18
https://doi.org/10.1073/pnas.1419388112
https://doi.org/10.1093/femsre/fuv034
https://doi.org/10.1101/2023.09.20.558563
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.20.558563; this version posted September 21, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

Microbiology 118 (6): 670—82. https://doi.org/10.1111/mmi.14993.

e Takekawa, Norihiro, Soojin Kwon, Noriko Nishioka, Seiji Kojima, and Michio Homma.
2016. “HubP, a Polar Landmark Protein, Regulates Flagellar Number by Assisting in the
Proper Polar Localization of FIhG in Vibrio Alginolyticus.” Journal of Bacteriology 198
(August): JB.00462-16. https://doi.org/10.1128/)JB.00462-16.
e Turriziani, Benedetta, Amaya Garcia-Munoz, Ruth Pilkington, Cinzia Raso, Walter
Kolch, and Alexander Von Kriegsheim. 2014. “On-Beads Digestion in Conjunction with
800 Data-Dependent Mass Spectrometry: A Shortcut to Quantitative and Dynamic
Interaction Proteomics.” Biology 3 (2): 320-32.
https://doi.org/10.3390/biology3020320.

e Ueno, Takamasa, Kenji Oosawa, and Shin Ichi Aizawa. 1992. “M Ring, S Ring and
Proximal Rod of the Flagellar Basal Body of Salmonella Typhimurium Are Composed of
Subunits of a Single Protein, FliF.” Journal of Molecular Biology.
https://doi.org/10.1016/0022-2836(92)90216-7.

e Wehbi, Hania, Eder Portillo, Hanjeong Harvey, Anthony E. Shimkoff, Edie M.
Scheurwater, P. Lynne Howell, and Lori L. Burrows. 2011. “The Peptidoglycan-Binding
Protein FimV Promotes Assembly of the Pseudomonas Aeruginosa Type IV Pilus
Secretin.” Journal of Bacteriology 193 (2): 540-50. https://doi.org/10.1128/JB.01048-
10.

e Yamaichi, Yoshiharu, Raphael Bruckner, Simon Ringgaard, A. Moll, D. E. Cameron,
Ariane Briegel, Grant J. Jensen, Brigid M. Davis, and Matthew K. Waldor. 2012. “A
Multidomain Hub Anchors the Chromosome Segregation and Chemotactic Machinery
to the Bacterial Pole.” Genes & Development 26 (20): 2348-60.
https://doi.org/10.1101/gad.199869.112.

e Zhang, Kai, Jun He, Claudio Catalano, Youzhong Guo, Jun Liu, and Chunhao Li. 2020.
“FIhF Regulates the Number and Configuration of Periplasmic Flagella in Borrelia
Burgdorferi.” Molecular Microbiology 113 (6): 1122-39.
https://doi.org/10.1111/mmi.14482.

e Zheng, Lei, Ulrich Baumann, and Jean-Louis Reymond. 2004. “An Efficient One-Step
Site-Directed and Site-Saturation Mutagenesis Protocol.” Nucleic Acids Research 32

805 (14): e115. https://doi.org/10.1093/nar/gnh110.

31


https://doi.org/10.1111/mmi.14993
https://doi.org/10.3390/biology3020320
https://doi.org/10.1111/mmi.14482
https://doi.org/10.1093/nar/gnh110
https://doi.org/10.1101/2023.09.20.558563
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.20.558563; this version posted September 21, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

perpetuity. It is made available under aCC-BY-ND 4.0 International license.

A ® \/P2224 (FipA)
7/ © FIhF

-ogp

6 -4 -2 0 2 4 6 8 10 12
Difference FIhF-sfGFP/ sfGFP (log 2)

® VP2224 (FipA)
© FIhF
10 -

-og p

8 6 4 -2 0 2 4 6 8 10 12 14
Difference FipA-sfGFP / sfGFP (log 2)

BACTH between V. parahaemolyticus
FIhF and FipA

C

flhA  fihF

FipA, 18kDa N Q

G Color key
us .

Polar

Subﬁlar

E

1 2%
WA e«“’“ o

<P
o <

FIhF-T18
T18-FIhF
FipA-T18
T18-FipA
F BACTH between P. putida
FIhF and FipA

(«\9‘>~

P *,
FIhF-T18 .
T18-FINF

FipA-T18 . . ‘
T18-FipA- . ‘ ﬁ

flhG fliA cheYcheZ

cheA cheB parC

DUF2802 c

Trans-membrane
domain

fhiF__fipA

Flagellation
Buchnera aphidicola Non-Motile
Citrobacter freundii Peritrichous
Citrobacter rodentium Non-motile
Escherichia coli Peritrichous
Pantoea agglomerans Peritrichous
Proteus vulgaris Peritrichous

Serratia nematodiphila
Sodalis glossinidius

Subpolar
Non-motile

Xenorhabdus nematophila

—— Monotrichous
Vibrio parahaemolyticus ————————O—@—— Monotrichous

Alteromonas australica —— Monotrichous
Idiomarina loihiensis —— Monotrichous
Pseudoalteromonas atlantica Monotrichous

Pseudoalteromonas haloplanktis ——O—@—— Monotrichous
Pseudoalteromonas luteoviolacea —O—@—— Monotrichous
Pseudoalteromonas rubra —— Monotrichous
Catenovulum sp. CCB-QB4 —— Peritrichous

Saliniradius amylolyticus ———————O—@—— Monotrichous
Shewanella putrefaciens ——————)—@—— Monotrichous
Moritella viscosa —— Monotrichous

Aeromonas salmonicida ——M8 ——————
Tolumonas auensis Non-motile

Hahella chejuensis ——————————— Monotrichous
Marinobacter hydrocarbonoclasticus ()—@-—— Monotrichous

parP cheW fipA (vp2224)

. Peritrichous .
Yersinia enterocolitica Many
. Aliivibrio fischeri —— Lophotrichous
Enterovibrio hollisae —— Monotrichous
Photobacterium profundu —— Monotrichous
— 0@

. Vibrio cholerae

—0®
Psychromonas ingrahamii ——————()—@—— Non-motile B

Monotrichous or Non-motile

Thalassolituus oleivorans
Marinomonas sp000017285

O—@ — Monotrichous or Lophotrichous

——————O—@ — Monotrichous or Amphltrlchous

Microbulbifer aggregans
Saccharophagus degradans ————Q)—@ —— Monotrichous
Teredinibacter turnerae—O—.— Monotrichous

Cobetia marina Degenerate Peritri
Halomonas elongata Peritrichous
Azotobacter vinelandii O Peritrichous
Pseudomonas aeruginosa :8 —— Lophotrichous
Pseudomonas avellanae —— Lophotrichous
Pseudomonas putida ——————————C) —— Lophotrichous
Cellvibrio japonicus ——— Q) —— Monotrichous

Non-motile ING_

Dasania marina Monotrichous
Acinetobacter baumannii Non-motile
Alkanindiges illinoisensis Non-motile
Moraxella catarrhalis Non-motile
Perlucidibaca piscinae Monotrichous

Psychrobacter cryohalolentis
Thioalkalivibrio sp000025545

L

Allochromatium vinosum
Solimonas sp003428335
Stenotrophomonas maltophilia
Bordetella pertussis

Non-motile NG
Monotrichous
Monotrichous
Non-motite

Lophotrichous

Burkholderia mallei

Peritrichous

DO

¢ Non-motile
Burkholderia pseudomallei —5—— Monotrichous

Monotrichous

Caulobacter vibrioides

Monotrichous

Hyphomonas neptunium

)

Phaeospirillum magneticum ————Q——— Amphitrichous

Thal. a ensis

Non-motile:

TR e

Q0

Rhodospmllum rubrum
Reyranella aerosaccus

Amp

Monotrichous

Figure 1. FipA constitutes a new family of FIhF interaction partners. Volcanoplots

representing Log-ratios versus significance values of proteins enriched in (A) FIhF-sfGFP or (B)
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FipA-sfGFP purifications using shotgun proteomics and liquid chromatography-mass
810 spectrometry; sfGFP was used as control. The full list of pulled-down proteins can be found in
the Supplementary Tables S1 and S2. C) Organization of the flagellar/chemotaxis gene region
encoding FIhF and FipA in V. parahaemolyticus. D) Domain organization of FipA (TM,
transmembrane region; DUF, domain of unknown function). (E, F) Bacterial two-hybrid
confirming the interaction between FipA and FIhF from V. parahaemolyticus (E) and P. putida
815 (F). The indicated proteins (FipA, FIhF) were fused N- or C-terminally to the T18- or T25-
fragment of the Bordetella pertussis adenylate cyclase. In vivo interaction of the fusion
proteins in Escherichia coli is indicated by blue color. The corresponding assay of S.
putrefaciens is displayed in Supplementary Figure S2. G) Dendrogram of y-proteobacteria,
indicating the presence of FIhF or FipA homologues and the corresponding flagellation

820 pattern. An extended version and sources are available in Supplementary Table S2.
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Figure 2. FipA is required for correct flagellum formation. (A, C) Representative soft-agar

swimming assay of V. parahaemolyticus (A) or P. putida (C) strains (left panels) and the

825 corresponding quantification (right panels). For the latter, the halo diameter measurements

were normalized to the halo of the wild type on each plate. Data presented are the from six

(A) or three (C) independent replicates, asterisks represent a p-value <0.05 (according to

ANOVA + Tukey tests). (B) Single-cell tracking of V. parahaemolyticus. Shown are

representative swimming trajectories and quantification of swimming speed, total

830 displacement and reversal rate. N indicates number of cells tracked among 3 biological

replicates (ANOVA + Tukey test). (D) Representative electron micrographs of the indicated V.

parahaemolyticus strains stained with uranyl acetate. (E) Quantification of flagellation pattern
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in the populations of the indicated V. parahaemolyticus strains. (F) Flagellum stain of indicated
P. putida strains with Alexa Fluor 488-C5-maleimide and (G) quantification of the
corresponding flagellation in the population. N indicates the number of cells counted among

3 biological replicates. For S. putrefaciens, see Supplementary Figure S3.
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Figure 3. Localization of FIhF depends on FipA and HubP. (A) Representative micrographs of
the indicated strains of V. parahaemoloyticus expressing FIhF-sfGFP from its native promoter.
Upper panel shows the DIC image, the lower panel the corresponding fluorescence image.
Fluorescent foci are highlighted by white arrows. Scale bar = 2 um. (B) Demographs displaying
FIhF-sfGFP fluorescence intensity along the cell length within the experiments shown in (A).
(C) Quantification of localization patterns and (D) foci fluorescence intensity of the
fluorescence microscopy experiment presented in (A). The data was combined from the given
number (N) of cells combined from three biological replicates. (E) Representative micrographs
of the indicated P. putida strains expressing FIhF-sfGFP from its native promoter. The upper
panels show the DIC and the lower panels the corresponding fluorescence images. Fluorescent
foci are marked by small white arrows. The scale bar equals 5 um. The low intensity of the foci

did not allow a quantitative analysis of foci intensities or the generation of demographs. (F)
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Quantification of FIhF-sfGFP localization patterns in the corresponding strains of P. putida
from the experiments shown in (E). Corresponding data on the localization of FIhF in S.

putrefaciens is displayed in Supplementary Figure S6.

37


https://doi.org/10.1101/2023.09.20.558563
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.20.558563; this version posted September 21, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

B TEM of V. parahaemolyticus
A N= 300 200 [ Single polar flagellum
Localization of VpFipA-sfGFP variants in E. coli 100 _:E — [ Non-flagellated
DIC SIGFP B¢ fipAATM
22 Aym
c Q
o 25 50 %
o 25
% 3 g
-3 L
& &
Swimming ability of P. putida strains
a
L - -
] AfipA fipA ATM 5 ;’00
3 g2
= °
< S =
< pd
a oo 50
i £ =
. EQ
EE2
&

o

\\i\ \\Q? ’\‘y
o >
v
RS

855
Figure 4. Activity of FipA depends on FIhF and on its transmembrane domain. (A)
Micrographs of E. coli cells expressing FipA-sfGFP from V. parahaemolyticus, and a truncated
version lacking the transmembrane domain (ATM). The left panels display the DIC and the
right panels the corresponding fluorescence images. The scale bar equals 5 um. (B) Electron

860 micrographs of V. parahaemolyticus wild-type and mutanzs cells lacking the transmembrane
domain of fipA, respectively. The corresponding quantification of the flagellation pattern is
shown to the left of the micrographs. Note that the data for the wild-type cells is the same as
in Fig. 2D, E. (C) Spreading behavior of the indicated P. putida strains (left) with the
corresponding quantification (right). Loss of the FipA TM region phenocopies a complete fipA

865 deletion.
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Figure 5. Conserved residues in the domain of unknown function of FipA are essential for
interaction with FIhF. (A) Weight-based consensus sequence of the conserved region of
DUF2802 as obtained from 481 species. The residues targeted in the FipA orthologs of V.
parahaemolyticus, P. putida and S. putrefaciens are indicated along with their appropriate
residue position. (B, C) Bacterial two-hybrid assay of FipA variants of V. parahaemolyticus (B)
or P. putida (C) with an alanine substitution in the conserved residues indicated in (A). The
constructs were tested for self-interaction and interaction with FIhF. In vivo interaction of the
fusions in E. coli is indicated by blue coloration of the colonies. (D) Left panel: Single-cell
tracking of V. parahaemolyticus strains expressing FipA bearing the indicated substitution in
the DUF2802 domain (see Figure 2B for wild-type behavior). Right panel: Corresponding

quantification of the swimming speed. Asterisks indicate a p-value <0.05 (ANOVA + Tukey test)
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(F) Localization of VpFIhF in the absence of FipA or in cells with substitutions in the DUF2802

880 domain. Left: Micrographs showing the localization of FipA-sfGFP in the indicated strains; the
upper panels display the DIC and the lower panels the corresponding fluorescence images.
The scale bar equals 5 um. Right: the corresponding quantification of the FIhF-sf-GFP patterns
in the indicated strains. (E) Soft-agar spreading assays of P. putida wild-type and indicated
mutant strains, asterisks display a p-value of 0.05 (*) or 0.01 (**) (ANOVA). (G) Localization of

885 P. putida FIhF in strains bearing substitutions in the DUF2802 interaction site. Left:
micrographs displaying the localization of FIhnF-mCherry in the indicated strains. Upper panels
show the DIC and lower panels the corresponding fluorescence images. The scale bar equals
5 um. Right: Corresponding quantification of the FIhF localization pattern in the indicated
strains. Data for S. putrefaciens is displayed in Supplementary Figure S7.

890
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Time-lapse microscopy of FipA-sfGFP in V. parahaemolyticus

D Time-lapse microscopy of FipA-sfGFPin P. putida

Figure 6. The localization pattern of FipA. (A, B) Localization pattern of fluorescently labeled

FipA in V. parahaemolyticus and P. putida. (A) Representative micrographs of V.
895 parahaemolyticus expressing FipA-sfGFP from its native promoter. Scale bar =2 um. The upper
panel shows the DIC and the lower panel the corresponding fluorescence channel. To the right
the localization was quantified accordingly. (B) The same analysis for P. putida. (C, D) Time
lapse analysis of FipA-sfGFP localization over a cell cycle in V. parahaemolyticus (C) and P.
putida (D). The numbers in the upper DIC micrographs show the minutes after start of the

900 experiment. The scale bars equal 1 um (C) and 5 um (D).
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Figure 7: Normal localization of FipA depends on interaction with FIhF. (A, B) Localization
pattern of V. parahaemolitycus FipA-sfGFP in the indicated wild-type and mutant strains. The
905 upper panels display the DIC micrographs, the middle panel the corresponding fluorescence
imaging (scale bar equals 5 um), and the lower panel the corresponding demograph showing
the fluorescence of FipA-sfGFP along the cell length. (C) Quantification of the cell localization
pattern from the experiment shown in (A, B) as combined from three biological replicates. (D,
E, F) The same analysis for the corresponding P. putida strains as indicated. The scale bar

910 equals 5 um. The data for S. putrefaciens is displayed in Supplementary Figure S9.
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