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Abstract

1 Abstract

Large multiprotein complexes perform various biological processes. In the past decade,
in vivo fluorescence labeling of proteins and advanced microscopy techniques have
revealed that many protein complexes, previously assumed to be static, contain
components that dynamically exchange subunits with cellular pools. The type IVa pilus
machine (T4aPM) drives the extension/adhesion/retraction cycles of T4aP and is the
prototype of a large family of prokaryotic cell envelope-spanning macromolecular
complexes involved in motility, DNA-uptake, secretion, and adhesion. Here, we used the
T4aPM in Myxococcus xanthus as a model to investigate whether proteins of this nano-
machine dynamically exchange and if exchange is coupled to the activity of the T4aPM.
We performed Fluorescence Recovery After Photobleaching (FRAP) experiments on live
cells, in which selected fluorescently-tagged proteins of the T4aPM were synthesized at
close to native levels. We demonstrate different dynamics for individual components of
the T4aPM. The PilQ secretin and its associated periplasmic protein TsaP, that jointly form
the outer membrane (OM) pore, as well as the inner membrane (IM) proteins PilP and
PilO, and likely also the IM protein PilN, that jointly form the alignment complex connecting
the outer OM pore to the IM platform protein PilC, were stably incorporated into the
T4aPM. By contrast, the three cytoplasmic proteins PilM, PilB and PilT were dynamically
incorporated into the T4aPM and displayed different exchange kinetics. In the case of
PilM, the exchange rate was dependent on the functional state of the T4aPM and were
reduced by binding of the extension and retraction ATPases, PilB and PilT, to the base of
the T4aPM. Remarkably, using an active variant of the PilM that was stably incorporated
into the T4aPM, we demonstrate that PilM exchange is not essential for T4aPM function.
The ATPases PilB and PilT underwent rapid exchange; however, PilB exchange was
much faster than PilT exchange, supporting that the rate of T4aP formation is limited by
slow PIlT unbinding from the T4aPM. The different exchange kinetics of PilM, PilB and
PilT support that they exchange independently of each other. Moreover, our data support
that the dynamic exchange of PilB and PilT reflect neither the incorporation of the
hundreds of individual PilA building block of the T4aP per second into the extending pilus
nor their removal during retractions, and that the PilA subunits are delivered and removed
to the T4aPM independently of any T4aPM component. We conclude that the trans-
envelope structural elements of the T4aPM are stable structures once assembled, that the
only dynamically incorporated proteins are the cytoplasmic PilM, PilB and PilT, with PilM

exchange not being important for T4aPM function, while PilB and PilT exchange reflects
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Abstract

the binding and unbinding of these proteins to the T4aPM to power T4aP extension and
retraction, respectively.

The second part of this study focus on SgmO, a regulator of exopolysaccharide synthesis.
Detailed genetic analyses confirmed that SgmO is important for exopolysaccharide
synthesis, T4aP-dependent motility, and development. Moreover, AsgmO cells had

reduced T4aP levels.
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Zusammenfassung

Grofde Multiprotein-Komplexe fiihren unterschiedliche biologische Prozesse aus. In den
letzten zehn Jahren haben in-vivo-Fluoreszenzmarkierung von Proteinen und
hochentwickelte Mikroskopie Techniken gezeigt, dass viele Protein-Komplexe, die zuvor
als statisch angesehen wurden, Komponenten enthalten, die sich dynamisch mit
zellularen Proteinen austauschen. Die Typ-IVa-Pilus-Maschine (T4aPM) treibt die
Verlangerungs-/Haftungs-/Rickzugszyklen von T4aP an und ist ein Prototyp einer grof3en
Familie prokaryotischer, die Zellhllle durchspannender makromolekularer Komplexe, die
an Bewegung, DNA-Aufnahme, Sekretion und Haftung beteiligt sind. Hier haben wir die
T4aPM in Myxococcus xanthus als Modell verwendet, um zu untersuchen, ob Proteine
dieser Nanomaschine dynamisch ausgetauscht werden und ob der Austausch mit der
Aktivitat der T4aPM gekoppelt ist. Wir fuhrten Fluoreszenz-Recovery-after-
Photobleaching (FRAP)-Experimente an lebenden Zellen durch, in welchen ausgewahlte
fluoreszenzmarkierte Proteine der T4aPM auf einem nahezu nativen Level synthetisiert
wurden. Wir zeigen unterschiedliche Dynamiken fir individuelle Komponenten der
T4aPM. Das PilQ-Secretin und das assoziierte periplasmatische Protein TsaP, die
gemeinsam die duRere Membranpore bilden, sowie die innere Membran (IM) Proteine
PilP und PilO und wahrscheinlich auch das IM-Protein PilN, die gemeinsam den
Alignment-komplex bilden, welcher die auftere Membran Pore mit dem IM-
Plattformprotein PilC verbindet, wurden stabil in die T4aPM eingebaut. Im Gegensatz
dazu wurden die drei zytoplasmatischen Proteine PilM, PilB und PilT dynamisch in die
T4aPM eingebaut und zeigten unterschiedliche Austauschkinetiken. Im Fall von PilM war
die Austauschrate abhangig vom funktionellen Zustand der T4aPM und wurde durch die
Bindung der Verldngerungs- und Rickzugs-ATPasen PilB und PilT an der Basis der
T4aPM reduziert. Bemerkenswert ist, dass wir mithilfe einer aktiven Variante von PilM, die
fest in die T4aPM eingebaut war, zeigen, dass der Austausch von PilM fur die Funktion
der T4aPM nicht entscheidend ist. Die ATPasen PilB und PilT unterlagen einem schnellen
Austausch; jedoch war der Austausch von PilB wesentlich schneller als der von PilT, was
darauf hinweist, dass die Geschwindigkeit der T4aP-Bildung durch das langsame L&sen
von PilT von der T4aPM begrenzt ist. Die unterschiedlichen Austauschkinetiken von PilM,
PilB und PIIT unterstitzen die These, dass sie unabhangig voneinander ausgetauscht
werden. Darlber hinaus stitzen unsere Daten die Annahme, dass der dynamische
Austausch von PilB und PilT weder die Aufnahme der Hunderte von einzelnen PilA-

Bausteinen pro Sekunde in den wachsenden Pilus noch deren Entfernung wahrend des
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Rickzugs widerspiegelt, und dass die PilA-Untereinheiten unabhangig von jeder T4aPM-
Komponente zur T4aPM transportiert und entfernt werden. Wir schliefsen daraus, dass
die Zellhille durchspannenden strukturellen Elemente der T4aPM stabile Strukturen sind,
sobald sie zusammengebaut sind, und dass die einzigen dynamisch eingebauten Proteine
die zytoplasmatischen PilM, PilB und PilT sind, wobei der Austausch von PilM fur die
Funktion der T4aPM nicht wichtig ist, wahrend der Austausch von PilB und PilT das An-
und Abbinden dieser Proteine an die T4aPM zur Verlangerung bzw. zum Rickzug der
T4aP reflektiert.

Der zweite Teil dieser Studie konzentriert sich auf SgmO, einen Regulator der
Exopolysaccharidsynthese. Detaillierte genetische Analysen bestatigten, dass SgmO
wichtig fur die Exopolysaccharidsynthese, die T4aP-abhangige Beweglichkeit und die
Entwicklung ist. AuBerdem hatten AsgmO-Zellen reduzierte T4aP-Spiegel.
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3 Introduction
Antony van Leeuwenhoek described in 1676 in a letter to the Royal Society the

observations he had made through his microscope in a rainwater sample. “When these
animacula or living Atoms did move, they put forth two little horns, continually moving
themselves; the body was roundish, sharpning a little towards the end, where they had a
tayl, near four times the length of the whole body, of the thickness (by my Microscope) of
a Spiders-web,” (Leeuwenhoek). He first observed moving bacteria, and movement
became a defining feature of life. Since then, different bacterial motility systems have been
identified, their importance in ensuring bacterial survival in various environments have
been documented, and the nano-machines that power the translocation of cells analyzed
(Thomas et al., 2006, Wadhwa & Berg, 2022).

3.1 Bacterial motility — an overview

Bacterial cells can swim in liquid using rotating flagella (Silverman & Simon, 1974, Larsen
et al., 1974, Berg, 1974) and translocate across surfaces using extending/retracting type
IVa pili (T4aP) (O'Toole & Kolter, 1998, Wu & Kaiser, 1995) or gliding motility (Hodgkin &
Kaiser, 1979, Miyata & Hamaguchi, 2016, Wadhwa & Berg, 2022).

Flagella are rotating filaments, and the direction of rotation of one or multiple flagella
determine the direction of movement of the cell (Silverman & Simon, 1974, Larsen et al.,
1974, Berg, 1974, Wadhwa & Berg, 2022). The nano-machine that drives flagellar rotation
is trans-envelope and highly conserved. Interestingly, a core part of this machine shares
homology with another macromolecular trans-envelope complex; the injectisome. The
core of both complexes consists of a type lll-secretion system (T3SS) (Diepold &
Armitage, 2015). The injectisome is a bacterial syringe like structure (Hu et al., 2018, Park
et al., 2018), which is used to secrete effector proteins across the bacterial cell envelope
into eukaryotic cells (Galan & Collmer, 1999, Galan & Wolf-Watz, 2006, Cornelis, 2006).

T4aP are long, thin filaments that undergo cycles of extension, adhesion to a surface, and
retraction. A force of up to 150 pN per T4aP is generated during the retraction of T4aP,
which pulls the cell forward (Clausen et al., 2009a, Maier et al., 2002). The nano-machine
driving the extension/adhesion and retraction cycles consists of several ring-like structures

and spans the cell envelope from the cytoplasm to the cell surface (Leighton et al., 2015,
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Craig et al., 2019, Chang et al., 2016, Gold et al., 2015, Karuppiah et al., 2013, Georgiadou
et al., 2012). Interestingly, the nano-machine powering T4aP function is highly conserved
(Craig et al., 2019) and shares similarities with the type ll-secretion system (T2SS), which
also consists of several interconnected rings, spans the cell envelope and is used to
translocate a wide range of proteins from the periplasm across the OM (Peabody et al.,
2003, Craig et al., 2019). It was suggested that the T2SS has evolved later in evolution
from T4PM (Denise et al., 2019).

While the nano-machines driving flagella- T4aP- formation and function are widespread
and conserved, (Wadhwa & Berg, 2022, Pelicic, 2008, Craig et al., 2019), the nano-
machines for gliding motility are much less conserved (Craig et al., 2019). Gliding motility
is defined as movement across a surface along the cell length, independent of flagella or
pili (Burchard, 1981, Kearns, 2010). Different gliding motility systems have been identified,
each with a narrow taxonomic distribution, including ~50 nm long leg-like structures in
Mycoplasma mobile (Miyata & Hamaguchi, 2016), focal adhesion complexes in M.
xanthus (Mignot & Noéllmann, 2017), and the type IX secretion/gliding motility system in
Bacteroidetes spp (McBride & Nakane, 2015).

3.2 Protein exchange in the flagellar motor and the T3SS

In Gram-negative bacteria, membrane-spanning multiprotein complexes including the
flagellar nano-machine, the injectisome, the T2SS and the T4aPM consist of multiple ring-
like structures that are anchored in the inner and OM (Ayers et al., 2010, Chang et al.,
2016, Chernyatina & Low, 2019, Paul et al., 2011, Yamaguchi et al., 2021). In the past,
techniques such as X-ray crystallography and electron microscopy have solved the overall
structure and/or architecture of these nano-machines in minute detail. However, these
techniques are based on static imaging and thus convey the impression that these large
multi-protein complexes consist of static units. More recently, live-cell imaging techniques
based on fluorescent labeling of proteins and FRAP (Fluorescence recovery after
photobleaching), FLIP (Fluorescence loss in Photobleaching) and single molecule
microscopy have unraveled, that components of multiprotein complexes are either stably
incorporated into a protein complex or dynamically exchange over time. As described
below, this work has been spearheaded in the flagellar nano-machine and the T3SS, while
the dynamic exchange of components of the T4aPM and the T2SS is largely unexplored.

Using a combination of TIRF (total internal reflection fluorescence) microscopy, FLIP and
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FRAP, it was found that the stator protein MotB of the flagellar motor constantly exchanges
with an IM pool and one MotB protein only dwells in the motor for ~30 sec (Figure 1)
(Leake et al., 2006). Similarly, a single FliM protein, which forms the cytoplasmic ring of
the bacterial flagellar motor, has a motor dwell time of ~40 sec (Delalez et al., 2010).
Moreover, its dynamic exchange depends on the binding of the chemotaxis signaling
protein CheY (Figure 1). Based on these findings, it was suggested that FliM exchange is
important for directional switching of the flagellum (Delalez et al., 2010). The rotor protein
FIiN was found to exchange with very similar dynamics to FliM, and FliM/N sub-complexes
are suggested to exchange, and play a role in fine-tuning cytoplasmic ring function by
varying subunit stoichiometry (Figure 1) (Fukuoka et al., 2010). FIhA is a part of the
flagellar export apparatus and was also described to exchange subunits in a range of
minutes (Figure 1) (Li & Sourjik, 2011). Flil the ATPase of the bacterial export apparatus
was shown to exchange subunits within a minute (Bai et al., 2014). However, in these two
cases, the benefit of the protein exchange, if any, is currently not clear. By contrast, FliG
and FIliF, which are part of the motor switch ring (MS-ring), were both reported to not

exchange subunits and, thus are stably incorporated (Figure 1) (Li & Sourjik, 2011).

In case of the Yersinia enterocolitica T3SS, FRAP microscopy of the OM secretin YscC
demonstrated that it is stably incorporated into this complex and does not undergo
exchange (Diepold et al., 2015). YscV, which is a homolog of the dynamically exchanging
FIhA of the flagellar motor, is also stably incorporated (Diepold et al., 2015). By contrast,
the cytoplasmic ring forming YscQ protein exchanges subunits over a timescale of
minutes, similar to FIiM/N (Figure 1) (Diepold et al., 2015). Interestingly, YscQ exchange
is faster under secreting conditions than under non-secreting conditions and even faster
in the presence of a catalytically inactive T3SS ATPase variant of YscN. It was discussed
that the YscQ exchange in the cytosolic ring of the injectisome might be linked to effector
export, however YscQ exchange would be to slow to be directly linked to the export of
effectors (Diepold et al., 2015). As several components of the injectisome, e.g. YscQ,
YscL, YscN and YscK assemble to form sub-complexes, it has been suggested that sub-

complexes might exchange as units (Diepold et al., 2017, Tusk et al., 2018).
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Flagellum Injectisome

Environment
(e.g. [Na’])

Environment
(e.g. [Ca™],
controling secretion)
Chemotaxis g

Figure 1 Summary of protein exchange in the multiprotein complexes of the bacterial
flagellum and the injectisome. Schematic overview of the flagellum (left) and the injectisome
(right). Protein exchange is marked by colors and arrows, and proteins found to not exchange are
shown in dark grey. Components not studied for protein exchange are shown in light grey. Arrows
with question marks show suggested protein exchange without direct evidence. Dashed arrows
indicate external factors influencing the protein exchange. Adapted from (Milne-Davies et al., 2021).

3.2.1 The T4aPM - arepresentative of a large family of macromolecular machines
The T4aPM belongs to the type IV filament (TFF) superfamily, diverse and widespread
group of macromolecular machines. The TFF superfamily includes type 1Va pili, type IVb
pili, type IVc pili (Tad pili), Msh pili, competence pili, the type Il secretion system and
archaeal flagella (Beeby, 2019, Denise et al., 2019). Thus, the TFF members are involved
in bacterial motility, surface adherence, biofilm formation, protein secretion and DNA-
uptake (Denise et al., 2019). T4P are thin, filamentous cell appendages, several microns
in length and ~6-9 nm in width (Craig & Li, 2008, Pelicic, 2008). They consist of polymers
of thousands of copies of a major pilin, fewer minor pilins and in some cases the PilY1
adhesins (Giltner et al., 2010, Treuner-Lange et al., 2020). T4P are categorized into T4aP,
T4bP and T4cP, based on differences in the leader peptides and the size of the mature
major pilin (Giltner et al., 2012, Chlebek et al., 2021, Pelicic, 2023). Despite their functional
differences, the TFF members share homologous proteins that allow the extrusion on the

cell surface of pili, or pseudopili in the periplasm in case of the T2SS. Four core proteins
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are represented in all of TFF systems, the major pilin, the pre-pilin peptidase that cleaves
the signal peptide off to generate mature pilins, an inner IM platform protein, and an
extension ATPase (Figure 2) (Denise et al., 2019). In Gram-negative bacteria, the TFF
systems all contain an OM secretin. All other components are less conserved (Figure 2).

Here, | focus on T4aP and the T4aPM in Gram-negative bacteria.

T28S Archael-T4P  Com (monoderm)
oM m il
i i
{ 3 i}

o ) IM
o ® 99 ®

Figure 2 Representatives of the TFF superfamily. Schematic overview of TFF nano-machines
as the T2SS, T4aP, Tad- MSH-,T4bP, Archaeal T4P as well as Com pili in Gram-positive bacteria.
Homologous components are shown in the same colors. The OM secretin is depicted in brown,
secretin-associated proteins are shown in red and assembly proteins in blue shades and magenta.
ATPases are shown as green hexagons. The IM platform proteins are shown in orange, major pilins
in grey, minor pilins in yellow and pre-pilin peptidases in pink. Modified from (Denise et al., 2019).

3.2.2 The type IVa pilus machine (T4aPM)

The T4aPM constitutes the conduit across the cell envelope for the T4aP, and power the
dynamic pilus extension and retraction. Systematic genetic analyses identified genes
encoding T4aP biogenesis proteins in several organisms. Overall the structure of the
T4aPM can be divided into an OM pore formed by the secretin PilQ and the secretin
surrounding TsaP, an IM platform made by PilC, a periplasmic alignment complex that
connects these two structural elements formed by PilP, PilN, PilO and PilM, a priming
complex, and the ATPases for T4aP extension and retraction (Figure 3) (Giltner et al.,
2010, Treuner-Lange et al., 2020). The T4aPM allows pilus extension and retraction by
adding pilin subunits to the pilus or removing subunits from the pilus fiber with rates of
~1000 subunits per second (Merz et al., 2000, Clausen et al., 2009a, Skerker & Berg,
2001),
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Figure 3 Overview of the T4aPM. Schematic model of three versions of the T4aPM. The T4aPM
spans the cell envelope. PilQ, TsaP form a OM pore complex PilN, PilO, PilP, PilM form an
alignment complex and PilC forms the inner membrane platform and localize in the piliated
extending (left), retracting (middle), and unpiliated (right) T4aPM. PilA and the minor pilins localize
in the IM and form together with PilY1 a priming complex in the unpiliated machine. PilA polymers
form the pilus fiber with the minor pilins and PilY1 at the tip. The two cytoplasmic ATPases, PilB
and PilT, power the extension and retraction of the pilus fiber.

3.2.2.1 The major pilin
The major pilin PilA as well as minor pilins (see below) are synthesized as pre-pilins and

contain an N-terminal class Il signal peptide (Szabo et al., 2007, Giltner et al., 2012). The
PilA precursor is targeted to the Sec machinery by the signal recognition particle and then
translocated across the IM (Arts et al., 2007b, Francetic et al., 2007). The pre-pilin remains
in the IM due to its hydrophobic N-terminal a-helix, and is processed by the pre-pilin
peptidase that cleaves off the signal peptide after the conserved Gly residue the
membrane and methylates the conserved N-terminal Phe residue (Nunn & Lory, 1991,
Strom et al., 1993). The mature pilin is, thus, anchored in the IM with no remaining domain
in the cytoplasm and its globular C-terminal domain in the periplasm (Lemkul & Bevan,
2011). The mature major pilin has a characteristic lollipop-like shape consisting of an N-
terminal a1-helix, followed by a C-terminal B-strand rich globular domain (Figure 4)
(Hartung et al., 2011, Wang et al., 2017). The hydrophobic N-terminal a1-helix has dual
functions and not only anchors the protein in the IM but also mediates subunit-subunit

interactions in the assembled pilus (Craig et al., 2003).
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Based on cryo-electron microscopy (cryoEM) and crystal structures, the T4aP structure
has been elucidated. The T4aP filaments are helical polymers in which the a1-helices
provide the major polymerization interface and build the core of the filament. The C-
terminal globular domains build up the outer surface of the filament (Figure 4) (Craig et
al., 2003, Hartung et al., 2011, Parge et al., 1995, Craig & Li, 2008). Recently, the structure
of the major pilin of M. xanthus was solved using cryoEM, and it was shown that its larger
C-terminal domain, compared to other major pilins, causes more extensive inter-subunit
contacts, causing higher bending and axial stiffness of the T4aP of M. xanthus (Treuner-
Lange et al., 2023).

side

Figure 4 Common structural features of T4P and major pilin subunits, illustrated with an
example of Neisseria gonorrhoeae T4aP (Berry & Pelicic, 2015).0n the left side the structure of the
full-length major pilin PIlE from N. gonorrhoeae. The protein is rainbow colored from its N-terminus
(blue) to its C-terminus (red). On the right side, the assembled T4aP filament is shown. Each pilin
subunit has a different color. Adapted from (Berry & Pelicic, 2015, Carreira et al., 2022)

3.2.2.2 The secretin
Secretins are key elements in OM pore complexes of T2SS, T3SS and T4aPM as well as

bacteriophage extrusion systems (Thomassin et al., 2017, Majewski et al., 2018,
Hospenthal et al., 2017, Marciano et al., 2001, Opalka et al., 2003). Secretins form
channels with a diameter of 50-80 A and allow passage of DNA, folded proteins and

polymeric fibers.
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Secretins are multimeric proteins that are assembled from 12-15 subunits (Figure 5)
(Daefler et al., 1997, Kowal et al., 2013, Howard et al., 2019, Hu et al., 2018, Yan et al.,
2017, Chang et al., 2016, McCallum et al., 2021, D'Imprima et al., 2017, Siewering et al.,
2014). Electron microscopy and sequence analyses of secretins from various systems and
organisms revealed their overall structural similarities. Secretin protomers comprise two
major subdomains, an N-terminal species-specific region and the C-terminal conserved
pore-forming region (Majewski et al., 2018, Daefler et al., 1997, Berry et al., 2012). In the
assembled secretin, C- terminal the pore-forming domains of the protomers form a B-
barrel. The C-terminal region comprises the secretin domain and the B-lip region (Weaver
et al., 2020, Worrall et al., 2016). The N-terminal region can be divided into different
subdomains. The NO subdomain is followed by one or several repeat subdomains (N1-5)
separated by flexible linkers. In some T4aP secretins, the N-terminal part can contain
peptide glycan- (PG) binding AMIN-domains (Carter et al., 2017). Recently, it was shown
that in the absence of the N-terminal AMIN domains, PilQ-sfGFP does not assemble into
multimers in M. xanthus, and it was suggested that the presence or absence of AMIN
domains in secretins determines the T4aPM localization pattern in bacteria (Herfurth et
al., 2023).

In T4aP systems, the oligomerization and OM localization of the secretin depend on a
pilotin. In P. aeruginosa and M. xanthus, PilQ localization to the OM depends on the
pilotins PilF and Tgl, respectively (Nudleman et al., 2006, Koo et al., 2008). PilF is thought
to act as a co-chaperone with the Lol system to facilitate PilQ transit across the periplasm
to the OM (Koo et al., 2008, Hoang et al., 2011). Tgl of M. xanthus is essential for PilQ
stability and its multimerization in the OM (Nudleman et al., 2006, Rodriguez-Soto &
Kaiser, 1997, Herfurth et al., 2023a, Herfurth et al., 2023). In N. meningitidis, lack of the
PilW pilotin did not affect PilQ localization, and PilQ insertion to the OM is thought to be
Bam dependent (Carbonnelle et al., 2005, Voulhoux et al., 2003, Silva et al., 2020).
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AMIN N3 Secretin

Secretin

N3

Figure 5 Cryo-EM structure of tetradecameric PilQ of P. aeruginosa. The upper panel shows
the domain architecture of PilQ of P. aeruginosa. In the lower panel the Cryo-EM structure, in which
the different domains of one PilQ protomer are indicated. The N3 (marine blue), secretin (green),
and B-lip region (yellow) are shown. The NO and two AMIN domains, which are not resolved in the
structure, are shown as a cyan cylinder and pink boxes, respectively. The dashed box marks the
part of the secretin in which the front part of the barrel structure has been removed to show the
inside of the barrel with the gate. Adapted from (Herfurth et al., 2023).

3.2.2.3 Peptidoglycan binding TsaP
TsaP is conserved among T4aP systems and has a PG-binding N-terminal LysM domain

(Siewering et al., 2014, Buist et al., 2008). The C-terminal domain of TsaP was predicted
to be similar to the C-terminal part of the flagellar FIgT protein, which has a B-roll structure
with an extruding finger subdomain (Terashima et al., 2013, Chang et al., 2016, McCallum
et al., 2021). According to the current models, TsaP interacts with PilQ via its C-terminus,
and its N-terminus anchors it to the PG (Chang et al., 2016, McCallum et al., 2021).

Cryo-electon tomography (cryoET) suggested 12 TsaP proteins to form a belt around the
12mer secretin in M. xanthus. However, in more recent studies, seven copies of TsaP
were shown to form the belt around the 14-meric P. aeruginosa secretin (Figure 6) (Chang
etal., 2016, McCallum et al., 2021). TsaP is thought to be important to anchor the secretin
complex to the PQ and to help aligning PilQ with the IM complex (Chang et al., 2016,
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McCallum et al., 2021, Siewering et al., 2014) as lack of TsaP led to membrane protrusions

filled with T4aP in N. gonorrhoeae (Siewering et al., 2014).

Figure 6 TsaP forming a heptameric ring around PilQ. Map summarizing the predicted
heptamer structure of TsaP modeled into PilQ cryo-EM spike densities. PilQ is shown in magenta
and TsaP in yellow. Adapted from (McCallum et al., 2021).

3.2.2.4 The lipoprotein PilP
The lipoprotein PilP forms a ring-like structure in the periplasm and is anchored to the IM

via its lipidated N-terminus (Figure 3). PilP directly interacts with PilQ, PiIN, and PilO
(Figure 3)(Balasingham et al., 2007, Ayers et al., 2009, Chang et al., 2016, Tammam et
al., 2013). The N-terminus of PilP has a type Il signal peptide. Structural characterization
of PilP revealed that the N-terminal part of PilP is disordered, while the C-terminal part
has a B-sandwich type fold, which is similar to the homology region (HR) of GspC in T2SS
that interacts with the secretin (Figure 3 and Figure 7) (Tammam et al., 2011, Golovanov
et al., 2006, Tammam et al., 2013, Korotkov et al., 2011). The HR of PilP directly interacts
with the NO domain of PilQ, while the N-terminal disordered region interacts with PilN and
PilO (Tammam et al., 2013). Thus, PilP builds the bridge, connecting the OM secretin with
the other alignment complex components of the T4aPM namely PilN, PilO and PilM
(Figure 3).

pip —

Figure 7 Overview of the PilP domain architecture. The N-terminus of PilP contains a signal
sequence and a conserved lipidation site. This is followed by the N-terminal disordered region of
PilP (pink) and the C-terminal B-sandwich type fold, which is similar to the homology region (HR) of GspC
in T2SS (red). Based on an overview of the M. xanthus PilP adapted from (Tammam et al., 2011).
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3.2.2.5 The integral membrane proteins PilN and PilO
CryoET has demonstrated that the integral IM proteins PilN and PilO form a ring-like

structure in the periplasm (Figure 3) (Chang et al., 2016). Among PilN proteins in different
species, the N-terminus is highly conserved, while PilO is more conserved at its C-
terminus. The secondary structure of PilN and PilO is very similar, although the sequence
identity of these two proteins is low (Sampaleanu et al., 2009, Georgiadou et al., 2012).
Both proteins have a short cytoplasmic N-terminus, followed by a transmembrane domain,
a coiled-coil (cc) domain, and C-terminal a globulardomain with a ferredoxin-like fold
(Figure 8). PilO alone forms homodimers in vitro, but when mixed with PilN, heterodimers
were formed preferably (Sampaleanu et al., 2009). Disulfide bond crosslinking assays
have also demonstrated that PilN and PilO can form heterodimers in vivo (Leighton et al.,
2016). It has been proposed that the cc domains of PilN and PilO serve as the primary
interaction interfaces in the heterodimers. In contrast, the core regions might mediate
homodimer formation. Because cross-linked PilN or PilO homodimers have minimal
functional impact on P. aeruginosa motility, it was suggested that heterodimers are the
physiologically relevant state of PilN and PilO (Leighton et al., 2016). Furthermore, PilN
and PilO were shown in Bacterial Adenylate Cyclase-Based Two-Hybrid (BACTH)
interaction studies to interact with the major pilin. PilO interactions with the inner
membrane platform protein PilC were also shown (Georgiadou et al., 2012). Since only
PilN and PilO heterodimers could interact with PilP (Tammam et al., 2011) and the three
proteins stabilize each other in M. xanthus, PilN and PilO likely form heteromers in the
T4aPM (Friedrich et al., 2014).

PIlO

Figure 8 Overview of the PilN and PilO domain architecture. The domain organization of PilN
and PilO. Both protein have a short cytoplasmic N-terminus. The C-terminal ferredoxin-like fold is
shown as a pair of diamonds, the coiled-coil domains and the TM domain are indicated. Adapted
from (Sampaleanu et al., 2009).

3.2.2.6 Cytoplasmic ring forming PilM
PilM is a cytoplasmic component of the T4aPM possessing an actin-like fold. PilM interacts

with the conserved N-terminus of PilN (Georgiadou et al., 2012, Karuppiah & Derrick,
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2011, McCallum et al., 2016). PilM is structurally closely related to FtsA or MreB (Figure
9), which belong to the actin-like ATPases, and can polymerize upon ATP-binding
(Carballido-Lopez, 2006, Karuppiah & Derrick, 2011). ATP binding of PilM has been
demonstrated in different organisms (Karuppiah & Derrick, 2011, McCallum et al., 2016,
Bischof et al., 2016). CryoET demonstrated that PilM forms an oligomeric ring at the base
of the T4aPM (Figure 3) (Chang et al., 2016). It has been proposed that upon ATP binding
by PilM, conformational changes facilitate its interaction with the PiIN N-terminus
(McCallum et al., 2016). PilM also interacts with the extension ATPase PilB (Bischof et al.,
2016, McCallum et al., 2016), the retraction ATPase PIlT (Georgiadou et al., 2012), and
the IM platform forming PilC (McCallum et al., 2016). CryoET also demonstrated that the
PilM ring in the cytoplasm undergoes conformational changes upon binding of PilB or PilT
to the T4aPM as the diameter of the PilM ring in piliated machines is larger than in

unpiliated machines (Figure 3) (Chang et al., 2016).

MreB

Pil

Figure 9 Overview of the PilM domain architecture. Domain organization showing the MreB
(light magenta) and FtsA (magenta) like regions of PilM and the sequence motifs of actin-like
ATPases (dark magenta) based on a SMART analysis of M. xanthus PilM (Letunic et al., 2021).

3.2.2.7 The IM platform protein PilC
The conserved platform protein PilC is a polytopic IM protein (Takhar et al., 2013, Korotkov

et al., 2012). Different studies of PilC and homologs have suggested two or three trans-
membrane segments, resulting in discrepancies concerning PilC topology, i.e. either the
two globular domains are both in the cytoplasm (Thomas et al., 1997, Arts et al., 2007a),
or one globular domain faces the cytoplasm and the other the periplasm (Blank &
Donnenberg, 2001). The number of transmembrane helices is important for the topology
and to identify which domains are facing the cytoplasm or periplasm constituting potential
interaction sites for other proteins of the T4aPM. More recent studies suggest that the
PilC N-terminus interacts with the cytoplasmic ATPase PilB and the C-terminus interacts

with PilT (Takhar et al., 2013), indicating that both domains are in the cytoplasm. CryoET
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in M. xanthus demonstrated that PilC forms an IM structure that extends into the cytoplasm
(Chang et al., 2016).

Dimer as well as tetramer formation for PilC and PilC homologs were suggested in the
past based on crystal structures, single particle EM and CryoET (Chang et al., 2016,
Karuppiah et al., 2010, Abendroth et al., 2009, Collins et al., 2007). However, most
recently, a model with trimers of the platform protein has been suggested based on high
accuracy Alphafold predictions of the PilC homolog ComGB from Streptococcus sanguinis
(Figure 10)(Pelicic, 2023). PilC interacts with the cytoplasmic ATPases PilB (Bischof et
al., 2016, Georgiadou et al., 2012, McCallum et al., 2016). BACTH assays in P. aeruginosa
also suggested an interaction with PilA, PilM and PilO (McCallum et al., 2016).

A C D

Platform trimer

Cytoplasm

)0 000

cyt2

Extension ATPase
hexamer

Platform trimer

Figure 10 Bioinformatics analysis and Alphafold predictions of the platform protein ComGB
from S. sanguinis. A. Topology of platform proteins with three TMs, defining two large cytoplasmic
domains named Cyt1 and Cyt2. The IPR018076 motif of ComGB in Cyt1 and Cyt2 has been
highlighted in blue. The protein TM topology was determined using DeepTMHMM. B. Alphafold
prediction of the full-length platform protein ComGB from S. sanguinis. The two repeated domains
are highlighted in color. C. Predicted complex of the extension ATPase and the suggested platform
protein trimer. D. Predicted complex of the pilin and the ComGB trimer (Pelicic, 2023).

3.2.2.8 The ATPases PilB and PilT
Extension and retraction of the T4aP require energy. According to current models, the two

ATPases PilB and PilT generate chemical energy by ATP hydrolysis. PilB and PilT belong
to the superfamily of secretion ATPases (Planet et al., 2001, Peabody et al., 2003).
Specifically, PilB is required to power T4aP extension (Turner et al., 1993), while PilT
powers T4aP retraction (Wolfgang et al., 1998). Recently, bifunctional ATPases have
been proposed to power Tad- and MshA pilus extension and retraction (Ellison et al.,
2019, Hughes et al., 2022).
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Secretion ATPase subunits to have a bilobed structure with a flexible hinge connecting
the N-terminal and C-terminal domains. A cleft between the two domains is responsible
for nucleotide binding by conserved Walker A and Walker B boxes and Asp and His box
motifs in the C-terminal domain. PilB and PilT form hexameric rings (Yamagata & Tainer,
2007, Misic et al., 2010), and ATP hydrolysis leads to conformational changes, resulting
in movement of the N-terminal domains using the linker region as a hinge, while the C-
terminal regions remain fixed (Figure 11B,C). Thus, the chemical energy from ATP
hydrolysis is transformed to mechanical energy, which is thought to deliver the power for
pilus extension or retraction. PilB possesses a longer N-terminus compared to PilT (Figure
11A). A new binding domain for the second messenger c-di-GMP was discovered in the
N-terminus of MshE, the orthologue for the Msh pilus in Vibrio cholerae (Wang et al.,
2016b). And conservation of the c-di-GMP binding motif in N-termini of PilB ATPases were
shown including PilB of M. xanthus, Chloracidobacterium thermophilum, and T.
thermophilus (Dye & Yang, 2020). Direct c-di-GMP binding of PilB via its c-di-GMP binding
motif of the MshEN domain at the N-terminus was demonstrated in PilB of C.
thermophilum and recently also M. xanthus and binding of PilB to c-di-GMP was
suggested to be important for T4aP-dependent motility and biofilm formation (Dye & Yang,
2020, Wang et al., 2016b, Dye et al., 2023).

PilB and PilT bind the cytoplasmic ring component PilM (McCallum et al., 2016), and the
IM platform protein (McCallum et al., 2016, Bischof et al., 2016, Georgiadou et al., 2012).
According to current models based on cryoET, a PilB hexamer interacts with every second
PilM in the cytoplasmic ring via its N-terminal MshEN domain (Chang et al., 2016). A
retraction ATPase is not present in all known systems. However, systems lacking a
retraction ATPase are suggested to spontaneously retract due to interruption of ATP or
pilin subunit supply and are less efficient compared to ATP-driven retraction (Ng et al.,
2016, Ellison et al., 2018, Ellison et al., 2017, Craig et al., 2019).
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Figure 11 PilB and PilT domain organization, structures and conformational changes upon
nucleotide exchange. A. Domain organization of PilB and PilT of M. xanthus. PilB has an
elongated N-terminus (black). The N-terminal domains are depicted as a grey box. The Walker A,
Walker B and Asp and His box important for ATP binding are shown in grey. Adapted from
(Jakovljevic et al., 2008) B. The structure of Geobacter metallireducens PilB was solved in an ADP
and non-hydrolyzable ATP analogon bound state. These structures showed that nucleotide
exchange must lead to domain movements of hexameric PilB. While PilB was suggested to rotate
clockwise, the domain movement of PilT was meant to be counterclockwise C. The model is based
on the structure of Aquifex aeolicus PilT (Satyshur et al., 2007) and was created by structural
comparison of the interfaces of PilB. The bottom parts show a cross-section through PilB and PilT,
respectively. According to the model, PilB hexamers consist of four closed and two open units,
while PilT hexamers are comprised of four open and two closed units. Adapted from (McCallum et
al., 2017).

3.2.2.9 Minor pilins and PilY1
Compared to the major pilin, the minor pilins are present in a lower abundance in T4aP

(Giltner et al., 2010). In M. xanthus and P. aeruginosa, minor pilins are essential for T4aP
extension (Chang et al., 2016, Nguyen et al., 2015) and important for T4aP formation in
Neisseria (Nguyen et al., 2015, Winther-Larsen et al., 2005, Carbonnelle et al., 2006).
Similar to the major pilin, the minor pilins are synthesized with a type Il signal peptide and
the signal peptide is cleaved off by the pre-pilin peptidase PilD (Strom et al., 1993). The
mature minor pilins have an N-terminal, hydrophobic a-helix followed by a globular domain
(Winther-Larsen et al., 2005). Structurally, minor pilins are similar to major pilins with a
lollipop-like shape with an N-terminal a-helix followed by a globular domain. Minor pilins

are either anchored in the IM via the N-terminal a-helix, incorporated into the T4aPM to
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form a priming complex together with PilY1, or forming a tip complex in the assembled
pilus (Figure 3, 12) (Craig et al., 2019, Wang et al., 2017, Chang et al., 2016, Treuner-
Lange et al., 2020). It has been suggested that minor pilins prime T4aP extension,
counteract retraction and promote surface adhesion (Winther-Larsen et al., 2005,
Carbonnelle et al., 2006). Furthermore, minor pilins are thought to act as a cork for

terminating pilus retraction (Treuner-Lange et al., 2020).

Minor pilins are often encoded in gene clusters with PilY1, which is important for T4aP
formation in P. aeruginosa, N. meningitidis, N. gonorrhoeae and M. xanthus (Nguyen et
al., 2015, Heiniger et al., 2010, Ryll et al., 1997, Wolfgang et al., 1998, Treuner-Lange et
al., 2020). PilY.1 has been demonstrated to be part of the priming complex made by the
major pilin and minor pilins and has been located at the tip of the pilus fiber, likely essential
for pilus adhesion (Figure 3,12) (Xue et al., 2022, Treuner-Lange et al., 2020).

T4aP tip unpiliated T4aPM

PilY1.3 (YWFA domain)
PilY1.3 (PilY1 domain)
PilX3
- INE!

PilV3
PilA

Figure 12 Model of the minor pilins and PilY.1 at the tip of the T4aP and in the unpiliated
T4aPM. Hypothetical structural models of the minor pilins, PilA and PilY.1 at the tip of a T4aP (left)
or in the priming complex in the unpiliated T4aPM (right). The models were placed into a cryoEM
image of a kinked T4aP tip structure or the subtomogram averages of unpiliated T4aPM,
respectively. Adapted from (Treuner-Lange et al., 2020).

3.3 The molecular mechanism of T4aP assembly and disassembly
Overall the T4aPM can exists in three different states, non-piliated, in extension mode with

PilB bound to the base, and a retraction mode with PilT bound at the base (Chang et al.,
2016, Treuner-Lange et al., 2020). In all three structural states, the T4aPM span from the
OM across the periplasm, IM to the cytoplasm and, furthermore, the PilQ secretin and
TsaP are bound to the PG (Chang et al., 2016). According to the current working model

for how the machine works, PilB and PilT bind in a mutually exclusive manner to the
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cytoplasmic base of the T4aPM. For T4aP extension, PilB binds to the base via
interactions with PilC and PilM; upon ATP hydrolysis by PilB the PilC platform rotates
resulting in PilA subunits being added to the base of the priming complex from a reservoir
of in the IM. As PIilA incorporation continues, the pilus grows from the base leaving the
priming complex at the pilus tip. For pilus retraction, PilB unbinds and is replaced by PIilT.
PilT is suggested to rotate PilC in the opposite direction and thus facilitate removal of PilA
subunits from the base of the pilus fiber and their reinsertion into the IM (Chang et al.,
2016).

In the model of the unpiliated machine (Figure 3) a cage like structure is formed by the
coiled-coil regions of PilN and PilO, however, the space between the coiled-coil structures
is not sufficiently wide to allow PilA to pass through. Therefore, it was suggested that once
PilB binds to the T4aPM, the PiIN-PilO coiled-coil structures spread apart, allowing PilA
entry to the cage, thereby gaining access to the PilC platform (Chang et al., 2016).
According to this model, PilA subunits enter into the T4aPM laterally from the IM as long
as PilB is hydrolyzing ATP. However, in an alternative model proposed for the T2SS, the
major pseudo-pilin PilG directly interacts with the PilO homolog PulM in the IM. By binding
to the PilM-PilN hybrid homolog PulL, PulM targets PulG and channels it to the site for the
pseudo-pilus assembly. This model postulates PulG to be delivered to the T2SS in sub-
complexes with PulM and, thus, PulM would dynamically associate with the T2SS (Figure
13) (Dazzoni et al., 2023).

Little is known about the molecular exchange of subunits in the T4aPM. FRAP
experiments performed on the cytosolic ATPase of the DNA-uptake machinery of Bacillus
subtilis, which is required for pseudopilus assembly, the PilB homolog ComGA showed
only 10% recovery within a timescale of few minutes. Therefore, it was suggested that the
DNA-uptake machinery of competent B. subtilis cells is a stable complex (Kaufenstein et
al., 2011). By contrast, FRAP microscopy of a fluorescent fusion of the retraction ATPase
PilT of the M. xanthus T4aPM showed fast recovery of the fluorescence intensity and,

thus, fast protein exchange within two minutes (Bulyha et al., 2009, Bulyha et al., 2013).
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Figure 13 Model of PulG delivery to the T2SS by PulM. In this model, PulG interacts to PulM.
PulM in turn binds to PulG in the T2SS and targets PulG to the PulL, PulF, PulE complex of the
T2SS. Then PulG is released from PulM and added to the growing endopilus. Adapted from
(Dazzoni et al., 2023).

3.4 M. xanthus

M. xanthus is a Gram-negative member of the Myxococcales and belongs to the phylum
Myxococcota (Waite et al., 2020). It is an obligate aerobe soil bacterium. It encounters
various environmental challenges and uses different processes to respond to them. Its
life-cycle includes growth in spreading colonies, predation on other microorganisms and
nutrient starvation-induced formation of spore-filled fruiting bodies (Figure 14) (Munoz-
Dorado et al., 2016).

During these phases of its lifecycle, M. xanthus uses and regulates two motility systems
to translocate across surfaces: gliding motility and T4aP-dependent motility (Hodgkin &
Kaiser, 1979). Gliding motility was previously known as adventurous motility and is used
on hard surfaces, allowing single-cell movement. Single cells can leave the edge of the
M. xanthus colony and explore their environment (Spormann, 1999), leaving a slime trail
behind (Wolgemuth et al., 2002). This trail is recognized by other M. xanthus cells, which
start to follow these ftrails, leading to an organized expansion of the colony (Gloag et al.,
2015, Burchard, 1982). If nutrients are depleted, and in the presence of prey, M. xanthus
cells can use T4aP-dependent motility to prey on other microorganisms, organizing
themselves in wave structures known as rippling formation (Berleman et al., 2006). The

cells secrete exoenzymes via various systems e.g. a Tad-like apparatus (Kil) and an
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atypical T3SS like apparatus, to lyse the prey and take up the released nutrients (Hart &
Zahler, 1966, Seef et al., 2021, Thiery et al., 2022). If these nutrients are depleted, the
starving cells start a developmental process using gliding motility and T4aP-dependent
motility to form fruiting bodies. These structures are large multicellular aggregates, in
which the rod-shaped cells differentiate into myxospores. In the presence of nutrients, the
myxospores can germinate to start a new lifecycle (Dworkin, 1996, Sudo & Dworkin,
1969).

The rod-shaped M. xanthus cells translocate across surfaces in the direction of their long
axis with defined leading and lagging cell poles. Cells reverse their direction of movement
and polarity irregularly but with an average reversal frequency of one reversal in 8-10 min

(Spormann & Kaiser, 1995), independently of the cell cycle.

Figure 14 Multicellular cell cycle of M. xanthus. A. VVegetative growth of M. xanthus cells in the
presence of nutrients. Cells grow, divide and move in a coordinated manner, forming swarms. Once
cells make contact with other microorganisms, M. xanthus cells start to predate by penetrating the
prey colony and lysing the cells. B. Upon starvation, the M. xanthus cells undergo a developmental
program. Extracellular and physical contact signals initiate the formation of aggregates and fruiting
body formation. These fruiting bodies are filled with myxospores. Myxospores germinate when
nutrients are available again. Adapted from (Mufioz-Dorado et al., 2016).
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3.4.1 T4aP-dependent motility in M. xanthus

T4aPM assemble at both cell poles; however, T4aP are only assembled at the leading cell
pole of M. xanthus cells (Figure 15). This polarity is brought about because the extension
ATPase PilB predominantly localizes at the leading cell pole, while the retraction ATPase
PilT predominantly localize at the lagging pole and only occasionally localizes to the
leading pole (Bulyha et al., 2009). During a cellular reversal, which is induced by the Frz
chemosensory system (Kaimer et al., 2012), the two ATPases disassemble from their
poles and switch to the opposite poles (Bulyha et al., 2009). Ultimately, piliated and
unpiliated T4aPM are present at the leading pole, while only unpiliated T4aPM are at the
lagging pole (Chang et al., 2016, Friedrich et al., 2014, Nudleman et al., 2006, Siewering
et al., 2014). Systematic analysis of Pil mutants suggested that the T4aPM assembles in

an outside-in manner, starting with the secretin in the OM (Friedrich et al., 2014).

Direction of movement
4—

+Frz

. . —>
Direction of movement

@ piliated T4PM (extending)
@ piliated T4PM (retracting)
O unpiliated T4PM

Figure 15 Localization of T4aP and T4aPM variants before and after reversals. PilQ, TsaP,
PilM, PilN, PilO, PilP and PilC form a stationary complex and localize at both poles during and after
Frz induced reversals. Three variants of the T4aPM can be found at the leading pole: piliated
T4aPM that extend the pilus fiber, powered by PilB (light green), piliated T4aPM that retract the
pilus fiber (dark green) and unpiliated T4aPM (white). While at the lagging pole only unpiliated
T4aPM can be found.

3.4.2 Gliding motility in M. xanthus
Gliding motility allows single-cell movement and is often called adventurous motility (A-

motility) (Spormann, 1999). The gliding motility machine in M. xanthus consists of three
sub-complexes. The AgIRQS proteins localize in the IM and use the proton-motive force
to drive forward translocation of the cell (Sun et al., 2011, Nan et al., 2011). They interact

with the 11 Glt proteins, which are known to be structural components of the gliding motility
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machine and span the cell envelope (Jakobczak et al., 2015, Luciano et al., 2011). The
third sub-complex is in the cytoplasm and consists of the Ras-like GTPase MglA, AglZ
and the actin-like MreB (Treuner-Lange et al., 2015).

Several proteins involved in gliding motility localize at the leading pole in moving cells,
switch polarity during reversals, and colocalize in three to four complexes that are
distributed along the cell length and fixed to the substratum (Jakobczak et al., 2015,
Luciano et al., 2011, Treuner-Lange et al., 2015). These complexes are known as focal
adhesion complexes (FAC) and are the sites of force generation for gliding motility (Mignot
et al., 2007).

According to the current model, the AgIRQS complex assembles at the leading cell pole,
connects with the cytoplasmic and IM Glt proteins and is stimulated by the
AglZ/MglA/MreB complex (Treuner-Lange et al., 2015). The fully assembled machine
adheres to the substratum, and then the AgIRQS motor translocates the machine towards
the lagging pole in a proton-motive force-dependent manner (Sun et al, 2011,
Schumacher & Sogaard-Andersen, 2017, Mignot et al., 2007). While the cell is moving
forward, the gliding motility machine is fixed to the substratum. Once the gliding motility

machine reaches the lagging pole , it disassembles (Mignot et al., 2007).

3.4.3 Regulation of motility in M. xanthus
M. xanthus cells translocate across surfaces along their long axis with defined leading and

lagging cell poles (Zhang et al., 2012a). Cells revert their direction of movement irregularly
but with an average reversal frequency of one reversal in 8-10 min (Spormann & Kaiser,
1995). A reversal switches the direction of translocation and cell polarity. Two protein
modules regulate the polarity of the two motility machines in M. xanthus (Figure 16). The
polarity module consists of at least six cytoplasmic proteins; the small Ras-like GTPase
MglA, the MgIB/RomY complex, which has GTPase activating complex (GAP) activity, the
RomR-RomX complex, which has Guanine nucleotide exchange factor (GEF) activity, and
the adaptor protein MgIC (Figure 16 A,B) (Szadkowski et al., 2022, Szadkowski et al.,
2019, Keilberg et al., 2012b, Leonardy et al., 2010b, Zhang et al., 2010, Zhang et al.,
2012b, Carreira et al., 2023). The polarity inversion module consists of the Frz

chemosensory system (Figure 16D) (Blackhart & Zusman, 1985, Carreira et al., 2022).

MgIA can bind GTP and GDP and has a low intrinsic GTPase activity. MglA is active when
bound to GTP, and it is essential for both motility systems. MglA-GTP directly interacts
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with SgmX, which stimulates the polar localization of the PilB extension ATPase (Mercier
et al., 2020, Potapova et al., 2020). For gliding motility, MgIA-GTP directly interacts with
actin-like protein MreB and polarly localized AglZ and is incorporated into the Agl-Glt
machinery at the leading pole (Figure 16A) (Mercier et al., 2020, Yang et al., 2004,
Treuner-Lange et al., 2015, Mauriello et al., 2010, Nan et al., 2014).

MglA GTPase activity is stimulated by MgIB (Leonardy et al., 2010a, Zhang et al., 2010,
Zhang et al., 2012b). MglA-GTP, which is the active form, localizes at the leading pole and
the inactive form MglA-GDP is diffusely localized (Figure 16C) (Leonardy et al., 2010a,
Zhang et al., 2010, Miertzschke et al., 2011). MglB/RomY and RomR/RomX localize
similarly to the cell poles, each with a large cluster at the lagging pole and a small cluster
at the leading pole (Figure 16C) (Zhang et al., 2010, Leonardy et al., 2010a, Leonardy et
al., 2007, Szadkowski et al., 2019, Szadkowski et al., 2022). Nevertheless, GAP activity
dominates at the lagging and GEF activity at the leading pole. Due to the spatial separation
of the GAP and GEF activities, MgIA-GTP specifically localizes to the leading pole
(Figure16C) (Zhang et al., 2012b, Keilberg et al., 2012a, Zhang et al., 2010). Recently
RomR/MgIC/MgIB were found to form a complex, that helps to establish correct polarity of
MglB/RomY and RomR/RomX (Carreira et al., 2023).

The polarity inversion module consists of the Frz chemosensory system, which is
homologous to the chemotaxis regulating systems in other bacteria (Porter et al., 2011,
Kaimer et al., 2012, Mercier & Mignot, 2016). The core of this system consists of a
methylated chemotaxis protein (MCP) homolog FrzCD, the CheW homolog FrzA, and the
hybrid histidine protein kinase FrzE (Mauriello & Zusman, 2007, Bustamante et al., 2004).
All three components are essential for inducing reversals (Bustamante et al., 2004). FrzE
autophosphorylates on a conserved His residue. FrzE can transfer the phosphate to the
two response regulators FrzZ and FrzX to induce the polarity inversion (Figure 16D)
(Inclan et al., 2007, Guzzo et al., 2018, Inclan et al., 2008, Kaimer & Zusman, 2013).
Phosphorylated FrzZ localizes to the leading pole during and between reversals in an
MglA-dependent manner (Kaimer & Zusman, 2016). By contrast, phosphorylated FrzX
localizes to the lagging pole in an MgIB-dependent manner (Guzzo et al., 2018). By an
unknown mechanism, phosphorylated FrzZ and FrzX at the two poles causes the
inversion of the polarity of the six proteins of the polarity module (Guzzo et al., 2018,
Kaimer & Zusman, 2013, Carreira et al., 2022, Carreira et al., 2023). Thus, after a reversal

MgIA-GTP localizes to the new leading pole where it recruits its effector protein SgmX that
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brings about polar localization of PilB at the leading pole. As a consequence, T4aP are
assembled at the new leading pole after a reversal (Potapova et al., 2020, Mercier et al.,
2020).
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motility systems

T4P-dependent motility: Gliding motility:
SgmX &

Leading Lagging
pole pole

Figure 16 Regulation of cell polarity and motility in M. xanthus. A. MglA GTPase (yellow) cycle
including effectors of MglIA-GTP. The GAP MgIB is shown in red and the GEF RomR-RomX is shown
in purple and green. B. Regulatory protein interactions that establish and maintain front-rear polarity
in M. xanthus. RomY is shown in cyan and MgIC in light brown. C. Protein interactions between the
polarity proteins at leading and lagging cell poles of M. xanthus cells. Arrows show locally strong
interactions, dashed arrows show locally suppressed interactions. The arrow from RomR on itself
indicates the positive feedback that reinforces its polar localization. D. Schematic overview of the Frz
polarity inversion module. The methyl-accepting chemotaxis protein (MCP) FrzCD, the CheA-like
histidine kinase FrzE with an N-terminal kinase domain (FrzEA) and a C-terminal receiver domain
FrzEY, the CheW-like coupling proteins FrzA and FrzB, FrzF and FrzG with FrzCD methyltransferase
and methylesterase activity, respectively, and the response regulators FrzZ and FrzX are shown. The
suggested phosphotransfer from FrzEA at low signaling levels to FrzEY is shown in grey, and the
experimentally verified phosphotransfer at higher signaling levels to FrzZ and FrzX is shown as black
lines. The suggested feedback regulation of FrzEA by FrzEY~P is shown as dashed grey and by
FrzZ~P as dashed black arrows. The core Frz proteins are indicated in green. Adapted from (Carreira
et al., 2023).
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4 Scope of this study

In this study, we aim to gain insights into the structure and function of the T4aPM. To this
end, we use FRAP microscopy to determine whether components of the T4aPM in M.

xanthus are stably incorporated into the T4aPM or not.

5 Results

To investigate whether components of the T4aPM in M. xanthus are stably incorporated
into the T4aPM or not, we used FRAP microscopy. To minimize the chances of artefacts,
we tagged components of the T4aPM with a fluorescent protein and expressed the
corresponding alleles from the native site. Subsequently, the fluorescent fusion proteins

were analyzed for functionality, accumulation and localization.

For the FRAP experiments, we focused on experiments in a hyporeversing strain
background because this allows us to distinguish clearly between events at the leading
and lagging cell poles. Therefore, to avoid reversals, the chosen strain background carries
an in-frame deletion of frzE, which encodes the FrzE kinase of the Frz system and is
essential for reversals (Bustamante et al., 2004). Moreover, in the chosen strain
background, the gliding motility system was inactivated and, thus, cells could only move
by means of T4aP-dependent motility. To this end, the chosen strain carries an in-frame
deletion of ag/Q, which is essential for gliding (Sun et al., 2011). By performing the FRAP
experiments under conditions where cells could move by T4aP-dependent motility, we
ensured that the bleaching events did not interfere with cell viability and the the proper
function of the T4aPM.

5.1 Functionality, accumulation and localization of PilQ-sfGFP
As previously described (Potapova et al., 2020), the PilQ-sfGFP fusion protein encoded

by the pilQ-sfGFP allele at the native site was fully functional in motility assays (Figure
17A). Immunoblot analyses demonstrated that PilQ-sfGFP accumulated at similar levels
in all four strains and at a level similar to that of unlabeled PilQ suggesting that the fusion
is indeed stable in the different strains (Figure 17B). Additionally, we confirmed by that in

the AfrzE strains, no FrzE accumulated (Figure 17B).
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To determine whether the localization of PilQ-sfGFP was affected when FrzE and/or AglQ
were lacking, PilQ-sfGFP was localized in exponentially growing cells using fluorescence
microscopy. As previously shown (Potapova et al., 2020), localization of PilQ-sfGFP in the
wildtype (WT) strain was predominantly bipolar asymmetric, but it can also localize in a
bipolar symmetric or a unipolar manner. Similar results were obtained in the absence of
FrzE and/or AglQ (Figure 17C), demonstrating that neither of these two proteins affects

PilQ localization.
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Figure 17 Functionality, accumulation and localization of PilQ-sfGFP. A. T4aP-dependent
motility assay was performed on 0.5% agar (upper two rows) and gliding motility assay on 1.5%
agar (bottom). Scale bars: 1 mm, 1mm and 100 ym from top to bottom. WT, ApilQ, AfrzE, AaglQ
and AfrzEAaglQ strains were used as controls. B. Accumulation of PilQ and PilQ-sfGFP in the
indicated strains analyzed by immunoblotting. Total cell extracts prepared from the same number
of cells was loaded per lane. Antibodies used are indicted. The PilC immunoblot served as a loading
control. C. Fluorescence microscopy of cells synthesizing PilQ-sfGFP. Exponentially growing cells
were placed on chitosan-coated p-dishes and imaged by fluorescence microscopy after 30 min at
room temperature (RT). A representative snapshot is shown for each strain (Scale bar; 5 ym).
Images were analyzed with a custom-made MATLAB script and the results shown as scatter plots
in which by definition pole 1 refers to the pole with the highest polar fluorescent signal. Each dot
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represents the polar localization pattern of one cell categorized as diffuse, unipolar, bipolar
asymmetric and bipolar symmetric. The cyan dot shows the mean localization. The average
cytoplasmic signal is given on the right top part of the scatter plot and the number of cells (n) at the
top left part. The bars next to the scatter plots represent the percentage of cells sorted into the
different localization patterns. The analysis of two biological replicates is shown.

5.2 Functionality, accumulation and localization of TsaP-mCherry

A newly constructed TsaP-mCherry fusion, based on a fusion published by (Siewering et
al., 2014), and encoded by the tsaP-mCherry allele at the native site was fully functional
in motility assays (Figure 18A). In immunoblots, that all mutants accumulated TsaP-
mCherry at similar levels and TsaP-mCherry accumulated at slightly higher levels than
native TsaP (Figure 18B). Faint bands corresponding to free mCherry were also detected
indicating that TsaP-mCherry was partially cleaved. Moreover, lack of FrzE was confirmed
in the relevant strains (Figure 18B). As previously shown (Siewering et al., 2014),
fluorescence microscopy demonstrated that the polar localization of TsaP-mCherry in all
four strains was predominantly bipolar symmetric, demonstrating that neither FrzE nor

AglQ affects localization of TsaP-mCherry (Figure 18C).
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Figure 18 Functionality, accumulation and localization of TsaP-mCherry. A. Functional test of
TsaP-mCherry in motility. Motility assays were performed as in Figure 17A. B. Immunoblot analysis
of TsaP-mCherry accumulation. Experiments were done as in Figure 17B. C. Fluorescence
microscopy of TsaP-mCherry. Experiments were done as in Figure 17C. The analysis of two
biological replicates is shown.

5.3 Functionality, accumulation and localization of PilP-sfGFP
A newly generated PilP-sfGFP fusion expressed from pilP-sfGFP at the native site, which

is based on a fusion published by (Friedrich et al., 2014), was fully functional in supporting
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T4aP-dependent motility (Figure 19A). In immunoblots, all strains accumulated PilP-
sfGFP at similar levels, and PilP-sfGFP accumulated at a level similar to unlabeled PilP.
Faint bands of free sfGFP could be detected using a-GFP antibodies, suggesting that PilP-
sfGFP is partially cleaved (Figure 19B). Moreover, lack of FrzE was confirmed in the
relevant strains (Figure 19B). In all four strains the polar localization of PilP-sfGFP was
predominantly bipolar asymmetric (Figure 19C), demonstrating that neither lack of FrzE
nor AglQ affects the localization of PilP-sfGFP.
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Figure 19 Functionality, accumulation and localization of PilP-sfGFP. A. Functional test of
PilP-sfGFP in motility. Motility assays were performed as in Figure 17A. B. Immunoblot analysis of
PilP-sfGFP accumulation. Experiments were done as in Figure 17B. C. Fluorescence microscopy
of PilP-sfGFP. Experiments were done as in Figure 17C. The analysis of two biological replicates
is shown.

5.4 Functionality, accumulation and localization of PilO-sfGFP
A PilO-sfGFP fusion expressed from pilO-sfGFP at the native site and generated on the

basis of a PilO-sfGFP fusion, which was expressed ectopically in Friedrich et al., 2014,
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was only partially active in WT and the AfrzE mutant and did not support T4aP-dependent
motility in the Aag/Q and AfrzEAaglQ mutants (Figure 20 20A). We conclude that the PilO-
sfGFP fusion is only partially functional. In immunoblots, all strains accumulated PilO-
sfGFP at similar levels, and PilO-sfGFP accumulated at slightly lower levels unlabeled
PilO. Faint bands of free sfGFP could be detected using a-GFP antibodies, suggesting
that PilO-sfGFP is partially cleaved (Figure 20B). Lack of FrzE was confirmed in the
relevant strains (Figure 20B). In all four strains the polar localization of PilP-sfGFP was
predominantly bipolar asymmetric (Figure 20C), demonstrating that neither lack of FrzE
nor AglQ affects the localization of PilP-sfGFP. As previously described for WT (Friedrich
et al., 2014), polar localization of PilO-sfGFP was predominantly bipolar asymmetric in all
four strains, demonstrating that FrzE or AglQ do not affect the polar PilO-sfGFP

localization (Figure 20C).
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Figure 20 Functionality, accumulation and localization of PilO-sfGFP. A. Functional test of
PilO-sfGFP in motility. Motility assays were performed as in Figure 17A. B. Immunoblot analysis of
PilO-sfGFP accumulation. Experiments were done as in Figure 17B. C. Fluorescence microscopy
of PilO-sfGFP. Experiments were done as in Figure 17C. The analysis of two biological replicates
is shown.

5.5 Functionality, accumulation and localization of mCherry-PilM
As previously shown (Treuner-Lange et al., 2020), mCherry-PilM expressed from the

mCherry-pilM allele at the native site was fully active (Figure 21A). In immunoblots, all
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strains accumulated mCherry-PilM at similar levels, but mCherry-PilM accumulated at a
higher level than unlabeled PilM (Figure 21B). Using a-PilM antibodies, an additional band
was detected and faint bands of free mCherry were also detected using a-mCherry
antibodies, suggesting that mCherry-PilM is partially cleaved (Figure 21B). Moreover, lack
of FrzE was confirmed in the relevant strains (Figure 21B). In all four strains the polar
localization of mCherry-PilM was predominantly bipolar asymmetric (Figure 21C),
demonstrating that neither lack of FrzE nor AglQ affects the localization of mCherry-PilM.
Fluorescence microscopy demonstrated that mCherry-PilM localizes predominantly
bipolar asymmetric in all four strains (Figure 21C). Thus, neither lack of FrzE nor AglQ

affects mCherry-PilM localization.
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Figure 21 Functionality, accumulation and localization of mCherry-PilM. A. Functional test of
mCherry-PilM in motility. Motility assays were performed as in Figure 17A. B. Immunoblot analysis
of mCherry-PilM accumulation. Experiments were done as in Figure 17B. C. Fluorescence
microscopy of mCherry-PilM. Experiments were done as in Figure 17C. The analysis of two
biological replicates is shown.

5.6 Functionality, accumulation and localization of PilB-mCherry
A newly constructed PilB-mCherry fusion, based on (Potapova et al., 2020), expressed

from the pilB-mCherry allele at the native site was partially functional in supporting T4aP-
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dependent motility (Figure 22A). PilB-mCherry accumulated at the same level in in all four
strains and at the same level as unlabeled PilB (Figure 22B). Free mCherry was not
detected, suggesting the fusion is not cleaved (Figure 22B). As previously reported for WT
(Potapova et al., 2020), PilB-mCherry was predominantly unipolar in all four strains (Figure
22C), demonstrating that lack of FrzE and/or AglQ does not affect the localization of PilB-
mCherry.
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Figure 22 Functionality, accumulation and localization of PilB-mCherry. A. Functional test of
PilB-mCherry in motility. Motility assays were performed as in Figure 17A. B. Immunoblot analysis
of PilB-mCherry accumulation. Experiments were done as in Figure 17B. C. Fluorescence
microscopy of PilB-mCherry. Experiments were done as in Figure 17C. The analysis of two
biological replicates is shown.
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5.7 Functionality, accumulation and localization of mCherry-PilT
A newly constructed mCherry-PilT fusion, based on (Potapova et al., 2020), expressed

from the mCherry-pilT allele at the native site is fully functional (Figure 23A). In all four
strains, mCherry-PilT accumulated at the same level but at a slightly lower level than
unlabeled PilT (Figure 23B). The detection of free mCherry suggest that mCherry-PilT was
partially cleaved (Figure 23B). As previously shown in WT (Potapova et al., 2020),
mCherry-PilT localized predominantly in a bipolar asymmetric pattern in all four strains

(Figure 23C), demonstrating that lack of FrzE and/or AglQ do not affect its localization.
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Figure 23 Functionality, accumulation and localization of mCherry-PilT. A. Functional test of
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microscopy of mCherry-PilT. Experiments were done as in Figure 17C. The analysis of two
biological replicates is shown.
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5.8 Polar localization of PilB and PilT is strongly reduced in the

absence of an assembled T4aPM
We previously showed that the polar localization of PilQ, TsaP, PilP, PilO and PilM reflects

their incorporation into the T4aPM (Friedrich et al., 2014, Herfurth et al., 2023), while PilB
and PilT were suggested to localize to the cell poles independently of the T4aPM (Friedrich
et al., 2014). However, in the case of PilB this was done using immunofluorescence
microscopy, and in the case of PilT, this was done using a YFP-PIlT fusion that
accumulated at a much higher level than native PilT (Friedrich et al., 2014). To assess
PilB and PilT localization in the absence of an assembled T4aPM, we determined the
accumulation and localization of the PilB-mCherry and mCherry-PilT fusions expressed
from their native sites and accumulating at close to native levels (Figure 21B, 22B) in the

absence of PilQ, which is essential for T4aPM assembly.

Neither PilB-mCherry nor mCherry-PilT accumulation was affected by the lack of PilQ
(Figure 24B) (Friedrich et al., 2014). However, in the absence of PilQ, and, thus, of the
T4aPM, PilB-mCherry polar localization was strongly reduced and most cells did not have
a polar cluster and in cells with a cluster, the cluster was very faint (Figure 24C). Similarly,
mCherry-PilT also localized much more diffusely and unipolar in the absence of PilQ and
the polar clusters were fainter than in WT (Figure 24C). We conclude that polar localization
of PilB-mCherry and mCherry-PilT at native levels strongly depends on an assembled
T4aPM.
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extract from the same number of cells was loaded per lane. The a-PilC blots served as a loading
control. C. Localization of PilB-mCherry and mCherry-PilT in the absence of PilQ. Microscopy and
data analysis was performed as described in Figure 17C. The analysis of two biological replicates
is shown.

5.9 Experimental and analytical setup for FRAP microscopy
Based on the above analyses, PilQ-sfGFP, TsaP-mCherry, PilP-sfGFP, mCherry-PilM

and mCherry-PilT are fully functional and PilO-sfGFP and PilB-mCherry are partially
functional. Moreover, neither accumulation nor localization of these proteins are affected
by lack of FrzE and/or AglQ. Because the polar localization of PilQ, TsaP, PilP, PilO and
PilM reflects their incorporation into the T4aPM (Friedrich et al., 2014, Herfurth et al., 2023)
and PilB and PilT polar localization strongly depends the T4aPM, and, therefore, their
incorporation into the T4aPM (5.8). We reasoned that we could use FRAP analysis to

assess how stably these different building blocks are incorporated into the T4aPM.

To this end, we used the workflow outlined in Figure 25. Specifically, after the acquisition
of a pre-bleach image, a cell of interest was photobleached in a 0.9x0.9 um circular-
shaped polar region. A fluorescence microscopy image was acquired immediately after
photobleaching (defined as 0s) and the fluorescence recovery was followed over time,
similarly as in (Schumacher et al., 2017, Kiekebusch et al., 2012). To quantify
fluorescence, cells were segmented into the leading pole, the lagging pole, and the
cytoplasmic region. Polar regions were defined as the regions of a cell within a distance
of 10% of the cell length from a tip of the cell, and the cytoplasm as the remaining 80%.
Subsequently, for each bleaching event, the normalized relative fluorescence in the
bleached area was plotted as a function of time, followed by curve fitting using a single-
exponential function. R? (coefficient of determination) and half-maximal recovery time (t12)
were calculated for each curve fit, and bleaching/recovery events with R? <0.35 and ti, >
tmeasured Were excluded from further analyses. For the remaining bleaching events, the
mean ti2 and the mean mobile fraction were determined by fitting the mean data from n
cells to a single-exponential function and presented as meanztstandard deviation (SD). To
test for statistically significant differences between ti2 and mobile fraction for the same
protein at the leading and lagging pole or between different proteins, we specifically

compared t12 and mobile fraction obtained for the n single cells.

Unless otherwise noted, we bleached either the leading or the lagging cell pole in the

hypo-reversing AfrzEAaglQ cells that only move by means of T4aP-dependent motility,
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and then we followed the fluorescence recovery over time at the bleached pole. We also
note that only unpiliated T4aPM machines are present at the lagging pole (Chang et al.,
2016). By contrast, at the leading pole, there is a mixture of piliated T4aPM with bound
PilB or bound PilT as well as unpiliated T4aPM (Chang et al., 2016) (Figure 15).
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5.10 PilQ, TsaP, PilP and PilO are stably incorporated into the T4aPM

while PilM, PilB and PilT dynamically exchange subunits
At both, the leading and the lagging cell poles, bleached clusters of PilQ-sfGFP, TsaP-

mCherry and PilP-sfGFP showed very little recovery within 30 min after the bleaching
event (Figure 26).

Because PilO-sfGFP is only partially functional and pilO-sfGFPAfrzEAagIQ cells were not
moving on 0.5% agar (Figure 20A) and did not display single cell motility on chitosan
coated p-dishes (data not shown), we used the pilO-sfGFPAfrzE strain, which can move
by gliding motility, to be able to distinguish between leading and lagging poles of moving
cells. Bleached PilO-sfGFP clusters at the leading and lagging poles showed very little
recovery within 25 min after the bleaching event (Figure 26). We also observed that the
polar clusters in the pilO-sfGFPAfrzEAagIQ strain showed very little recovery within 25 min
after the bleaching event (Figure 26).
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Figure 26 FRAP microscopy of T4aPM components. Cells were placed on chitosan-coated p-
dishes which allowed their movement as single cells. Left panels, representative images of pre-
bleach, post-bleach (0 sec) and the last frame acquired for cells bleached at either the leading or
lagging pole. Arrowheads point to the bleached polar cluster. Scale bar: 5 pm. Right panels,
average normalized fluorescence intensity as a function of time. Recovery half-maximal recovery
time (t12) was determined by fitting the mean data to a single-exponential function and is presented
as meantSD; n, number of bleaching events included in analysis. The mobile fraction is indicated
with a pink background.

Upon bleaching of mCherry-PilM clusters at the leading and lagging poles, their
fluorescence partially recovered within 25 min with significantly different half-maximal
recovery time (t12) at the two poles of 408142 sec (n=25, leading pole) and 216123 sec
(n=20, lagging pole) calculated from the mean curve fit (Figure 26) and 406+221 sec
(leading pole) and 262+ 197 sec (lagging pole) calculated based on the mean tq;; from
individual curve fits (Figure 27). The mobile fraction of mCherry-PilM was not significantly

different at the two poles.

Upon bleaching of PilB-mCherry clusters at the leading pole, fluorescence rapidly and
almost completely recovered with a t1/2 of 3.41+0.3 sec (n=22) (Figure 26) and 513 sec
calculated based on the ti2 from individual curve fits (Figure 27). The mobile fraction of

PilB-mCherry reached almost 100%.

Upon bleaching of mCherry-PilT clusters, fluorescence rapidly and almost completely
recovered at the leading pole with a t12 of 2916 sec (n=26) and partially recovered at the
lagging pole with a t1» of of 2312 sec (n=22) (Figure 26) and 22+32 sec (lagging pole) and
27138 (leading pole) calculated based on the t4,2 from individual curve fits (Figure 27). The
tio at the two poles were not significantly different, while the mobile fraction was
significantly higher at the leading pole (0.9) compared to the lagging pole (0.6). These
observations are in overall agreement with previous analyses of PilT exchange (Bulyha et
al., 2009, Bulyha et al., 2013).

From these analyses, we conclude that PilQ-sfGFP and TsaP-mCherry, which together
form the OM pore of the T4aPM and bind to PG, are stably incorporated into the T4aPM
at both poles and do not dynamically exchange with cellular pools on the time-scale of this
experiment (30 min). Similarly, PilP-sfGFP and PilO-sfGFP, which together form the
alignment complex in the periplasm and IM, are stably incorporated into the T4aPM at

both poles and do not dynamically exchange with cellular pools on the time-scale of this
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experiment (25-30 min). By contrast, the three cytoplasmic components of the T4aPM
dynamically exchange with cytoplasmic pools and as described in the following, they do
so with significantly different dynamics: mCherry-PilM exchanges slowly in the minute
range at the two poles. Importantly, ti is significantly higher at the leading pole, thus
mCherry-PilM exchanges more slowly at the leading than at the lagging pole. PilB-
mCherry exchanges rapidly and almost completely within a few seconds at the leading
pole range. Of note, PilB-mCherry exchange is significantly faster compared to mCherry-
PilM at the leading pole (Figure 27). mCherry-PilT also exchanges rapidly and almost
completely but only within ~30 sec at the leading pole and this exchange is significantly
slower than that of PilB-mCherry (Figure 27) but significantly faster than that of mCherry-
PilM (Figure 27). Furthermore, PilB-mCherry and mCherry-PilT exchange with
significantly higher mobile fractions than mCherry-PilM. Taken together, these results

indicate that PilM, PilB and PilT exchange occurs independently of each other.
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and whiskers the 10t and 90" percentile. Pink cross, the mean, thick black line, the median. The
Mann-Whitney Rank-Sum test was used to test for significant differences. le, leading pole and Ia,
lagging pole. N/A, not applicable; * p<0.05, ** p<0.01, ** p<0,001, ns, not significantly different
(p>0.05).

5.11 Differential dynamics of cytoplasmic T4aPM components
To investigate whether the differential dynamic exchange of mCherry-PilM, PilB-mCherry

and mCherry-PilT at the cytoplasmic base of the T4aPM at the leading pole could be
correlated with the incorporation/removal of the major pilin PilA from the pilus base, we
roughly estimated dwell times of mCherry-PilM, PilB-mCherry and mCherry-PilT. For this
purpose, purified His6-tagged PilM, PilB, and PilT were used for quantitative immunoblot
analyses to estimate the number of proteins in an average M. xanthus cell, as the exact

number of T4aPM at the poles is not known yet.

Specifically, based on the localization of mCherry-PilM, PilB-mCherry and mCherry-PilT
in an average M. xanthus cell based on the pre-bleach images in Figure 26, we estimated
the fractions of each protein that localize in the cytoplasm and to the two poles. Then, we
used the mean t4,2, mobile fraction for each of the three proteins to approximately estimate
mCherry-PilM, PilB-mCherry and mCherry-PilT dwell times similarly as it was calculated
in (Milne-Davies et al., 2021). First, we estimated the amount of protein exchanged at the
given ti» and then calculated how long one protein would take to be exchanged. E.g. 135
PilM localize to the leading pole of M. xanthus cells (Figure 28), of which 53% are bleached
according to our FRAP Data (~72 molecules). Within 25 min ~40% of the fluorescence
recovers (~29 molecules) and the half-maximum recovery is reached at ~408 seconds
according to the average curve fitting at the leading cell pole (~14 molecules). Thus, we

roughly estimate that one PilM would be exchanged in ~29 sec.

It is not known how many copies of PilM are incorporated into the T4aPM. Consequently,
we estimated the dwell time of monomeric mCherry-PilM. We estimate dwell times of 29
sec and 20 sec for a PilM monomer at the leading and lagging poles. Because the active
form of PilB and PilT is hexameric, we estimated the dwell times for hexameric PilB-
mCherry and mCherry-PilT. We estimate a dwell time of 270 msec for hexameric PilB-
mCherry and 8 sec and 9 sec per PilT hexamer at the leading and lagging cell pole (Figure
26B). It has previously been estimated that thousands of PilA subunits must be delivered

to or be removed from the base of a T4aP within a second (Clausen et al., 2009b). Based
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on the estimated dwell times, we surmise that PilA delivery/removal occurs on a timescale
much faster than the exchange of mCherry-PilM, PilB-mCherry and mCherry-PilT. We
conclude that mCherry-PilM, PilB-mCherry and mCherry-PilT exchange does not reflect
delivery/removal of PilA and that mCherry-PilM, PilB-mCherry and mCherry-PilT
exchange reflects binding/unbinding to the T4aPM base independently of PilA
delivery/removal. This conclusion is in agreement with the observation that mCherry-PilM

and mCherry-PilT undergo exchange at the lagging pole.

Dwell time: ~29s per monomer (leading) Dwell time: ~270 ms per hexamer Dwell time: ~8s per hexamer
Dwell time: ~20s per monomer (leading) Dwell time- ~9s per hexamer
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Figure 28 Estimation of dwell times of mCherry-PilM, PilB-mCherry and mCherry-PilT in polar
clusters. Lower panels, quantitative immunoblot analyses of purified His6-PilM, His6-PilB and
His6-PilT. The indicated amounts of purified proteins were loaded and compared to total cell
extracts prepared from M. xanthus cells producing mCherry-PilM, PilB-mCherry or mCherry-PilT.
In the three lanes with cell extracts, 12.5 uL of cell extract with an ODss0=14 (corresponding to 10”
cells per yl) were loaded. The intensity of the signals for each sample was measured using Fiji and
the protein amount in the cells estimated by correlating signal intensity to a standard curve based
on the protein dilutions with a known amount of purified protein. For mCherry-PilM, PilB-mCherry
and mCherry-PilT the bands corresponding to the full-length proteins were used for analysis. The
immunoblots were probed with a-mCherry as control. Strong signals for high amounts of His6-PilM
detected by a-PilM could not be fully removed from the immunoblot (left) by stripping, as signals
for His6-PilM were still detected after stripping and incubation with a-mCherry.

5.12 PilB and PilT binding to the T4aPM slows down PilM dynamic

exchange
mCherry-PilM exchanges significantly slower at the leading pole at the leading than at the

lagging pole (Figure 26 and 27), suggesting a difference in mCherry-PilM exchange
dynamics between different states of the T4aPM (piliated vs. unpiliated machines) and,

thus, a correlation between mCherry-PilM exchange and T4aPM activity. To understand
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which T4aPM components might affect mCherry-PilM exchange, we generated strains
lacking PilB and/or PilT, or the IM platform proteins PilC. Fluorescence microscopy and
immunoblot analyses documented that lack of neither PilB and/or PilT nor PilC significantly

affected mCherry-PilM localization or accumulation (Figure 27A-B).
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Figure 29 Localization and accumulation of mCherry-PilM. A. mCherry-PilM localization was
studied by fluorescence microscopy. Scale bar: 5um. Cells were treated and images analyzed as
described in Figure 17C. B. Accumulation of mCherry-PilM in the indicated strains analyzed in
immunoblot analyses. Total cell extract from the same number of cells was loaded per lane.
Immunoblots probed with a-LonD antibodies served as loading controls.

Next, we performed FRAP experiments to assess the exchange dynamics of mCherry-
PilM in the absence of PilB and/or PilT or PilC. Because these strains are non-motile by
means of T4aP and all have the AfrzEAaglQ genotype, we were not able to distinguish
between leading and lagging cell poles. In the absence of PilB, mCherry-PilM exchanged
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with similar t12 as mCherry-PilM at the lagging pole of in WT (Figure 30). In the absence
of PilT, mCherry-PilM exchanged with similar t12 as the WT at the leading cell pole. In the
absence of both PilB and PilT, mCherry-PilM exchanged with similar t12 as mCherry-PilM
at the lagging pole of in WT (Figure 30).

In M. xanthus cells, PilB binds to the cytoplasmic T4aPM base in the absence of PilT but
PilT does not bind to the cytoplasmic base of the T4aPM in cells lacking PilB (Chang et
al., 2016). Moreover, T4aPM at the leading pole contain either bound PilB or PilT while
T4aPM at the lagging pole contain neither bound PilB nor PilT (Chang et al., 2016).
Because (1) mCherry-PilM exchange in the absence of PilB is similar to that at of the
T4aPM at the lagging pole in WT, (2) mCherry-PilM exchange in the absence of PilB as
well as PIlT is similar to that at of the T4aPM at the lagging pole in WT, and (3) mCherry-
PilM exchange in the absence of PilT, we suggest that binding of PilB as well as binding
of PilT to the T4aPM slows down mCherry-PilM exchange. In other words, binding of PilB
or PilT to the T4aPM base stabilizes PilM binding at the T4aPM base.
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Figure 30 Dynamics exchange of mCherry-PilM in the absence of PilB, PilT or PilC. A. FRAP
microscopy of mCherry-PilM at leading and lagging pole The experiments were performed and
analyzed as described in Figure 26. Left panels, representative images of pre-bleach, post-bleach
(0 sec) and the last frame acquired for cells bleached (25 min). B. Boxplots of the indicated strains’
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single-cell t12 (upper panel) and mobile fractions (bottom panel). Analyses were done as in Figure
27.

Lack of PilC resulted in mCherry-PilM exchange with a ti,, similar to that at the leading
pole in WT and a slightly higher mobile fraction (Figure 30). This was surprising because
PilB and PilT do not bind to the T4aPM in absence of PilC (Chang et al., 2016).

5.13 PilM dynamic exchange is not essential for T4aPM function
PilM and PilN are encoded by neighboring genes. PilM interacts with the cytoplasmic N-

terminal of PilN (Tammam et al., 2013, Karuppiah & Derrick, 2011) and in the absence of
PilN, PilM becomes unstable (Friedrich et al., 2014, Bischof et al., 2016) suggesting that
PilM is recruited to the T4aPM by means of the interaction to PiIN. PilO and PilN form
heterodimers (Leighton et al., 2016, Sampaleanu et al., 2009) and PilO is stably
incorporated into the T4aPM (see Figure 26 and 27). Therefore, we hypothesized that PilN
would also be stably incorporated into the T4aPM; however, we have been unable to test
this hypothesis because we do not have an active fluorescently-tagged PilN variant that
accumulates stably. Therefore, to test whether the dynamic exchange of PilM at the
T4aPM base is essential for T4aPM function, we generated fusions with or without
mCherry in which the C-terminus of (mCherry-)PilM was fused directly to PilN ((mCherry-
)PiIM-N fusions). The two corresponding alleles were integrated at the native pilM/pilN site

and replaced pilM* and pilN*.

The mCherry-PilM-N (90 kDa) as well as the PilM-N (71 kDa) fusion accumulated in M.
xanthus cells, but a truncated variant of mCherry-PilM-N was also detected by a-PilM, a-
PilN and a-mCherry antibodies (Figure 31A). Moreover, mCherry-PilM-N localized similar
to mCherry-PilM in a WT background (Figure 31B). Strikingly, cells producing mCherry-
PilM-N or PilM-N as the only copies of PilM and PilN were still able to move by T4aP-
dependent motility (Figure 31C).
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Figure 31 Dynamics exchange of mCherry-PilM is not essential for T4aPM function.
A. Accumulation of PilIM-N and mCherry-PilM-N in the indicated strains analyzed in immunoblot
analyses. Total cell extract from the same number of cells was loaded per lane. A schematic
overview of the mCherry-PilM-N fusion is shown above. The Immunoblot probed with a-PilC
antibodies served as loading control. B. mCherry-PilM localization was studied by fluorescence
microscopy. Scale bar: 5 um. Cells were treated and images analyzed as described in Figure 17C.
C. T4aP-dependent motility assay was performed on 0.5% agar for the indicated strains. Scale bar,
1 mm. D. FRAP microscopy of mCherry-PilM-N in WT. The experiments was performed and
analyzed as described in Figure 26 E. Boxplots of the indicated strains’ single-cell t1,2 (upper panel)
and mobile fractions (bottom panel). Analyses were done as in Figure 27.

Because the mCherry-PilM-N fusion was generated only in the WT background and cells
reversed their direction of movement during the recovery phase of the FRAP experiment,
it was not possible to clearly differentiate between leading and lagging poles.
Nevertheless, upon bleaching of a polar mCherry-PilM-N cluster, we observed very little
recovery within 25 min of the bleaching event (Figure 31). Previous FRAP measurements
in WT cells synthesizing mCherry-PilM demonstrated that mCherry-PilM is also slowly
exchanged in presence of FrzE and AglQ (Master thesis, Memduha Muratoglu, 2019).
Thus, the stable incorporation of mCherry-PilM-N must be caused by PilN forming a stable
unit within the T4aPM. In total, these observations strongly support that the dynamic
exchange of PilM at the base of the T4aPM is not essential for T4aPM function. In this
context, we also note that GspL in the T2SS is homologous to PilN and PilM and, thus,

the PilM-N fusions are similar to GspL.

5.14 The stable incorporation of the PilQ secretin pore does not

depend on TsaP or PilP
The PilQ secretin is stably incorporated into the T4aPM. We, therefore, asked whether

PilQ is sufficient to form this stable unit or whether other components would be necessary
for PilQ stabilization. TsaP forms a ring-like structure around the PilQ secretin (Siewering
et al., 2014, Chang et al., 2016) and the secretin also interacts with PilP (Siewering et al.,
2014, Balasingham et al., 2007, McCallum et al., 2021, Chang et al., 2016). We generated
strains lacking TsaP or PilP in a pilQ-sfGFPAfrzEAagl/Q background to determine whether
TsaP and/or PilP are required for the formation of the stable PilQ complex. The AtsaP and
ApilP cells accumulated less PilQ-sfGFP compared to the parental strain (Figure 32B).
Similarly, PilQ-sfGFP in both strains only generated low fluorescence intensity polar
clusters and had less polar localization in the absence of TsaP and PilP (Figure 32A).
Both strains are non-motile precluding the distinction between the leading and lagging

poles in FRAP experiments. We observed that the bleached PilQ-sfGFP clusters in both
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strains did not recover within 30 min after the bleaching event as previously observed at
both poles in the presence of TsaP and PilP (Figure 32C). We conclude that neither TsaP
nor PilP affect PilQ-sfGFP are not important for the stability of the PilQ secretin of the
T4aPM.
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Figure 32 FRAP microscopy, accumulation and localization of PilQ-sfGFP in the absence of
TsaP or PilP. A. Fluorescence microscopy and analysis of PilQ-sfGFP. Scale bar, 5um.
Microscopy and data analyses was performed as described in (Figure 17C). B. Accumulation of
PilQ-sfGFP tested by immunoblot analysis. Total cell extract from the same number of cells was
loaded per lane. C. FRAP microscopy of PilQ-sfGFP. Data from Figure 26 are included for
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comparison.The experiment and analyses were performed and as described in Figure 26. Left
panels, representative images of pre-bleach, post-bleach (0 sec) and the last frame acquired for
cells bleached (30min).

5.15 PilC and PilM stabilize the periplasmic PilP ring
PilP forms a periplasmic ring, which connects the OM secretin to the periplasmic cage

formed by PiIN and PilO. PiIN, in turn, interacts via its cytoplasmic N-terminus with PilM.
FRAP analyses demonstrated that PilP-sfGFP is stably incorporated into the T4aPM
(Figure 26). PilP accumulation relies on the presence of PilQ, and polar localization of PilP
is abolished in the absence of PilN and/or PilO (Friedrich et al., 2014). Therefore, we asked
whether PilP-sfGFP dynamics is altered in the absence of the IM platform forming PilC
and the cytoplasmic PilM. In agreement with previous analyses (Friedrich et al., 2014),
PilP-sfGFP accumulation and localization were unaffected in by lack of PilC or PilM
(Figure 33A, B). Both strains are non-motile precluding the distinction between the leading
and lagging poles in FRAP experiments. FRAP microscopy in strains lacking PilC or PilM
demonstrated that PilP-sfGFP clusters recovered within 30 min after the bleaching event
with similar characteristics (Figure 36C, D). We conclude that PilC and PilM are essential
for the stable incorporation of PilP-sfGFP in the T4PaM even though no direct interaction
of PilP to PilC or PilM is known so far.
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Figure 33 Accumulation and localization and dynamics of PilP-sfGFP in the absence of PilC
or PilM. A. Localization of PilP-sfGFP. Experiment and analyses were done as described in 17C,
representative snapshot is shown for each strain; Scale bar, 5 um. B. Accumulation of PilP-sfGFP
tested by immunoblot analysis. Total cell extract from the same number of cells was loaded per
lane. As a loading control, the blots were probed with a-LonD or a-PilC. C. FRAP microscopy of
PilP-sfGFP. Data from Figure 26 are shown for comparison. The experiment was performed and
analyzed as described in Figure 26. Left panels, representative images of pre-bleach, post-bleach
(0 sec) and the last frame acquired for cells bleached (30 min). D. Boxplots of single cell ti2 (upper)
and mobile fractions (lower). Cells were analyzed as described in Figure 27.

5.16 PilC but not PilM stabilizes the incorporation of PilO in the

T4aPM
IM PilO is stably incorporated into the T4aPM and is part of the alignment complex formed

by PIIMNOP (Tammam et al., 2011, Leighton et al., 2016, Chang et al., 2016). PilO
accumulation depends on PilQ, PilP and PilN (Friedrich et al., 2014). We asked whether
the stable incorporation of PilO-sfGFP depends on the IM platform protein PilC and/or
cytoplasmic PilM. PilO-sfGFP accumulation was not affected by the absence of PilC but
was decreased in the absence of PilM (Figure 34B). Localization of PilO-sfGFP was not
affected by the lack of PilC. However, in the absence of PilM, polar localization of PilO-
sfGFP was more unipolar (Figure 34A). Both strains are non-motile precluding the
distinction between the leading and lagging poles in FRAP experiments. FRAP
microscopy of PilO-sfGFP demonstrated that the absence of PilC resulted in PilO-sfGFP
exchange. By contrast, PilO-sfGFP exchange was not observed in the absence of PilM
(Figure 34C, D). Thus, PilC but not PilM stabilizes PilO-sfGFP incorporation in the T4aPM.
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Figure 34 Accumulation localization and FRAP microscopy of PilO-sfGFP. A. Localization of
PilO-sfGFP. Experiments and analyses were done as in Figure 17C. A representative snapshot is
shown for each strain (Scale bar, 5 um). B. Accumulation of PilO-sfGFP tested by immunoblot
analysis. Total cell extract from the same number of cells was loaded per lane. The blot probed
with a-LonD served as a loading control. C. FRAP microscopy of PilO-sfGFP. Data from Figure 26
are shown for comparison. The experiment was performed and analyzed as described in Figure
26. Left panels, representative images of pre-bleach, post-bleach (0 sec) and the last frame
acquired for cells bleached (25 min). D. Boxplots of single-cell t12 (upper) and mobile fractions
(lower) as in Figure 27.

6 Discussion

Here, we used FRAP microscopy to systematically study the T4aPM as a representative
of a large family of prokaryotic cell-envelope spanning nano-machines, including the
T2SS, other T4P systems, and the archaeal flagellum. Components of the T4aPM were
labeled with fluorescent proteins tested for functionality, accumulation, and localization in
genetic background, which generally allowed to distinguish between the leading and
lagging poles and allowed cells to only move by T4aP. We found different components of
the machine to have individual dynamics and that those T4aPM components can affect

the stabilities and dynamics of others.

In particular, we found the OM pore complex consisting of PilQ and TsaP and the most
components of the alignment complex consisting of PilP, PilN and PilO to form a stable
unit. The three cytoplasmic components PilM, PilB and PilT exchange subunits with

differential dynamics.

6.1 The differential dynamics of T4PM components
Secretins form large OM pores to allow substrate translocation in T4P systems, the T2SS

and the T3SS (Silva et al., 2020). T4aPM, T2SS, and some T3SS are known to assemble
outside-in, starting with the secretin (Friedrich et al., 2014, Korotkov et al., 2012, Deng et
al., 2017). Thus, secretins can be seen as a fundamental building block of these cell
envelope-spanning multi-protein complexes and as these proteins are in the T4aPM the
first component to assemble, one might see them as an anchor for the rest of the T4aPM.
We have demonstrated that once assembled the secretin does not exchange subunits in
T4aPM and also no new T4aPMs assemble at the poles of M. xanthus cells within a

timescale of 30 minutes. This result agrees with previous observations indicating that the
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OM pore made by secretins is very stable. Of note, the secretin could still be detected as
an oligomer after boiling samples in SDS- buffer in this study as in several other cases
(Burkhardt et al., 2011, Friedrich et al., 2014, Nouwen et al., 1999). In conclusion, once
the PilQ pore is made, it forms a stable unit, which must ensure function over a life-cycle

of a cell.

The ring formed by TsaP around the secretin is thought to assist anchoring of the secretin
PilQ to the PG via its LysM domain and to help align PilQ with the IM components of the
T4aPM. CryoET of AtsaP mutants showed that lack of TsaP caused a disengagement of
the OM channel from the mid-periplasmic ring in unpiliated T4aPM (Chang et al., 2016).
However, TsaP was also shown to bind peptidoglycan, most likely by its LysM domain
(Siewering et al., 2014). In Caulobacter crescentus DipM, which is involved in cell division,
carries two LysM tandems at its N-terminus. While DipM-mCherry fluorescent signals did
not recover fluorescence intensity in FRAP microscopy, a variant lacking one LysM
tandem was mobile, demonstrating the importance of LysM domains for protein mobility
(Poggio et al., 2010). Therefore, it is likely that the LysM domain of TsaP contributes to
the stability of TsaP in the T4aPM.

The lipoprotein PilP is anchored in the IM via its lipidation site. PilP connects the OM pore
to the IM components of the T4aPM by directly interacting with the NO domain of PilQ and
PilN and PilO in the IM (Tammam et al., 2013, Tammam et al., 2011). To answer the
question how PIilP stability within the T4aPM is established one might wonder if
lipoproteins in general might form stable units and if the lipidation site of PilP might be
essential for its stability within the T4aPM. In P. aeruginosa PilP was shown to form a
complex with PiIN and PilO heterodimers and the lipidation site of PilP was demonstrated
to not be essential for T4aPM function (Tammam et al., 2011). It was suggested that the
complex formed by PiIPNO must be stable so that the lipid anchor of PilP is dispensable
for the function of the T4aPM (Tammam et al., 2011). Therefore, PilP’s lipidation site and
association with the IM is unlikely responsible for its stability within the T4aPM. Also, other
lipoproteins have been suggested to be mobile and exchange subunits including the pilotin
SctG of the T3SS (Wimmi et al., 2022).

In the IM, PilO and PilN heterodimers form a cage-like structure (Chang et al., 2016). Only
both proteins together form a complex with PilP, which connects the alignment complex
to the OM complex (Tammam et al., 2011, Ayers et al., 2009). Our results demonstrate

that PilN and PilO form stable complexes in the T4aPM as well. In conclusion, PilQ and
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TsaP form a stable OM pore complex, which is connected to PilP, PilN and PilO, which
form a stable part of the alignment complex. This stable multiprotein complex is formed at
both cell poles of M. xanthus cells and most likely ensures function of the T4aPM and thus
enables T4aP-dependent motility for a life cycle of a cell. Considering the forces, that the
T4aPM generates to retract a T4aP, with up to 150 pN (Clausen et al., 2009b), it seems
reasonable that a stable unit is essential to withstand these high forces and hold the

interconnected rings in place to allow continuous and fast extension and retraction cycles.

The cytoplasmic ring of the T4aPM consists of PilM subunits (Chang et al., 2016). Here,
we found PilM to be slowly exchanged at both cell poles of M. xanthus cells. The protein
exchange at the leading pole is slower than at the lagging pole as the recovery halftimes
at the leading pole are significantly slower. This indicates that protein exchange is faster
at the lagging pole with unpiliated machines than the leading pole with a mixture of piliated

extending, piliated retracting and unpiliated machines.

In M. xanthus, the two ATPases PilB and PilT power extension and retraction cycles of
the T4aP (Jakovljevic et al., 2008). Both ATPases belong to the superfamily of secretion
ATPases, also found in T2SS and archaeal surface structures (Planet et al., 2001,
Peabody et al., 2003). While all of the other components of the T4aPM remain stationary
at both poles, PilB switches from the old leading to the new leading pole. PilT localizes
bipolar asymmetric with a large cluster at the lagging pole and also switches poles upon
reversals (Bulyha et al., 2009). Our finding that PilB-mCherry and mCherry-PilT polar
clusters recover fluorescence intensity rapidly after photobleaching and thus rapidly
exchange proteins at the poles is in accordance with the model in which PilB and PilT
must bind and unbind from the T4aPM to power extension and retraction of the pilus fiber
(Bulyha et al., 2009, Jakovljevic et al., 2008, Koch et al., 2021). Previously, FRAP
microscopy with a YFP-PilT fusion was performed in M. xanthus cells. Although the
experimental setup was different because YFP-PIlT was not expressed at native levels
and a pre-bleaching of the cytoplasmic background was necessary, YFP-PIIT clusters
recovered within 3 minutes, which is a very similar range compared to the mCherry-PilT

recovery observed in this study.
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6.2 PilM exchange in the cytoplasmic ring is activity dependent but

not essential for T4aPM function.
In the case of the T4aPM of M. xanthus, at the leading cell pole, the two ATPases PilB

and PilT must bind and unbind to the T4aPM to power extension and retraction of the pilus
fiber (Jakovljevic et al., 2008). It was suggested that in the absence of PilB, PilT also does
not bind to the base of the T4aPM (Chang et al., 2016). As we found PilM exchange to
significantly differ between leading and lagging cell poles of M. xanthus cells, we next
tested whether the absence of PilB or PilT and both ATPases affects the PilM dynamic
exchange. In the absence of PilB the dynamics the mCherry-PilM of exchange was similar
to the subunit exchange at the lagging pole of a strain in which the ATPases are present.
In turn, in the polar clusters of cells lacking PilT exchanged mCherry-PilM significantly
slower compared to PilM exchange in cells lacking PilB, and had and had a higher mobile
fraction. At the same time, the PilM exchange dynamics were similar to the exchange of
mCherry-PilM at the leading cell pole of strains in the presence of the two ATPases. As
expected in absence of both ATPases mCherry-PilM had similar exchange dynamics as
in the strain only lacking PilB. Thus, in the presence of both ATPases, mCherry-PilM
exchange is slower, whereas, in the absence of both ATPases, mCherry-PilM exchange
is faster. The lack of PilT but the presence of PilB led to half-maximal recovery times
similar to the leading pole when both ATPases were present. Therefore, extension and
retraction ATPases must slow down PilM exchange and in conclusion, the cytoplasmic
ring made by PilM must be more stable in machines actively extending or retracting pilus

fibers.

Next, we asked if the dynamic PilM exchange is required for the T4aPM function. We
assumed that fusing PilM to the N-terminus of PilN, to which it interacts (Karuppiah &
Derrick, 2011), might stabilize the PilM ring, as PiIN forms heteromers with PilO, which in
turn forms a stable unit in the T4aPM. Therefore, PilM and mCherry-PilM were fused to
PiIN resembling GspL, a hybrid homolog of PilM and PilN in the T2SS (McCallum et al.,
2016). The mCherry-PilM-N fusion localized similarly to mCherry-PilM and did not show
fluorescence recovery as mCherry-PilM in FRAP experiments. This first suggests that PiIN
indeed forms a stable unit as PilO and by fusing PilM to PilN we were able to stabilize the
cytoplasmic ring. However, strains expressing mCherry-PilM-N or PilM-N were not
impaired in T4aP-dependent motility. Thus, the dynamic PilM exchange is not essential
for the T4aPM function. The exact benefit of the subunit exchange of the PilM ring is thus

not clear yet. However, the advantage of slow subunit exchange in the cytoplasmic ring of
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the injectisome is also changing dynamics based on secreting or non-secreting conditions
and by the presence of an active ATPase YscN. But, the exchange rates do also not
correlate with the rate of effector secretion and thus the advantage of subunit exchange
is not clear yet (Diepold et al., 2015). The exchange of PilM might simply be a result of the
PilM-PiIN binding affinity.

Possibly, in the T2SS, which evolutionary branched from T4aPM (Denise et al., 2019),
GspL, which is a hybrid homolog of PilM and PilN might be an evolutionary result of PilM
and PilN fusion as the subunit exchange was possibly not essential for function of the
T2SS.

6.3 The function of the T4aPM
The IM proteins PilN and PilO were suggested to interact with the major pilin (Georgiadou

et al., 2012) and PilO-PilC interactions were also suggested based on BACTH assays, the
question was raised if and how the IM cage made by PilO and PilN is involved in pilus
assembly (Georgiadou et al., 2012). Different scenarios are conceivable. (I) The PiIN-O
cage is flexible, and conformational changes allow the major pilin to enter and exit the
cage. This scenario was suggested in a model of the T4aPM of M. xanthus based on
cryoET and homology modeling (Chang et al., 2016). (ii) Protein exchange of PilN or PilO
causes gaps which allow entry or exit of the major pilin. (iii) The major pilin is delivered or
removed with PiIN or PilO during protein exchange. In a model of the T2SS, the PilO
homolog PulM was suggested to deliver the major pseudo-pilin dynamic association to the
T2SS (Dazzoni et al., 2023).

As we found PilO and PilN to be stably incorporated into the T4aPm and not exchanging
subunits we suggest that conformational changes of the IM cage must allow PilA entry
and exit to and from the cage as suggested in the first scenario. This finding also excludes
the possibility in which the maijor pilin is delivered to the base of the pilus fiber by PilO, as
it was suggested for PulM in the T2SS (Dazzoni et al., 2023).

We also found significantly different recovery halftimes and mobile fractions for PilM, PilB
and PilT. Based on the quantitative immunoblot analyses and fluorescence intensities of
leading and lagging poles of the pre-bleach images in FRAP microscopy, we determined
the amount of these three proteins at the poles of M. xanthus cells. Taken together with

the average recovery halftimes of the FRAP experiments, dwell times of PilM, PilB and
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PilT at the leading cell poles were roughly estimated as 29s per monomer, 8s and 270ms
per hexamer, respectively. Demonstrating that these three dynamically exchanging
components of the T4aPM exchange independently of each other, and are unlikely to form
sub-complexes. Furthermore, these dwell times are on a scale of hundreds of miliseconds
and seconds, whereas previous studies suggest thousand PilA subunits to be removed
and likewise incorporated at the pilus base within one second (Clausen et al., 2009a).
Therefore, it is unlikely that any of studied components here (PilQ, TsaP, PilP, PilO, PilM,
PilB or PIilT) is responsible for the delivery of the major pilin to the T4aPM. Additionally as
one major pilin subunits corresponds to an axial rise of 10.5 A within the T4aP, and
considering the addition of 1000 subunits per second, dwelling of a PilB hexamer for
270ms at the base of one T4aPM, would allow to extend one pilus for 284 nm, which is in
a similar range as measured pilus length e.g. in P. aeruginosa (Simsek et al., 2023,
Kolappan et al., 2016, Clausen et al., 2009a).

Even though both ATPases exchange rapidly at the cell poles, PilB is exchanged much
faster than PilT. This is in agreement with estimated unbinding rates of PilB and PilT from
P. aeruginosa, which were determined as 1.6 and 9.1 sec, respectively. Our findings would
support the suggestion that pilus synthesis is limited by the slow unbinding of the retraction
ATPase (Koch et al., 2021). However, it must be considered that 2% of mCherry-PilT
localizes to the cell poles of M. xanthus cells even in the absence of the T4aPM, whereas
only 0.5% of mCherry-PilB still localizes to the cell poles (3.14). This suggests that a

fraction of polar localizing ATPases, especially PilT is not bound to the T4aPM.

6.4 Comparison of the T4aPM dynamics to other trans-envelope

complexes
Protein exchange in other large trans-envelope complexes has been studied before. In

this study, we systematically studied which components of the T4aPM form stable
complexes and which of them exchange subunits dynamically, by FRAP microscopy. We
have demonstrated that the T4aPM components either form a stable complex or show
differential dynamics. Similarly, the E. coli flagellum and the Y. enterocolitica injectisome
are known to have stably incorporated or dynamically exchanging components (Delalez
et al., 2010, Li & Sourjik, 2011, Bai et al., 2014, Leake et al., 2006, Fukuoka et al., 2010,
Delalez et al., 2014, Diepold et al., 2015, Wimmi et al., 2022, Milne-Davies et al., 2021).
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As we found the secretin of the T4aPM PilQ to be stably incorporated into the T4aPM,
YscC, the secretin of the Y. enterocolitica injectisome also forms a stable complex in the
T3SS as well (Diepold et al., 2015).

The cytoplasmic ring was also found to exchange subunits in the E. coli flagellum and the
injectisome of Y. enterocolitica. In the case of the flagellum, FliM exchange depends on
the binding of CheY, which in turn changes the rotational direction of the flagellum (Delalez
et al., 2010). Thus, FliM exchange in the flagellum has a regulatory role. In the case of the
injectisome of Y. enterocolitica, the C-ring made by YscQ is exchanging subunits faster
under secreting conditions than under non-secreting conditions, and the presence of a
functional ATPase (YscN) has a stabilizing effect on the exchange of YscQ (Diepold et al.,
2015). Similarly, subunit exchange in the T4aPM differs between ‘active’ and unpiliated
machines, exchange dynamics change in presence of the ATPases powering pilus
extension and retraction but the function of the machines is not impaired when the subunit

exchange is prohibited by fusion to PilN.

Previously Flil, the ATPase of the bacterial flagellar export apparatus, was shown to
exchange proteins with a rate of approximately six proteins per minute. Flil exchange rates
were compared to flagellar export rates (Aizawa & Kubori, 1998). The ATPase Flil was
suggested to act as a substrate loader and deliver the substrate to the export apparatus
(Bai et al., 2014). In case of the T4aPM the ATPases PilB and PilT also exchange subunits
at the cell poles of M. xanthus cells. This exchange most likely reflect binding and
unbinding of PilB and PilT to the base of the T4aPM to power extension and retraction

and the ATPases unlikely deliver any substrate to the machine, as discussed above.

In contrast to our finding, that the dynamically exchanging components of the T4aPM must
exchange independently of each other, in both other systems, the flagellum and the
injectisome components were found to form sub-complexes. In the case of the flagellum,
Flil can either form a ring as Flils and also sub-complexes with e.g., FliH (FliHzFlil). The
two complexes were suggested to act as a static substrate loader or dynamic substrate
carrier, respectively. Here, protein exchange of Flil was suggested to be important to
deliver cargo to the export gate or initiate or enhance the efficiency of flagellin export (Bai
et al., 2014). In the injectisome of Y. enterocolitica, YscQ, which forms the cytoplasmic
ring, was found to exchange subunits, and the dynamics of this exchange were found to
differ in secreting and non-secreting conditions (Diepold et al., 2015). As YscQ was found

in sub-complexes with other injectisome components such as YscQc, SctL, and YscN
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(Lara-Tejero et al., 2011, Diepold et al., 2017), it is conceivable that these interaction
partners exchange as sub-complexes (Rocha et al., 2018). Furthermore, YscQ is known
to interact with effectors and chaperones (Lara-Tejero et al., 2011). Thus, YscQ exchange
might be beneficial for delivery of these to increase the local concentration of cargo and

enhance secretion (Milne-Davies et al., 2021).

A B

Environment
(e.g. [Na'])

Environment
(e.g. [Ca*],
controling secretion)

Figure 35 Summary of component exchange in the T4aPM and comparison to the bacterial
flagellum and the injectisome. A. Summary of protein exchange in the bacterial flagellum and
the injectisome. Schematic overview of the flagellum (left) and the injectisome (right). Protein
exchange is marked by colors and protein found to not be exchanged are shown in grey (FliG, FliH
and YscV and YscC). Dashed arrows indicate external factors influencing the protein exchange
(Milne-Davies et al., 2021). B. Overview of the stable and the dynamically exchanging units in the
T4aPM. Arrows forming a circle show protein exchange. Grey arrows indicate PilA incorporation
and removal from the base of the pilus fiber and pilus extension and retraction.

6.5 Stability in the OM pore complex and parts of the alignment

complex
To learn if this stability within the OM pore complex of the T4aPM depends on interaction

partners, we also performed FRAP microscopy in strains expressing PilQ-sfGFP but
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lacking TsaP and PilP. Even though the accumulation of PilQ-sfGFP was lower in the
absence of each of the two proteins and its localization was reduced, only no to little
recovery in FRAP measurements suggests that TsaP and PilP do not affect the stability
of the secretin pore made by PilQ-sfGFP in the T4aPM.

If the TsaP stable unit in turn depends on other T4aPM components, can be studied in the
future by systematic FRAP microscopy of deletion mutants of T4aPM components, as
TsaP was shown to accumulate and localize as in wildtype in Apil strains except of ApilQ
and Atgl, in which TsaP levels were reduced (Siewering et al., 2014). One can speculate
that a strong interaction of TsaP to PilQ and/or to itself leads to the stable ring formation
and as discussed obove, that TsaP’s LysM domains might contribute to its stable

incorporation into the T4aPM.

The stability of the PilP ring in the T4aPM seems to depend on direct interaction partners
of PilP. However, in M. xanthus PilP does not accumulate in the absence of PilQ and does
not localize polarly in the absence of PilN or PilO (Friedrich et al., 2014). Therefore, we
studied if the stability of the PilP-sfGFP ring depends on the presence of PilM or PilC by
FRAP microscopy. Indeed, PilP-sfGFP polar clusters recovered fluorescence intensity in
the absence of PilM or PilC. Thus, PilP must be stabilized by PilM and PilC. As no direct
interactions of PilP to PilC or PilM were shown to date, this might be an indirect effect,
e.g., PilC might destabilize PilO to which it was suggested to interact with (Georgiadou et
al.,, 2012); or PilM might influence PIilN, and in both cases, the result might be a
destabilization of the PiIPNO complex, resulting in the mobility of PilP.

As PilC and PilM affect PilP stability in the T4aPM, we also studied whether PilO-sfGFP
stability in the T4aPM depends on PRIlC or PilM. Interestingly, the FRAP microscopy
experiments demonstrated that PilC but not PilM is necessary for PilO to form a stable
unit in the T4aPM. As PilN and PilO together are known to interact with PilP, and PilC
affects PilO stability, it is likely that PilC affects PilP stability in the T4aPM in an indirect
manner. However, it was surprising that the absence of PilM mobilizes PilP but not PilO,
as they are known to form a complex (Tammam et al., 2011). PilN, PilO, and PulM and
PulL of the T2SS were shown to form either heterodimers (PiIN-PilO, PulM-PulL) and
homodimers (Leighton et al., 2016, Dazzoni et al., 2023). This discrepancy between PilP
and no PilO mobilization by lack of PilM might be caused by different states of homo or
heteromer formation by PilO and PilN (Leighton et al., 2016), and needs further

investigation.
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Part I

7 Introduction

7.1 Introduction to the bacterial cell envelope
Bacteria can survive many environmental conditions. The first protective barrier of

bacterial cells the cell envelope. Besides its protective function, it also allows cells to

interact with their environment as well as with eukaryotic cells and other bacteria.

The cell envelope of Gram-positive bacteria consist of a single phospholipid membrane
that is surrounded by a thick layer of PG and contains wall teichoic acids (WTA) and
lipoteichoic acids (LTA) that are coupled to the PG and membrane lipids. The cell envelope
of Gram-negative bacteria consists of an IMIM, composed of phospholipids, a thin PG
layer and an OMO) that offers additional protection. The inner leaflet of the OM is made
of phospholipids and the outer leaflet is composed of lipopolysaccharide (LPS) (Silhavy et
al., 2010, Whitfield & Trent, 2014).

7.1.1 Introduction to glycans

Bacteria produce a variety of intracellular and extracellular glycans. In Gram-negative
bacteria, these include PG, secreted polysaccharide (SPS), capsular polysaccharides
(CPS), lipopolysaccharides (LPS), lipooligosaccharides (LOS), glycoproteins and
intracellular storage polysaccharides (Tytgat & Lebeer, 2014). Gram-positive bacteria
possess lipoglycans or glycosylated teichoic acids (TA), but lack LPS and LOS (Figure
34) (Tytgat & Lebeer, 2014). The glycoconjugates found on the cell envelope build a
strain-specific barcode, mediating specific interactions with the environment e.g. other

bacterial cells or the host organism (Tytgat & Lebeer, 2014).

Cell surface polysaccharides are large polymers of sugar monomers and are distinguished
as CPS and SPS. They differ from each other in their degree of attachment to the cell
surface. SPS are secreted to the extracellular environment or loosely attached to the cell
surface via electrostatic interactions. CPS is often bound more closely and covalently to
the cell surface and can also form a thick glycan layer or capsule around the cell, SPS is
often found as free EPS or slime around the cells (Knirel & Valvano, 2013, Tytgat &
Lebeer, 2014).
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A variety of organisms produce SPS and the polysaccharides in these biopolymers were
shown to vary immensely in composition and structure (Roca et al., 2015). The function
of SPS is just as varied. It can be important for biofilm formation adhesion and protection
against environmental conditions as well as for motility of microorganisms (Wolfaardt et
al., 1999, Hu et al., 2016, Nwodo et al., 2012).

Common

Flagella EPS Pili/
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Gram-negative Gram-positive
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Figure 36 Bacterial glycoconjugates. LPS and LOS are found in Gram-negative bacteria. Gram-
positive bacteria are known to glycosylate their TAs (e.g. WTA and LTA). Both types of bacteria can
glycosylate large appendages (e.g. flagella, pili or fimbriae) and possess CPS, SPS and glycoproteins.
PG is an important component of the bacterial cell wall. Round dots represent proteins and triangles

represent ribotol phosphate or glycol phosphate moieties (Tytgat & Lebeer, 2014).

7.1.2 Synthesis of cell-surface polysaccharides

Polysaccharides represent the most abundant biomolecules in nature and are involved as
key players in a variety of important biological processes. Repeated monosaccharide units
linked by glycosidic bonds form long polysaccharides. These can differ in their
monosaccharide composition, their glycosidic linkage, their level of polymerization, thus
polysaccharides can widely vary in their structure and biological function (Silva et al.,
2014, Wang et al., 2016a).
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Figure 37 Overview of surface polysaccharide synthesis pathways in Gram-negative
bacteria. A. The Wzx/Wzy dependent pathway, the ABC-transporter dependent pathway and the
Synthase dependent pathway are depicted. For simplicity, only one GT is shown as example in the
scheme. Adapted from (Perez-Burgos & S@gaard-Andersen, 2020). B. Overview of the composite
OPX/B-barrel translocon. The OPX protein lacks the OM part, a B-barrel protein constitutes the OM
part of the composite OPX/B-barrel protein translocon. Adapted from (Schwabe et al., 2022).

There are generally different pathways for synthesis of cell-surface polysaccharides in
bacteria, the Wzx/Wzy-, the ABC transporter and the synthase dependent pathway (Figure
37) (Whitfield et al., 2020, Perez-Burgos & Sggaard-Andersen, 2020).

The Wzx/Wzy dependent pathway is involved in synthesis of polysaccharides and
glycoconjugates. The synthesis of the repeat unit starts with the transfer of a
phosphorylated monosaccharide from an activated uridine diphosphate-sugar to a
molecule of the lipid carrier, an undecaprenyl phosphate, forming an undecaprenyl
diphosphate-sugar. This reaction can be catalyzed by two different types of enzymes: the
polyisoprenyl-phosphate hexose-1-phosphate transferases (PHPTSs) or the polyisoprenyl-
phosphate N-acetylhexosamine-1-phosphate transferases (PNPTs) (Lukose et al., 2017,
Valvano, 2011). Glycosyltransferases (GTs) add sugars to the undecaprenyl diphosphate-
sugar molecule to synthesize the repeat unit. The lipid-linked units are translocated across
the IMIM by the Wzx flippase. A Wzy polymerase with the help of a polysaccharide co-
polymerase (PCP) polymerizes the units into longer polysaccharide chains in the
periplasm and translocation across the OM is ensured by an OPX protein (Whitfield et al.,
2020, Perez-Burgos & Sggaard-Andersen, 2020). The translocation across the OM can
also be provided another system comprising a composite OPX/B-barrel translocon
(Schwabe et al., 2022).
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In the ABC-transporter dependent pathway the full-length polysaccharide molecule is
synthesized by sequential action of different GTs in the cytoplasm. An ABC transporter
then ensures translocation of the polysaccharide across the IMIM. Afterwards, the
polysaccharide is transported across the OM by an OPX protein or a composite OPX/[3-
barrel translocon (Greenfield & Whitfield, 2012, Whitfield et al., 2020, Perez-Burgos &
Sggaard-Andersen, 2020, Schwabe et al., 2022).

In the synthase dependent pathway a synthase complex spans the cell envelope and
catalyzes initiation, polymerization and transport of glycans. In this pathway,
polymerization and transport of the polysaccharide chain across the cell envelope occur
simultaneously (Whitfield et al., 2020, Perez-Burgos & Sg@gaard-Andersen, 2020).

7.1.3 Surface polysaccharides of M. xanthus

M. xanthus cells are surrounded by an extracellular matrix (ECM), which consists of a
polysaccharide referred to as exopolysacchride (EPS), proteins, extracellular lipids, OM
vesicles (OMV) and also extracellular DNA (Behmlander & Dworkin, 1994, Mufioz-Dorado
et al., 2016). In addition to EPS, M. xanthus cells synthesize three other cell-surface
polysaccharides: biosurfactant polysaccharide (BPS), spore coat polysaccharides and the
O-antigen of LPS. While EPS, BPS and the O-antigen of LPS are important for motility
and development (Bowden & Kaplan, 1998, Islam et al., 2020, Lu et al., 2005, Perez-
Burgos et al., 2020a, Perez-Burgos et al., 2019), the spore coat polysaccharide is
specifically needed for sporulation (Holkenbrink et al., 2014, Perez-Burgos et al., 2020b,
Muller et al., 2012). Moreover, moving M. xanthus cells leave a slime trail behind. This trail
was shown to contain polysaccharides and OMV, but its exact function and composition

remains unknown (Ducret et al., 2013a, Ducret et al., 2012).

7.1.4 M. xanthus EPS synthesis and function

According to current models, EPS is loosely associated to the cell surface (Berleman et
al.,, 2016, Gloag et al., 2016, Hu et al., 2013).EPS is synthesized via a Wzx/Wzy
dependent pathway and its components are encoded by the eps locus (Islam et al., 2020,
Perez-Burgos et al., 2020a, Lu et al., 2005, Zhou & Nan, 2017). EpsZ is the PHPT, which
initiates synthesis of the EPS repeat unit. The five GTs (i.e. EpsU, EpsH, EpsE, EpsD and

EpsA) are thought to extend the repeat unit. Next, individual repeat units are translocated
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across the IMIM by the Wzxeps flippase. The Wzyeps polymerase and EpsV, a PCP protein,
polymerize the repeat units. The polysaccharide can then be translocated across the OM
via the composite translocon formed by the OPX protein EpsY and EpsX (Perez-Burgos
et al., 2020a, Islam et al., 2020, Schwabe et al., 2022).

EPS is important for cell-cell cohesion, T4aP-dependent motility and development under
submerged conditions (Arnold & Shimkets, 1988, Hu et al., 2012, Shimkets, 1986, Perez-
Burgos et al., 2020a, Yang et al., 1998). However, the exact function of EPS in the M.

xanthus is not clear.

The dependency of T4aP-dependent motility on EPS seems to involve various processes.
First, EPS strains containing mutations in genes of the Dif chemosensory system make
T4aP at WT levels or are hyperpiliated but have reduced T4P-dependent motility (Li et al.,
2003, Yang et al., 2000). Exogenous EPS restored the hyperpiliation phenotype of the
EPS dif mutants (Hu et al., 2011, Li et al., 2003). It was also reported that T4aP as well
as PilA bind EPS (Hu et al., 2012, Li et al., 2003). As dif mutants with an EPS™ phenotype
possess T4aP but have reduced T4aP-dependent motility, these observations led to the
suggestion that EPS might stimulate T4aP retraction (Hu et al., 2012, Li et al., 2003).
Second, mutants lacking components of the pathway for EPS synthesis have a defect in
T4aP assembly, suggesting that EPS or the EPS biosynthetic machinery is important to
stimulate T4aP extension (Perez-Burgos et al., 2020a). Third, dif mutants reverse with a
decreased frequency, compared to WT (Shi et al., 2000, Kearns et al., 2000), while an
epsZ mutant hyperreverses (Zhou & Nan, 2017). Thus, it was suggested, that EPS is also
important for regulation of the reversal frequency. These observations were done in
different strains and under differing conditions, but altogether support the idea that EPS

per se or the EPS biosynthetic pathway interfere with the T4aPM by different mechanisms.

7.1.5 Regulation of EPS synthesis

Different regulators of EPS synthesis are known in M. xanthus. The Dif chemosensory
system is one of the best-studied pathways involved in EPS regulation (Yang et al., 1998,
Yang & Li, 2005). It consists of DifA (methyl-accepting chemotaxis protein [MCP]), DifE
(CheA-type histidine kinase), DifC (CheW coupling protein), a single-domain response
regulator EpsW, the single-domain response regulator DifD and CheC-like phosphatase

DifG. Upon activation of the Dif pathway, the DifE phosphorylates EpsW and DifD
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(Bellenger et al., 2002, Black et al., 2015, Lancero et al., 2005, Yang et al., 1998, Yang &
Li, 2005). DifD has been suggested to act as a phosphate sink for the phosphate flow from
DifE (Black et al., 2010, Black & Yang, 2004) and DifG is responsible for
dephosphorylating DifD (Black & Yang, 2004).

An interaction between DIifE and the NtrC-like transcriptional regulator Nla19 has also
been suggested. However, it is not clear if DifE phosphorylates Nla19 (Lancero et al.,
2005). While DifA, DifE, DIfC and EpsW are known as positive regulators of EPS
synthesis, DifD, DifG and Nla19 are negative regulators (Perez-Burgos & Sggaard-
Andersen, 2020), but it is still an open question how the Dif chemosensory system

regulates EPS synthesis.

Additionally, mutants lacking components of the T4aPM that are unable to make T4aP
also lack EPS, while a mutant lacking the retraction ATPase PilT is hyperpiliated and has
increased levels of EPS (Black et al., 2006, Black et al., 2017, Bretl et al., 2016, Shimkets,
1986, Dana & Shimkets, 1993). It was suggested that the extension ATPase PilB builds a
link between the T4aPM and EPS synthesis (Black et al., 2017) and that the activity of the
Dif chemosensory system is regulated by the T4aPM (Black et al., 2006, Black et al., 2017,
Wu & Kaiser, 1995). StkA, which is a DnaK homolog, is a negative regulator of EPS
synthesis and was shown to act between the T4aPM and the Dif pathway (Black et al.,
2006, Moak et al., 2015, Dana & Shimkets, 1993).

Another key player for regulation of EPS synthesis is the second messenger c-di-GMP. A
strain lacking the diguanylate cyclase DmxA has higher c-di-GMP levels during growth
and increased EPS accumulation (Skotnicka et al., 2016b). Also, lack of other proteins
associated to c-di-GMP (e.g. SgmT, DigR, TmoK) lead to increased EPS synthesis during
growth (Skotnicka et al., 2016a, Overgaard et al., 2006). Additionally, the diguanylate
cyclase DmxB, which is responsible for increasing the c-di-GMP level during development,
is important for increased EPS synthesis upon starvation (Skotnicka et al., 2016¢). C-di-
GMP has also been suggested to bind to Nla24, which is an NtrC-like transcriptional
regulator encoded by the eps locus, to stimulate the transcription of the eps genes
(Skotnicka et al., 2016c¢).

In addition to these regulators, many other proteins have been implicated with the
regulation of EPS synthesis (Perez-Burgos & Sggaard-Andersen, 2020). Interestingly,

among the remaining regulators, FrzS and SgmO (also referred to as RasA) are encoded
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by neighboring genes (Pham et al., 2005a). FrzS is a pseudo-response regulator, which
was suggested to regulate T4aP-dependent motility by stimulating EPS production
(Berleman et al., 2011). Additionally, it interacts with the small GTPase MgIA (Mauriello et
al., 2010), which is important to establish polarity in M. xanthus (Leonardy et al., 2010b,
Carreira et al., 2022).
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Figure 38 Regulation of EPS biosynthesis in M. xanthus. The T4aPM, Dif pathway and c-di-
GMP and related proteins are involved in regulation of EPS synthesis. Additionally other activators
and inhibitors of EPS synthesis in M. xanthus are known. Positive regulators are shown in green

and negative regulators in red (Perez-Burgos & Sggaard-Andersen, 2020).

8 Scope of this study

Here, we focus on SgmO, a suggested regulator of EPS synthesis. Insertional mutants of
sgmO were shown to have a defect in EPS accumulation, T4aP-dependent motility, and
development (Pham et al., 2005a, Youderian & Hartzell, 2006). Here, we aim to
investigate the role of SgmO in the EPS synthesis.

9 Results

9.1 Bioinformatics analyses
Previously it was noted that SgmO does not possess any known protein domains that

would hint at its function (Pham et al., 2005a). However, using the SMART database
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(Letunic & Bork, 2018), KEGG database (Kanehisa & Goto, 2000), Pfam database (Mistry
et al., 2021), and HHpred, a structural-based recognition server (Zimmermann et al.,
2018), we identified a HEAT repeat, two low complexity regions and a domain of unknown
function (DUF1641) in SgmO. The amino acid composition of SgmO contains 10% of Leu
and 14% of Ala residues. SignalP-5.0 identified no signal peptides or transmembrane
helices. Analysis of the secondary structure of SgmO with Phyre? (Kelley et al., 2015)
predicted that SgmO consists mostly of a-helices. Alphafold predictions of SgmO
confirmed this (Figure 39A, D).

Using a reciprocal best BlastP hit method (KEGG SSDB database) (Kanehisa & Goto,
2000), we found that sgmO is conserved in the genomes of all fully sequenced
myxobacterial genomes, while the synteny of flanking genes is less conserved (Figure
39C).
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Figure 39 Bioinformatics analyses of sgmO A. Domain architecture of SgmO. Low complexity
regions, HEAT repeat region and DUF1641 are indicated. The protein is drawn to scale (0-377aa).
B. Genetic neighborhood and C. conservation of sgmO in different myxobacterial genomes. sgmO
and neighboring genes in M. xanthus are drawn to scale. Numbers between the arrows indicate
the distance between the corresponding genes. A reciprocal best BLASTP hit method was used to
identify orthologs in all fully sequenced genomes of myxococcota. A 16S rRNA tree of these
speciesis shown on the left. Conserved genes in the genetic neighborhood of sgmO are shown in
the corresponding color. Light coloring indicated that the gene is present but not in the sgmO
genetic neighborhood. White, the gene was not identified. D. Alphafold prediction of SgmO, the
domains are colored as in A. E. Predicted aligned error (pAE) and predicted LDDT for full-length
M. xanthus SgmO.
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9.2 Phenotypic analyses of sgmO mutant
An in-frame deletion mutant of sgmO was constructed to study the function of SgmO. Cells

were tested for T4aP-dependent and gliding motility, as well as for EPS accumulation by
supplementing 0.5% agar plates with trypan blue or congo red which binds to EPS
resulting in either a blue or a red color. Wildtype cells were used as a positive control,
while the ApilA and AaglQ strains were used as a negative control for T4aP-dependent
and gliding motility. AdifE and AepsZ cells did not synthesize EPS (Perez-Burgos et al.,
2020a) and were used as a negative control for EPS accumulation.The AsgmO mutation
caused a defect in EPS synthesis and T4aP-dependent motility, but cells were able to

move by gliding motility (Figure 40A).

The motility and EPS defects of the AsgmO mutant were complemented by ectopically
expressing sgmO under the control of the putative native promoter from a plasmid

integrated into a single copy at the Mx8 attB site (Figure 40A).

To investigate if the lack of SgmO is only causing a defect in T4aP-dependent motility or
also affecting gliding motility, double deletions of AsgmO and pilA or aglQ were created
and cells spotted on 0.5% and 1.5% agar. The AsgmOApilA strain was affected in T4aP-
dependent motility but could move by means of gliding motility similarly to a ApilA mutant.
In contrast, a AsgmOAag/Q strain was not moving under both conditions, while a Aag/Q
mutant moved by T4aP-dependent motility but not by gliding motility. This together
indicates that lack of SgmO is primarily affecting T4aP-dependent motility (Figure 40B).

Because mutants lacking components of the EPS machinery showed a reduction in the
assembly of T4aP, we next performed a shearing assay to test the T4aP levels of AsgmO
mutants. Immunoblot assays of the sheared pili fraction using antibodies against the major
pilin, PilA, showed that AsgmO cells have a reduced level of T4aP compared to WT.
Similarly, the cellular fraction of PilA was reduced in the AsgmO mutant. The decreased
level of PilA in the cellular fraction is comparable to the one for the ApilB mutant. The

defects were restored in the complementation strain (Figure 40C).

To test if the AsgmO mutant was able to develop, we investigated the AsgmO strain on

agar and in submerged conditions.

WT cells were able to form aggregates at 24 h that led to the formation of mature fruiting

bodies, as well as heat and sonication resistant spores. In contrast, the AsgmO mutant
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cells have reduced formation of fruiting bodies with reduced sporulation under both
conditions. Because a difE mutant neither develops on agar nor under submerged
conditions (Yang et al., 1998, Yang et al., 2000), the AdifE mutant was used as a negative
control for development. The ectopic expression of SgmO from the putative native

promoter recovered the ability of a AsgmO mutant to develop (Figure 40D).
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Figure 40 Phenotypic analyses of sgmO mutants A. Colony-based motility assay of the AsgmO
mutant. T4aP-dependent and gliding motility were tested on 0.5% and 1.5% agar, respectively.
EPS accumulation was tested on 0.5% agar containing congo red (CR) and trypan blue (TB).
Images were recorded after 24 h. Scale bars: 1mm, 1mm, 1 mm and 50um (left to right). B. Colony-
based motility assay of the AsgmO ApilA and AsgmO Aagl/Q mutants. T4aP-dependent and gliding
motility were tested on 0.5% and 1.5% agar, respectively. Images were recorded after 24 h. Scale
bars: 1mm, 1mm, 1mm and 50um (left to right). C. Shear-off assay. Samples of sheared fraction
and total cells were prepared and SDS-PAGE and immunoblot analysis was performed to
determine the PIilA levels in different strains. As a negative control, samples of ApilA cells were
used. The membrane on the top is showing the results of the sheared fraction, while the two images
at the bottom correspond to the whole cell fraction probed with a-PilA (middle) or a-PilC antibodies
as loading control (bottom). Protein sizes are indicated. D. Development assay of the AsgmO
mutant. ODss0=7 samples were spotted on TPM agar (left) and submerged with MC7 buffer (right).
Images of spots and wells were taken at the indicated time points. At 120 h, samples were collected
and treated with heat and sonicated. Heat and sonication resistant spores were counted and
indicated as a percentage of wildtype. Scale bars: 1mm, 200um (from left to right).

9.3 Functionality and localization of SgmO fluorescent fusions
Determining the localization pattern of proteins can help to understand their function.

Thus, N- and C-terminal fluorescent fusions of SgmO to mCherry were created and
ectopically expressed under the control of the native promoter in the AsgmO strain. Both
fluorescent fusions were tested for functionality by performing T4aP-dependent motility
and measuring the EPS level. Both fusions were partially functional since the T4aP-
dependent motility defect of the AsgmO strain was not fully rescued. However, expression
of mCherry-SgmO rescued the EPS biosynthesis defect while expression of SgmO-
mCherry did not (Figure 41A). Importantly, immunoblot assays with a-mCherry antibodies
showed that both fusion proteins accumulate and are stable since no free mCherry was
detected. Interestingly, mCherry-SgmO accumulated at lower levels than SgmO-mCherry
despite the fact that its expression complements the motility and EPS defects of the

AsgmO mutant better (Figure 41B).

Next, we analyzed the localization of the SgmO fusions. In both cases, the SgmO
fluorescent fusion localized diffusely. Some bright spots within the cells were observed.
However, they are likely inclusion bodies because the fluorescence signals of these spots

were also visible in the GFP channel (Figure 41C).
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Figure 41 Functionality, accumulation and localization of SgmO fluorescent fusions. A.
Colony-based motility assay of AsgmO strains that ectopically express mCherry fusions. T4aP-
dependent motility was tested on 0.5% (right panels), EPS accumulation was tested on 0.5% agar
containing congo red (CR) (left) and trypan blue (TB) (middle). Images were recorded after 24 h.
Scale bar: 1mm. B. Accumulation of SgmO fluorescent fusions. Immunoblot analysis was
performed with samples of AsgmO/Pnat-sgmO-mCherry and AsgmO/PnatmCherry-sgmO. Expected
protein sizes are indicated on the right side and a protein ladder is on the left. The membrane was
additionally incubated with a-PilC antibodies as loading control. C. Fluorescence microscopy was
performed on 1% TPM-agarose slides with exponentially growing cultures. Images in TXR channel
are shwon. Scale bar: 5pm.

Since localization of the SgmO fluorescent fusions did not give a significant insight into

the putative role of SgmO, we next looked into the genetic neighborhood of sgmO.

9.4 sgmO is encoded in an operon
Two genes in the genetic region of sgmO (Figure 39B), frzS and brgE, were implicated

with EPS synthesis and T4aP-dependent motility (Berleman et al., 2011), or development
(Pham et al., 2005b). Downstream of brgE, birA encodes a BirA family transcriptional
regulator, biotin operon repressor/biotin[acetyl-CoA-carboxylase] ligase. In E. coli, BirA is
a bifunctional protein that catalyzes both the ligation of a biotin moiety onto a specific Lys
residue of the biotin carboxyl carrier protein and represses the biotin biosynthetic operon
by binding to an operator site (Barker & Campbell, 1981) and is, thus, involved in the
regulation of biotin synthesis (Chakravartty & Cronan, 2013, Wilson et al., 1992). The three
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genes downstream of birA encode a putative lipoprotein, a conserved domain protein, and

a hypothetical protein.

Since these genes are found in close proximity, we hypothesized that they might form an
operon. Therefore, operon mapping was performed, for which total RNA was isolated from
M. xanthus DK1622and reverse transcribed to generate cDNA using a reverse
transcriptase. As a negative control, PCRs were also performed with samples in which no
reverse transcriptase was added. gDNA was used as a positive control that the intergenic
primers were functional. All primers could bind to gDNA, and the fragments with expected
sizes could be amplified (Figure 42). At the same time, no fragments could be amplified
from RNA samples that were not transcribed to cDNA. In the reactions performed on
cDNA, fragments could be amplified, indicating that sgmO is encoded in an operon with
brgE, birA, mxan_4153, mxan_4154 and mxan_4155. The in-frame deletion mutants of
brgE, birA, mxan_4153, mxan_4154 and mxan_4154 need to be generated to study if the

function of the encoded proteins is connected to SgmO.
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Figure 42 Operon mapping of sgmO. RNA of M. xanthus DK1622 was isolated and used for
operon mapping. Black lines below the gene cluster indicate amplified regions and were numbered
from one to seven. As a positive control for the reaction, genomic M. xanthus DK1622 DNA was
used. As a negative control, samples in which the reverse transcriptase was omitted were used.
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10 Discussion

10.1 SgmO- a regulator of EPS synthesis in M. xanthus
SgmO was identified as a regulator of EPS synthesis as part of the characterization of its

neighboring gene brgE, which is necessary for fruiting body formation and sporulation
(Pham et al., 2005b, Youderian & Hartzell, 2006). Similarly, SgmO, is required for EPS
synthesis and, therefore also for development, as well as T4aP dependent motility and
cell-cell cohesion (Pham et al., 2005a). Of note, SgmO does not possess any conserved
motifs and does not bear sequence homology to any known genes according to the
literature (Pham et al., 2005a, Pham et al., 2005b).

brg and sgmQO are transcribed in the opposite directions compared to the the
downstream frzS gene (Ward et al., 2000, Pham et al., 2005b). The interesting genetic
neighborhood, as well as the phenotype of the AsgmO mutant, emphasize SgmO as a
player in the regulation of EPS synthesis. It is an open question, how SgmO is involved in
this process and if it interacts with its genetic neighbors brgE or frzS. Studying SgmO
could give an insight into the connection between the T4aPM, the Dif chemosensory
system, and EPS synthesis. Alternatively, it could reveal a yet unknown pathway of EPS

biosynthesis regulation.

In this study, we confirmed that lack of SgmO leads to defects in EPS synthesis, T4aP-
dependent motility and development. Additionally, we observed that AsgmO cells had
reduced T4aP. Because EPS/the EPS machinery (Aeps mutants) is important for
stimulation of T4aP formation and T4aP-dependent motility (Perez-Burgos et al., 2020a)
and because EPS is important for cell-cell cohesion (Arnold & Shimkets, 1988), the motility
and developmental defects of the AsgmO mutant can be widely explained by lack of EPS.
Next, to test if, as the Aeps mutants, T4P extension in the AsgmO strains is reduced, or
whether the AsgmO cells are hyperretracting T4P a AsgmOApilT strain, lacking the
retraction ATPase, needs to be generated. Additionally, localization studies of
components of the T4aPM in the AsgmO mutant would allow to conclude if the observed
decreased level of T4aP in the AsgmO mutant might be caused by reduced assembly of
the T4aPM.

Recently, the synthesis pathway of EPS has been uncovered in M. xanthus (Perez-Burgos
et al., 2020a). Moreover, EPS synthesis in M. xanthus is regulated in a very complex

manner, which includes the Dif chemosensory pathway, and that T4P assembly and EPS
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synthesis regulate each other (Perez-Burgos & Sggaard-Andersen, 2020, Li et al., 2003,

Hu et al., 2012). It is unclear at this moment at which stage of the cascade SgmO acts.

Additional epistasis experiments could help to understand if SgmO is acting downstream
of T4aPM and upstream of the Dif chemosensory pathway, in between the Dif
chemosensory pathway and the EPS biosynthetic machinery or if it is part of a yet
unknown pathway. For this purpose, new mutants need to be generated. It was shown
that a lack of the DnaK homolog StkA restores EPS to a pilA deletion mutant but not to a
difA deletion mutant (Moak et al., 2015). This indicated that StkA acts downstream of T4P
but upstream of the Dif chemosensory pathway. Thus, it would be interesting to create a
AsgmOAstkA mutant. If this strain would restore EPS biosynthesis, this would suggest that

SgmO acts upstream of the Dif pathway.

On the contrary, if a AsgmOAstkA mutant does not synthesize EPS, it would suggest that
SgmO acts downstream of the Dif pathway. It was also shown that a AdifDAdIfG double
mutant overproduces EPS, and DifD and DifG are negative regulators of EPS synthesis
(Black & Yang, 2004). In case a AsgmOAdifDAdIfG triple mutant would restore EPS
biosynthesis, it would indicate that SgmO acts upstream of the Dif chemosensory pathway
and in case not, that SgmO acts between the Dif pathway and the EPS biosynthetic

machinery.

Operon mapping indicated that sgmO is encoded in an operon with brgE, birA,
mxan_4153, mxan_4154, and mxan_4155. It is, therefore, possible that the proteins
encoded by the operon act in the same pathway, together with SgmO, to regulate EPS

biosynthesis.

It is known that brgE is important for the development of M. xanthus cells (Pham et al.,
2005b). However, whether this mutant also has an EPS accumulation defect that might
affect motility and development was not studied. birA encodes a bifunctional protein, a
biotin ligase and a repressor of the biotin operon in E. coli (Barker & Campbell, 1981).
Further experimental analyses could help to understand if SgmO could be biotinylated by
BirA.

It would be interesting to generate mutants with single in-frame deletions in brgE, birA,
mxan_4153, mxan_4154 and mxan_4155 to compare them to the Asgmo strain. Also,
pull-down experiments could help to elucidate with which proteins SgmO interacts to

understand its function.
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Finally, because FrzS was reported as a regulator of EPS synthesis (Berleman et al.,

2011), a AfrzS mutant was included in the motility, developmental and EPS accumulation

assays. While AsgmO cells completely lack EPS, the AfrzS mutant synthesizes EPS

anbeit at a lower level than WT. The AfrzS mutant colonies also show reduced T4aP-

dependent motility but are not as smooth as the AsgmO strain. The two strains also differ

in their phenotypes during development. While the AfrzS mutant forms fruiting bodies, the

AsgmO mutant forms some aggregates on TPM agar and fails entirely to develop under

submerged conditions. This might point to frzS and sgmO not acting together. Because

FrzS was shown to localize to the cell poles of M. xanthus cells (Mignot et al., 2005), FrzS

localization could be studied in a AsgmO strain to learn if lack of SgmO somehow affects

FrzS localization.

11 Materials and Methods

11.1 Chemicals and equipment

The Reagents, enzymes, kits and antibiotics used in this study are listed in Table 1. The
equipment used for this study is listed in Table 2 and the software used for Data analysis

is listed in Table 3.

Table 1 Reagents, enzymes, kits and antibiotics

Reagent Manufacturer
Chemicals Roth (Karlsruhe),
Merck (Darmstadt),

Sigma-Aldrich (Taufkirchen)

Media components, agar

Roth (Karlsruhe),
Merck (Darmstadt),
Difco (Heidelberg),

Invitrogen (Darmstadt)

5x DNA loading buffer

New England Biolabs (NEB), (Frankfurt

am Main)

2-log DNA ladder

New England Biolabs (NEB), (Frankfurt

am Main)

Oligonucleotides

Eurofins MWG Operon (Ebersberg)
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Rabbit antisera

Eurogentec (Seraing, Belgium)

Anti-GFP monoclonal antibodies

Roche Diagnostics GmbH (Mannheim)

Anti-mCherry antibodies

BioVision

Goat anti-rabbit IgG, goat anti-rabbit IgG
DyLight 549

Pierce™ Thermo Scientific™ (Dreieich)

Anti-mouse with horseradish

peroxidase linked

se,

GE Healthcare Europe GmbH (Freiburg)

SDS gel electrophoresis size standards
PagerulerTM Plus Prestained Protein
Ladder

Pierce™ Thermo Scientific™ (Dreieich)

Nitrocellulose membrane

GE Healthcare Europe GmbH (Freiburg)

Luminata Western HRP Substrate

Millipore  Merck  Chemicals GmbH
(Schwalbach)

Enzymes

Restriction Enzymes

Fermentas (St. Leon-Rot), New England
Biolabs (Frankfurt am Main)

Antarctic phosphatase

New England Biolabs (Frankfurt am Main)

T4 DNA Ligase

New England Biolabs (Frankfurt am Main)

Phusion High-Fidelity DNA polymerase

Thermo Scientific (Dreieich)

Q5 High-Fidelity DNA polymerase

New England Biolabs (Frankfurt am Main)

5 PRIME MasterMix

5 PRIME GmbH (Hamburg)

Antibiotics

Gentamycin sulfate
Kanamycin sulfate
Ampicillin sodiumsulfate
Oxytetracycline dehydrate
Tetracycline hydrochloride

Roth (Karlsruhe)

Kits

Purification of chromosomal DNA

Epicentre Biotechnologies
(Wisconsin,USA)

NucleoSpin® Plasmid Kit
NucleoSpin® Gel and PCR Clean-up Ki

Macherey-Nagel (Duren)

Table 2 Equipment

Application Device

Manufacturer

PCR

MasterCycler Epigrade
MasterCycler Personal

Eppendorf (Hamburg)

Gelectrophoresis E835

Consort (Ottawa, CN)

DNA illumination

UVT 20 LE,
UB Transilluminator 312nm

Herolab (Wiesloch)
INTAS Science Imaging
Instruments GmbH
(Géttingen)
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DNA illumination and

E-BOX VX2 imaging

PeglLab (Eberhardzell)

documentation system, INTAS Science Imaging
GelStick Touch IMAGER Instruments GmbH
(Géttingen)
Thermomixer Thermomixer F 1.5 Eppendorf (Hamburg)

Thermomixer C
Thermomixer Compact

Electroporation

GenePulser Xcell

Bio-Rad (Munchen)

Protein electrophoresis

Mini-PROTEAN® 3 cell

Bio-Rad (Munchen)

Western blotting

TransBlot®TurboTM
Transfer System

Bio-Rad (Munchen)

Chemiluminescence
detection

Luminescent image
analyzer LAS-4000

Fujifilm (Dusseldorf)

Microscopes

Nikon Ti-E microscope with
Perfect Focus System
(PFS), temperature control,
CFI PL APO 100x/1.45
Lambda oil, Hamamatsu
Flash 4.0 camera

Nikon (Dusseldorf),
Hamamatsu Photonics

(Hersching)

DMIBO000B inverted
microscope with AFC
temperature control, HCX
PL APO 100x/1.47 oil,

HCX PL APO 100x/1.47 oil,
Hamamatsu Flash 4.0
camera

Leica (Wetzlar)

Hamamatsu Photonics
(Hersching)

M205FA Stereomicroscope

Leica (Wetzlar)

Determination of optical

Ultrospec 2100 pro

GE Healthcare Europe

densities, Spectrophotometer, GmbH

nucleic acids/protein Nanodrop ND-1000 UV-Vis | (Freiburg)

absorption spectrophotometer Nanodrop (Wilmington)
Table 3 Software

Application Software Manufacturer

Checking of DNA and | DNASTAR DNASTAR, Inc (Madison,

microscopy pictures

proteins sequences, in USA)

silico  plasmid cloning,

sequence assembly

Data analysis of | Metamorph® v 7.7.5.0 Molecular Devices (Union

City, CA)

Detection of cells
microscopy pictures

on

Oufti

Jacobs-Wagner Lab
(Paintdakhi et al., 2016)

Calculation of fluorescence | MATLAB R2016b/R2018a | The MathWorks, Inc
signals (Natcik,
USA)
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Curve fitting, plotting of | Sigma Blot 14.0 Systat Software Inc. (San
data and statistical testing Jose, USA)
Graph Pad Prism 9.0.2 Dotmatics Diego,
USA).

11.2 Media

All media and solutions were autoclaved for 20 min, 121 °C, and 1 bar over-pressure.

Antibiotics and other additives were filtered using sterile 0.22 um pore-size filters (Millipore

Merck, Schwalbach) and were added to pre-cooled media at around 55 °C

E. coli cells were grown on LB-medium (Luria Bertani). For preparation of agar-plates,

1.5% agar was added to the medium. M. xanthus cells were grown on 1% CTT medium

in liquid cultures or on agar-plates. For preparation of agar-plates, 1.5% agar was added

to the medium. Motility assays of M. xanthus cells were performed on soft (0.5%) or hard

(1.5%) agar plates. Media compositions are described in Table 4.

Table 4 Bacterial growth media

Media Composition
E. coli
LB medium 1% (w/v) NaCl,
1% (w/v)tryptone,
0.5% (w/v) yeast-extract
LB agar LB medium, 1% (w/v) agar
M. xanthus
CTT medium 1% (w/v) Bacto-casintone.
10mM Tris-HCI pH 8.0
1mM potassium phosphate buffer pH 7.6,
8mM MgSO;4
CTT agar CTT medium, 1.5% agar
Motility assays
Soft agar 0.5% CTT medium, 0.5% agar;
Hard agar 0.5% CTT medium, 1.5% agar
(Hodgkin & Kaiser, 1977)
Microscopy media
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MC?7 buffer 10 mM MOPS, pH 7.0, 1 mM CaCl2

Chitosan 100x solution 2M acetic acid 15mg/ml chitosan

TPM-agar 10 mM Tris-HCI, pH 7.6, 1 mM KH2PO4,
pH 7.6, 8 MM MgS0O4, 1.5% agar

Additives used for E. coli and M. xanthus cells are listed in Table 5.

Table 5 Additives
Additive final concentration dissolved in
E. coli
Kanamycin sulfate 50 pg/ml H.O
Tetracyclin dehydrate 25 ug/ml 99.9 % ethanol
M. xanthus
Gentamycin sulfate 10 pg/ml H.0
Kanamycin sulfate 50ug/ml H20
Oxytetracyline 10 pg/ml 0.1M HCI

11.3 Microbiological methods

11.3.1 Strain construction and growth conditions

All M. xanthus strains used in this study are derivatives of the wild-type strain DK1622
(Kaiser, 1979). Strains, plasmids, and oligonucleotides used in this work are listed in Table
6, 7, and 9. M. xanthus cells were grown at 32°C in 1% CTT (1% [wt/vol] Bacto Casitone,
10 mM Tris-HCI [pH 8.0], 1 mM K;HPO4-KH2PO4 [pH 7.6], and 8 mM MgSOQ.) liquid
medium or on 1.5% agar supplemented with 1% CTT (Shi & Zusman, 1993). In-frame
deletions or insertions were generated as described previously (Shi et al., 2008). Plasmids
were introduced in M. xanthus by electroporation and integrated by homologous
recombination at the endogenous locus. All in-frame deletions and plasmid integrations

were verified by PCR. Plasmids were propagated in E. coli Mach1 and DH5a.

E. coli cells were grown in LB-medium or on plates containing LB supplemented with 1.5%
agar at 37°C. Antibiotics were used when appropriate (Denman, 1983). All DNA fragments

generated by PCR were verified by sequencing.
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11.3.2 E. coli strains

E. coli strains used for cloning are listed in Table 1Table 6.

Table 6 E. coli strains

Materials and Methods

Strain Characteristics Reference

NEB® Turbo F' proA*B* lacli AlacZM15 | New England Biolabs
/fhuA2 A(lac-proAB) | (NEB), (Frankfurt am Main)
ginV galK16 galE15 R(zgb-
210::Tn10)TetS endA1 thi-1
A(hsdS-mcrB)5

Top10 F- mcrA  A(mrr-hsdRMS- | Invitrogen™ life
mcrBC) ®80lacZAM15 | technologies (Karlsruhe)
AlacX74 recA1 araD139
A(ara leu) 7697 galU galK
rpsL (StrR) endA1 nupG

Mach1 ArecA1398 endA1 tonA | Invitrogen™ life
¢80AlacZM15 AlacXT74 | technologies (Karlsruhe)
hsdR(rK- mK+)

11.3.3 M. xanthus strains

M. xanthus strains used in study are listed in Table 7.

Table 7 M. xanthus strains

Strain Genotype Reference

DK1622 wild-type (Kaiser, 1979)

DK10416 | ApilB (Wu & Kaiser, 1997)
SA3002 ApilM (Bulyha et al., 2009)
DK10409 | ApilT (Wu & Kaiser, 1997)
SA3001 ApilO (Friedrich et al., 2014)
SA3005 ApilP (Friedrich et al., 2014)
DK8615 ApilQ (Wall et al., 1999)

SA6011 AtsaP (Siewering et al., 2014)
SA9303 AfrzE This work

DK10410 | ApilA (Wu & Kaiser, 1997)
SA5649 AdifE Dorota Skotnicka

SA7400 AepsZ (Perez-Burgos et al., 2020a)
SA5293 AaglQ (Jakobczak et al., 2015)
SA7135 AfrzEAaglQ (Szadkowski et al., 2019)
SA7192 pilQ-sfGFP (Potapova et al., 2020)
SA7896 mCherry-pilM (Treuner-Lange et al., 2020)
SA9300 pilB-mCherry This study

SA9307 mCherry-pil T This study

SA9314 pilO-sfGFP This study
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SA9315 pilP-sfGFP This study
SA9316 tsaP-mCherry This study
SA9304 pilB-mCherry AfrzE This study
SA9310 pilB-mCherry AaglQ This study
SA9311 pilB-mCherry AfrzE AaglQ This study
SA9329 mCherry-pilT AfrzE This study
SA9323 mCherry-pil T AaglQ This study
SA9326 mCherry-pilT AfrzE AaglQ This study
SA9305 mCherry-pilM AfrzE This study
SA9312 mCherry-pilM AaglQ This study
SA9313 mCherry-pilM AfrzE AaglQ This study
SA9337 pilO-sfGFP AfrzE This study
SA9338 pilO-sfGFP AaglQ This study
SA9339 pilO-sfGFP AfrzE AaglQ This study
SA9330 pilP-sfGFP AfrzE This study
SA9324 pilP-sfGFP AaglQ This study
SA9327 pilP-sfGFP AfrzE AaglQ This study
SA9331 tsaP-mCherry AfrzE This study
SA9325 tsaP-mCherry AaglQ This study
SA9328 tsaP-mCherry AfrzE AaglQ This study
SA9306 pilQ-sfGFP AfrzE This study
SA9308 pilQ-sfGFP AaglQ This study
SA9309 pilQ-sfGFP AfrzE AaglQ This study
SA9349 pilQ-sfGFP AfrzE AaglQ AtsaP This study
SA9348 pilQ-sfGFP AfrzE AaglQApilP This study
SA9344 pilP-sfGFP AfrzE AaglQApilC This study
SA9345 pilP-sfGFP AfrzE AaglQApilM This study
SA9350 pilO-sfGFP AfrzE AaglQApilC This study
SA9351 pilO-sfGFP AfrzE AaglQApilM This study
SA9346 mCherry-pilMAfrzEAaglQApilB This study
SA9347 mCherry-pilMAfrzEAaglQApil T This study
SA9352 mCherry-pilMAfrzEAagIQApilBApilT | This study
SA9353 pilM-pilN This study
SA9354 mCherry-pilM-pilN This study
SA12037 | pilB-mCherryApilQ Maria Pérez-Burgos
SA9342 mCherry-pil TApilQ This study
SA9317 AsgmO This study
SA9318 AfrzS This study
SA9322 AsgmOQ/Pnat-sgmQ This study
SA9333 AsgmOQ/Pnat-mCherry-sgmQO This study
SA9332 AsgmQ/Pnat- sgmO-mCherry This study
SA9319 ASgmOApiIlA This study
SA9320 AsgmOAagiQ This study
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11.3.4 Cultivation and storage of bacteria
E. coli cells were cultivated on LB-agar plates at 37°C and grown in liquid LB-medium,

shaking horizontally at 37°C with 220 rpm. Antibiotics were added with concentrations as
listed in Table 5. The optical densities of cell cultures were photometrically determined at
600 nm. For short- term storage, the E.coli cells were grown on LB-agar plates and stored
at 4°C. For long-term storage, stocks were taken from overnight liquid cultures with
addition of 10% glycerol to the culture. The stocks were frozen in liquid nitrogen and stored
at -80°C.

M.xanthus cells were cultivated on CTT-agar plates and incubated at 32°C in the dark.
Liquid cultures were grown in CTT-medium, shaking horizontally at 32°C in the dark at
220 rpm. To prohibit contamination of M. xanthus cell cultures, liquid CTT-medium and
CTT-agar was supplied with 10ug/ml gentamycin. The optical densities of liquid M.
xanthus cell cultures were determined photometrically at 550 nm. For short-term storage
M. xanthus cells were incubated on CTT-agar plates for up to two weeks at 18°C in the
dark. For long-term storage, stocks were taken from overnight liquid cultures. The cells
were harvested at 4700 rpm and resuspended in 1ml CTT with 15% glycerol. The stocks

were fast frozen in liquid nitrogen and stored at -80 °C.

11.3.5 Motility assays
For motility assays, M. xanthus cells from exponentially growing cultures were harvested

at 4000 g for 10 min at room temperature (RT) and resuspended in 1% CTT to a calculated
density of 7x10° cells/ml. 5 pl aliquots of cell suspensions were placed on 0.5% agar plates
supplemented with 0.5% CTT for T4P-dependent motility and 1.5% agar plates
supplemented with 0.5% CTT for gliding motility (Shi & Zusman, 1993) and incubated at
32°C in the dark. After 24 hours, the colony and its edges were visualized using a Leica
M205FA stereomicroscope and imaged using a Hamamatsu ORCA-flash V2 Digital
CMOS camera (Hamamatsu Photonics). For higher magnifications of cells at colony
edges on 1.5% agar, cells were visualized using a Leica DM6000B microscope and

imaged using a Cascade Il 1024 EMCCD camera (Photometrics).

11.3.6 EPS accumulation assays
To detect EPS accumulation, cells were grown in CTT medium and harvested at 4000g

for 10 min at room temperature (RT) and resuspended in 1% CTT to a calculated density
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of 7x10° cells/ml. 20 pl of the cell suspension was spotted on 0.5% agar plates,
supplemented with 0.5% CTT and 40 ug/ml congo red or 20 ug/ml trypan blue. The plates
were incubated at 32°C in the dark and imaged after 24 h (Perez-Burgos et al., 2019).

11.3.7 T4P shearing assays
To shear off T4P, cells were grown on 1% CCT, 1.5% agar plates for three days at 32°C

in the dark. The cells were scraped off the agar and resuspended in 1ml per 60mg cells.
The suspension was vortexed for 10 min and incubated on ice for 10 minutes. Then, SDS
samples for the total PilA level were taken (80 pl cellsuspension, 20ul 5xSDS sample
buffer). The remaining suspension was centrifuged for 20 min at 13.000g at 4°C. The
supernatant was centrifuged twice again for 10 min at 13.000g at 4°C. T4P in the
supernatant were precipitated by adding 10x pili precipitation buffer (100mM TRIS-HCI
pH:7.6, 150mM NaCl, 20%(w/v) PEG 6000, 1M MgCl;) and incubated for >2h at 4°C
followed by centrifugation for 30 min at 13.000g at 4°C. The pellet was resuspended in
SDS sample buffer (1ul per mg vortexed cells). SDS samples of total cell and pili fraction
were used further for SDS-PAGE and immunoblot analysis as described in 11.5.1 and
11.5.2.

11.3.8 Development assays
Development assays on TPM-agar and under submerged conditions in MC7 buffer were

performed to study the development and fruiting body formation of M. xanthus cells. For
this, exponentially growing cells were harvested at 4000g for 10 min at RT and
resuspended in TPM to a calculated density of 7x10° cells/ml. 10 ul of the cell suspension
was spotted on TPM agar, and 50 pl was resuspended in 350ul MC7 buffer and incubated
in well-plates. Images of the colonies/ cell aggregates were acquired after 24, 48, 72, 96
and 120h. To count spores, the colonies were scratched from the agar using a pipet tip,
and cell material was collected in an Eppendorf tube and resuspended in 500 pyl MC7. To
collect spores from submerged conditions, the MC7 buffer in the wells was harvested and
added up to 500 pl. The collected spores were incubated for 2 h at 50°C (heat-shock) and
sonicated for 30 seconds (50 W/ 75%). 5ul of this suspension were spotted on a Thoma
counting chamber (Roth, Karlsruhe) and images were acquired using a Leica DM6000B
microscope and a Cascade |l 1024 EMCCD camera (Photometrics). The spores were

counted manually.
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11.3.9 Fluorescence microscopy and analysis
For microscopy, 200 pl of exponentially growing cells were resuspended in 1ml MC7 (10

mM MOPS [pH 7.0], 1 mM KH2PO4, 8 mM MgSO4, and 1 mM CaCl2) and spotted on
chitosan-coated glass bottom p-slides (ibidi) (Ducret et al., 2013b) or 5yl of cells were
spotted on a 1% TPM-agarose slide. Cells were incubated for 30 min in the dark at room
temperature before imaging. Cells were observed using a Leica DMIG000B microscope
with a Hamamatsu Flash 4.0 camera. Images were recorded with Leica MM AF software
package and processed with Metamorph (Molecular Devices). Cells in phase contrast
images were automatically detected using Oufti (Paintdakhi et al., 2016). Fluorescence
signals in segmented cells were identified and analyzed using a custom-made Matlab
v2016b (MathWorks) script that divides a cell into polar region 1, polar region 2, and the
cytoplasmic region. Polar regions are defined as the regions of a cell within a distance of
10 pixels, corresponding to 0.64 um, from a tip of the cell. The cytoplasmic region includes
all pixels of the cell with the exception of the polar regions. A polar cluster was identified
when three or more connected pixels within a polar region had a fluorescence signal
higher than a cell-specific threshold signal of two SDs above the average fluorescence
signal in the cytoplasmic region. The fluorescence of a polar cluster was defined as the
sum of the fluorescence signal of all connected pixels that exceeded the threshold value
in that polar region. The cytoplasmic signal was defined as the sum of the fluorescence
signal of all pixels between the two polar regions. For each cell with polar cluster(s), an

asymmetry index (w) was calculated as

(total fluorescence at pole 1 — total fluorescence at pole 2)

®= (total fluorescence at pole 1 + total fluorescence at pole 2)
By definition, pole 1 is the pole with the highest fluorescence. w varies between zero
(bipolar symmetric localization) and one (unipolar localization). The localization patterns
were categorized as follows: unipolar (w > 0.9), bipolar asymmetric (0.9 > w > 0.2), and
bipolar symmetric (w < 0.2). Diffuse localization was determined when no polar signal was

detected, and for these cells, w was set to zero (Potapova et al., 2020).

11.3.10 Fluorescence recovery after photobleaching and analysis
Fluorescence recovery after photobleaching (FRAP) experiments were performed with a

temperature controlled Nikon Ti-E microscope with Perfect Focus System and a CFl PL
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APO 100x/1.45 Lambda oil objective at 32°C with a Hamamatsu Orca Flash 4.0 camera
using NIS Elements AR 2.30 software (Nikon). For photobleaching, a 651nm or 488 nm
laser beam was focused on the central part of the image plane. After the acquisition of an
initial pre-bleach picture, cells of interest were bleached using a 0.9 x 0.9 ym circular-
shaped region. Photobleaching was performed with 2 laser pulses with 10% laser power
and a dwelling time of 250 ms. After imaging, each cell used for FRAP microscopy was
outlined using the software oufti (Paintdakhi et al., 2016). The background fluorescence
of the image was subtracted and a custom made MATLab script was used to analyze the
data further. Cell poles were defined as 10% of cell ends to ensure to include in total polar
fluorescence signal, and the fluorescence intensity of the cell poles and the fluorescence
of the whole cell was measured. To correct the data for general bleaching of the
fluorophore during image acquisition, the fluorescence intensities of the poles were
normalized to whole cell fluorescence. The corrected fluorescence intensity before
bleaching was set as 1, and the rest of the measurements were normalized to this value.
The average normalized relative fluorescence intensities were plotted against the time.
Curve fitting was used to estimate the recovery half-time and the mobile fraction.
SigmaPlot 14 was used to fit the curve of the bleached pole to the exponential function
y(t) = yo+ A= (1—e*) (yo= relative fluorescence at t=0), A= maximum intensity, k=
rate constant) in case of recovery. The resulting rate constant was used to calculate the
recovery half-time (thaif max recovery) With thaif maxrecovery = In (0.5)/—k (Kiekebusch et al.,
2012).

The mobile fraction was calculated as M= lo+1o/li-lo (lo= Intensity plateau, lo= Intensity after
bleaching, li= intensity before bleaching). Cells with an R? <0.35 and an estimated
recovery halftime above the time of measurement were excluded from further analysis. R?

is the coefficient of determination and used to evaluate curve fitting.

Settings for FRAP microscopy of the different strains was as follows:

Table 8 Setting of Acquisition

Protein Acquisition Acquisition after bleaching

PilQ-sfGFP 488nm, 40%, 600 ms, |4s (every2s), 5 min (every
Duration: 1834s 30 s), 20 min (every 1 min)

PilP-sfGFP 488nm, 40%, 400 ms, |4s (every2s),5 min (every
Duration: 1834s 30 s), 20 min (every 1 min)
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PilO-sfGFP

488nm, 43%, 1 s,
Duration: 1534s

4s (every 2 s), 5 min (every
30 s), 15 min (every 1 min)

TsaP-mCherry

561nm, 30%, 400 ms,
Duration: 1834s

4s (every 2 s), 5 min (every
30 s), 20 min (every 1 min)

mCherry-PilM 561nm, 30%,, 400 ms, |4s (every2s),5 min (every
Duration: 1534s 30 s), 15 min (every 1 min)

PilB-mCherry 561nm, 40%, 300ms, | 5 sec (every 500 ms), 15
Duration: 20s sec (every 1s)

mCherry-PilT 561nm, 45%, 800ms, 1.8 s (every 900 ms), 50 s
Duration: 201s (every 10s), 2.5 min (every

30s)
11.3.10.1 Estimation of dwell times

To calculate the dwell times of mCherry-PilM, PilB-mCherry and mCherry-PilT, the
average fluorescence intensity at the two poles and in the cytoplasm of the cells before
bleaching was used as to calculate the fractions of proteins at the two and in the cytoplasm
by using the known amount of proteins in a cell based on quantitative immunoblot analysis
(11.5.4.). Then recovery halftimes of the different proteins and the mobile fraction were
used to estimate how much protein was exchanged at the reached t1,.. Based on that we
roughly estimated how much time it would take for one molecule to be exchanged (dwell
time) (Milne-Davies et al., 2021).

11.4 Molecular biological methods

11.4.1 Oligonucleotides and plasmids
The names and sequences of all oligonucleotides used in this study are listed Table 9.

The restriction sites are indicated in bold. All plasmids used in this study are listed in Table
10.

Table 9 Oligonucleotides used in this study

Name | Sequence | Purpose
Primer for plasmid construction

pilB-mCA- GCGCGAATTCGATCACCTCGCGTTTGAAG Replacement of
EcoRI pilB by pilB-
pilB-mCC+ GACGAGCTGTACAAGTAGTCAACCTTCCTCCCAC mCherry at
overlay native site
pilB-mCB- GAGGAAGGTTGACTACTTGTACAGCTCGTCCATG

overlay
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PilT fw
EcoRlI

CGCGAATTCGCTCCTTCCTCC

PilT
Hindlll

rev

GCGCAAGCTTCTAACGACCAC

Replacement of
pilT by
mCherry-pilT at
native site

pilO up fw

GCGCGAATTCGGCCTGTTCGCATGATG

Pilo up rev
pSC106
fusion

TCCAGGTACTTGTCCATGACGGGCAGCCTT
GTCAGATGG

pSC106 fw
pilO up
fusion

CCATCTGACAAGGCTGCCCGTCATGGACAA
GTACCTGG

sfGFP
pilO
fusion:

rev
down

CTTGAGCGGATCAAGTTTTTATTTGTAGAGCTC
ATCC

pilO down fw
sfGFP fusion

GGATGAGCTCTACAAATAAAAACTTGATCCGCT
CAAG

pilO  down
rev Hind IlI:

GCGCAAGCTTCAGCAGCACCCGGCCAAC

Replacement of
pilO by pilO-
SfGFP at native
site

pilP up fw
(EcoR)

GCGCGAATTCCGAGCGCCGCAAGCTGG

pilP up rev-
pSC102 ovh
new

GTAGGGCGACAAGGGGAGTGAGGatgaagacgttcaagg

psc102fw
pilp up ovh
new

CCATCTGACAAGGCTGCCCGTCATGGACAAGT
ACCTGG

sfGFP
pilP
fusion

rev
down

GAGCGCCTTGGAGGGCGTTATTTGTAGAGCTC
ATCCATG

pilP down fw
fusion sfGFP

CATGGATGAGCTCTACAAATAACGCCCTCCAA
GGCGCTC

pilP  down
rev (HindlIl)

GCGCAAGCTTCTGCCTGGGTCTCAACGGC

Replacement of
pilP by  pilP-
SfGFP at native
site

tsaP fw
EcoRI 2

gcgcgaattcATGCGCTCCCGGATTCTCAC

mch
down
fusion

rev
tsap

GCATTTTTCCTGCCGCGCCGCTTACTTGTA

tsap down fw
mch fusion

GCTGTACAAGTAAGCGGCGCGGCAGGAAAA

tsap down
rev Hind Il

GCGCAAGCTTAACCGCCGCCTCCCCGTTC

Replacement of
tsaP by tsaP-
mCherry at
native site

sgmO up fw
EcoRlI

GCGCGAATTCGGACCTCTACCTGGACACGG

sgmO up rev

CCTACCCCTGAGTGGTCATGACGCGTGATTC

sgmO down
fw

CATGACCACTCAGGGGTAGGGGCTGGCAGTG

sgmO down
rev Hind Il

GCGCGAAGCTTCGGTGCCCCGTCCCTC

In-frame
deletion of
sgmO
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Pnat mxan | GCGCTCTAGAGGGAGCTCCGGCATCC Integration  of
4155 fw Xbal Pnat-sgmO  at
Pnat GAGCGGCAGTGGTCAAGTATTCCCCAGGAATTCC attB site
mxan4155

rev ovh

sgmO

sgmO fw ovh | CTGGGGAATACTCGATGACCACTGCCGCTCC

Pnat

mxan4155

sgmO rev | CGCGAAGCTTCTACCCCTGCTTCTTCGG

Hind 11l

Pnat mxan | GCGCTCTAGAGGGAGCTCCGGCATCC Integration  of
4155 fw Xbal Pnat-sgmO-
SgmO rev | GGAGCCGCCGCCGCCCCCCTGCTTCTTCGGGGC mCherry

ovh linker CGTCTTC

mCherry fw | GGCGGCGGCGGCTCCATGGTGAGCAAGGGCGA

ovh linker GGAGGATAAC

mcherry rev
Hindlll

CGCGAAGCTTCTACCCCTGCTTCTTCGG

Pnat mxan
4155 fw Xbal

GCGCTCTAGAGGGAGCTCCGGCATCC

pnat4155
rev
mcherry:

ovh

CTCGCCCTTGCTCACCATCGAGTATTCCCCAGGAA
TTCCGAACGG

mcherry fw
ovh

CCTGGGGAATACTCGATGGTGAGCAAGGGCGAG

Integration  of
Pnat-mCherry-
sgmO

pnat4155

mCherry rev | GGAGCCGCCGCCGCCCTTGTACAGCTCGTCCATGC

ovh linker

sgmO rev | CGCGAAGCTTCTACCCCTGCTTCTTCGG

Hind 11|

pilB fw Ndel | GCGCCCCATATGTCCGGTCGACTCGGTGAA Overexpression
pilB rev His | GCGCAAGCTTCTAGTGATGGTGATGATGGT of PilB-His10
10 Hind IlI GGTGATGGTGATGGAAGCGGTCCGGGGCGGTG

pilB fw Ndel | GGGCGCACATATGTCCGGTCGACTCGGTGAA Overexpression
piIB Nterm rv | GCGCAAGCTTCTACTAGTGATGGTGATGATGGTG of Pi|B(1_182)_His1o
His10 Hindlll | GTGATGGTGATGCAGCTTGA

pMAT336 fw | GCGCGAATTCCCTGAAGTCCTACGCATGG Replecaement
EcoRlI of pilM by pilM-
PilM rv no | GATGCGAATCATCATGGCCAGCTTGTCGCCC pilN or pilM by
stop ovh mCherry-pilM-
PiIN2 pilN

pilN fw ovh | GGCGACAAGCTGGCCATGATGATTCGCATCAACCTG

PilM

PiIN rev Hind | GCGCAAGCTTAGTCATCGTGATCTTGAACTCGACC

11

Primer for Test PCRs

pilA E CGCTTCCGGCCGCAGCACGC

pilA F CAGCAGTCCGTAGACCTGGC
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pilA G CCTGGCCGCCATCGCCATCC
pilAH CGATCACCCAGTCATCGAAG
PilB E CAGGCAAGGTGCTCCAGCCG
PilB F GCGTCGCGTAGCAGATGT

PilB G GGCCCAGGAAGAGCAGCAGA
PilB H CGGGCGCATCACCTCGTACA
PilC E GTGACCTGGAGACGATTG

PilC F GGAGAGCTGACGTGAGAG
PIIC G GCCTCGATATCCTCGCGAG
PiIC H GATGAGGAAGCCACCGACC
PilM E GAGCCTTCATCGCTCGG

PilM F TGTTCTTGACCTCGCCG

PilM G CAGGACCTGATGTCCGAGCTGAA
PilM H GGAGACCACCGTGGTGTAGTCGT
PilM E2 CCGGAAAATCGGGCCTCCGC
PilM F2 GACCACCCTCTGGAGACGACGC
PilO E GGCGTTGCCAACTACCTCTG
PilO F GGGTCCTGCTTCGCATCAGG
PilP E CAAATTCGGGGGCCTGGC

PilP F CTCATCAGCCTCGGCAGC

PilP G GCCTGCAAAGCCCAAGGC

PilP H GCATCAGGCTTCAACTGC

pilT E CTCCGCCAGGACCCGGACATC
pilT F TATCGAGGCACTGCACCA

pilT G CTTGAAGACGGCGCCGCTGA
pilT H CGCGCTGATTCACGAGGCAG
PilQ E CTGCTCGTTCGACTTGGATC
PilQ F CACTGTTGACGCTGACC

PilQ G GCGCCCGCTCGTTGGTGCGC
PilQ H CACCTCCAACGACAGACGCG
TsaP E TGGAGCGGGTGGCCCGGT
TsaP F ACACGCCCCCTCGGTCCA
TsaP G TGAGAGCGCTCCCGGTGA
TsaP H TCACCGACTTCGTGGGCA
aglQ E TGCTTGGAGGACGGCCTGAC
aglQ F GAAGTCGTCTGACTTGTTGC
aglQ G GAATGGACACAGGTGGAGGC
aglQH GCCGCGGACACCGACACCTG
frzE E GCGGCGGAGATGCGGCGTCT
frzE F CGCCCGCCACCATCGCCTGG
frzE G GCGTGGAGAGCGACCTCCAC
frzE H CCAGCGTGCCG

frzS E ACCTCTCCGGGTGCGCTGATT
frzS F CACGTTCGACCCGGACGCGAA
frzS G AGCGGTGGTGGAAGGCGTGG
frzZS H TGCTCCAGCTCCAGGCTCTC
sgmO E GGACTTCGGCACCGCGAC
sgmO F CGCAGCATGAGGCCGAG
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sgmO G CGTGACGAAGAGGTACAG
sgmO H CGCGGAACGAGTTGAG
att B right | GGAATGATCGGACCAGCTGAA
att_B_left | CGGCACACTGAGGCCACATA
att_P_right | GCTTTCGCGACATGGAGGA
att_P_left | GGGAAGCTCTGGGTACGAA

Table 10 Plasmids used in this study

Plasmid Description Resistance Reference

pBJ114 galK containing vector Kanamycin (Julien et al., 2000)

pMem38 pET24b+, for overexpression of | Kanamycin This work
PilB-His10

pSL4 pUHE?24-2, for overexpression of | Ampicillin (Jakovljevic et al.,
His6-PilT 2008)

PSC111 pET45, for overexpression of | Ampicillin (Bischof et al., 2016)
PilM-PilN(1-16)

pMem39 pET24b+, for overexpression of | Kanamycin This work
PilB(1-182)-His10

pMem23 pBJ114; for replacement of pilB | Kanamycin This work
by pilB-mCherry at the native site

pMem33 pBJ114; for replacement of pilT | Kanamycin This work
by mCherry-pilT at the native site

pMem34 pBJ114; for replacement of pilO | Kanamycin This work
by pilO-sfGFP at the native site

pMem35 pBJ114; for replacement of pilP | Kanamycin This work
by pilP-sfGFP at the native site

pMem36 pBJ114; for replacement of tsaP | Kanamycin This work
by tsaP-mCherry at the native
site

pMAT162 | pBJ114; for generation of in-| Kanamycin (Szadkowski et al.,
frame deletion of pilA 2019)

pAP19 pBJ114; for generation of in-| Kanamycin (Potapova et al,
frame deletion of frzE 2020)

pBJAaglQ | pBJ114; for generation of in- | Kanamycin (Sun et al., 2011)
frame deletion of ag/lQ

pAP37 pBJ114; for replacement of pilQ | Kanamycin (Potapova et al,
by pilQ-sfGFP at the native site 2020)

pMAT336 | pBJ114; for replacement of pilM | Kanamycin (Treuner-Lange et
by mCherry-pilM at the native site al., 2020)

pMAT163 | pBJ114; for generation of in- | Kanamycin (Treuner-Lange et
frame deletion of pilB al., 2020)

pMAT353 | pBJ114; for generation of in-| Kanamycin (Treuner-Lange et
frame deletion of pilC al., 2020)

pIB20 pBJ114; for generation of in-| Kanamycin (Bulyha et al., 2009)
frame deletion of pilM

pMAT150 | pBJ114; for generation of in- | Kanamycin (Treuner-Lange et
frame deletion of pilT al., 2020)
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pMAT123 | pBJ114; for generation of in-| Kanamycin (Treuner-Lange et
frame deletion of pilQ al., 2020)

plB21 pBJ114; for generation of in-| Kanamycin (Friedrich et al,
frame deletion of pilP 2014)

pIMB1 pBJ114; for generation of in-| Kanamycin (Siewering et al,
frame deletion of tsaP 2014)

pMAT170 | pBJ114; for generation of in-| Kanamycin Anke Treuner-Lange
frame deletion of pilBT

pMem44 pBJ114; for generation of in-| Kanamycin This work
frame deletion of sgmO

pMem46 pSWU30, for integration of Pnat- | Tetracycline This work
sgmOQ in attB site

pMem48 pSWU3O0, for integration of Pnat- | Tetracycline This work
sgmO-mCherry in attB site

pMem49 pSWU30, for integration of Pnat- | Tetracycline This work
mCherry-sgmOQ in attB site

pMem52 pBJ114; for replacement of pilM | Kanamycin This work
by pilM-pilN

11.4.2 Construction of plasmids

pMem23: pMem23 (plasmid for replacement of pilB by pilB-mCherry at the native site) is
a plasmid based on pBJ114. It contains a pilB-mCherry sequence that was amplified from
pAP12 and M. xanthus gDNA using the primers pilB-mCA-EcoRI, pilB-mCB-overlay. The
primer pair pilBmCC+ overlay, pilB-D-Hindlll was used to amplify the downstream
fragment of pilB. The fragments were used for an overlay PCR with the primers pilB-mCA-
EcoRl, pilB-D-Hindlll ligated into pBJ114 after restriction digestion with EcoRI and Hindlll

enzymes.

pMem33: pMem33 (plasmid for replacement of pilT by mCherry-pil T at the native site) is
a plasmid based on pBJ114. It contains a mCherry-pilT sequence that was amplified from
pAP87 using the primers PilT fw EcoRI (pAP87) and PilT rev Hindlll (pAP87). The

fragment was ligated into pBJ114 by restriction digestion with EcoRI and Hindlll enzymes.

pMem34: pMem34 (plasmid for replacement of pilO by pilO-sfGFP at the native site) is a
plasmid based on pBJ114. The primer pairs pilO up fw, pilO up rev pSC106 and pilP down
fw fusion sfGFP, pilO down rev Hind Il were used on M. xanthus gDNA to amplify up and
downstream fragments of pilO. The primer pair pSC106 fw pilO up fusion, sfGFP rev pilO
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down fusion were used to amplify pilO-sfGFP from pSC106 (Friedrich et al., 2014). The
primers were designed with respective overhangs. Overlay PCRs were performed to fuse
upstream fragment, pilO-sfGFP fragment and downstream fragment. Finally, restriction

digestion was performed and the DNA fragment was ligated with pBJ114.

pMem35: pMem35 (plasmid for replacement of pilP by pilP-sfGFP at the native site) is a
plasmid based on pBJ114. The primer pairs pilP up fw (EcoR), pilP up rev- pSC102 fusion
and p pilP down fw fusion sfGFP, pilP down rev (Hindlll) were used on M. xanthus gDNA
to amplify up and downstream fragments of pilP. The primer pair pSC102 fw —pilp up
fusion, sfGFP rev pilP down fusion were used to amplify pilP-sfGFP from pSC102
(Friedrich et al., 2014). The primers were designed with respective overhangs. Overlay
PCRs were performed to fuse upstream fragment, pilP-sfGFP fragment and downstream
fragment. Finally, restriction digestion was performed and the DNA fragment was ligated
with pBJ114.

pMem36: pMem36 (plasmid for replacement of tsaP by tsaP-mCherry at the native site)
is a plasmid based on pBJ114. The primer pair tsaP fw EcoRI, mch rev down tsap fusion
was used to amplify tsaP-mCherry from pIMB3. Primers tsap down fw mch fusion and tsap
down rev Hind Il were used on gDNA of M. xanthus to amplify a downstream fragment of
tsaP. A overlay PCR was performed using tsaP fw EcoRI and tsap down rev Hind Ill. The

fragment was used for restriction digestion with EcoRI and Hindlll and ligated into pBJ114.

pMem38: pMem38 (plasmid for overexpression of PilB-His10) is a plasmid based on
pET24b+. The primer pair pilB fw Ndel, pilB rev His 10 Hind Ill was used to amplify pilB-
His10 from M. xanthus DK1622 gDNA. The fragment was used for restriction digestion
with Ndel and Hind Ill and ligated into pET24b+.

pMem39: pMem39 (plasmid for overexpression of PilBi.1s2)-His10) is @ plasmid based on
pET24b+. The primer pair pilB fw Ndel, pilB Nterm rv His10 Hindlll was used to amplify
pilB(1-182)-His10 from M. xanthus DK1622 gDNA. The fragment was used for restrictin
digestion with Ndel and Hindlll and ligated into pET24b+.

111



Materials and Methods

pMem44: pMem44 (plasmid for in-frame deletion of sgmO) is based on pBJ114. The
primer pairs sgmO up fw EcoRI, sgmO up rev and sgmO down fw, sgmO down rev Hind
Il were used to ampplyfy upstream and downstream fragments of sgmO from M. xanthus
DK1622 gDNA. An overlay PCR was performed using sgmO up fw EcoRI and sgmO down
rev Hind Il and the resulting fragment was used for restriction digestion with EcoRI and
Hindlll and ligated into pBJ114.

pMem46: pMem46 (plasmid for integration of Pnat-sgmO at attB site) is a plasmid based
on pSWU30. The primer pairs Pnat mxan 4155 fw Xbal, Pnat mxan4155 rev ovh sgmO
and sgmO fw ovh Pnat mxan4155, sgmO rev Hind Il were used to amplify Pnat and sgmO
from M. xanthus DK1622 gDNA. The resulting fragments were used for an overlay PCR
with the primers Pnat mxan 4155 fw Xba, sgmO rev Hind Il and restriction digestion with
Xbal and Hindlll were performed with the resulting fragment. Ligation into pSWU30

followed.

pMem48: pMem48 (plasmid for integration of Pnat-sgmO-mCherry at the attB site) is a
plasmid based on pSWU30. The primer pairs Pnat mxan 4155 fw Xbal, SgmO rev ovh
linker and mCherry fw ovh linker, mcherry rev Hindlll were used to amplify Pnat-sgmO
from pMem46 and mCherry from pMAT336. The resulting fragments were used for an
overlay PCR with the primers Pnat mxan 4155 fw Xbal and mcherry rev Hindlll. The
resulting fragment was used for restriction digestion with Xbal and Hindlll and ligated into
pSWU30.

pMem49: pMem49 (plasmid for integration of Pnat-mCherry-sgmO at the attB site) is a
plasmid based on pSWU30. The primer pairs Pnat mxan 4155 fw Xbal, pnat4155 rev ovh
mcherry and mcherry fw ovh pnat4155, mCherry rev ovh linker and SgmO fw ovh linker,
sgmO rev Hind Il were used to amplify Pnat and sgmO from M. xanthus DK1622 gDNA
and mCherry from pMAT336. The resulting fragments were used for a first overlay PCRs
with the primers Pnat mxan 4155 fw Xbal and mCherry rev ovh linker. Then a second

overlay PCR with the primers Pnat mxan 4155 fw Xbal and sgmO rev Hind Il followed to
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fuse all three fragments to one. The resulting fragment was used for restriction digestion
with Xbal and Hindlll and ligated into pSWU3O0.

pMem52:

pMem52 (plasmid to fuse pilM and pilN to each other) is a plasmid based on pBJ114. The
primer pairs pMAT336 fw EcoRI, PilM rv no stop ovh PiIN2 and pilN fw ovh PilM, PilN rev
Hind Il were used on M. xanthus DK1622 gDNA to amplify fragments of pilM and pilN and
an overlay PCR was performed to fuse the two fragments to each other using the primers
pMAT336 fw EcoRI and PilN rev Hind Ill. The fragment was used for restriction digestion

and
ligated into pBJ114.

11.4.3 Generation of in-frame deletions and in-frame insertions
In-frame deletion were generated by two-step homologous recombination as described in

(Shi et al., 2008). M. xanthus cells were transformed with 1ng plasmid via electroporation
and plated on CTT-agar containing kanamycin. The transformed plasmid pBJ114 contains
an AB- and CD-fragment (approx. 1000 bp up- and downstream of the gene of interest),
which allow homologous recombination into a specific genomic site. Colonies growing on
kanamycin were tested for plasmid integration by colony PCR with primer pairs that bind
up- or downstream of the AB or CD fragments and M13fw and M13rv primers that bind on
the plasmid pBJ114 (e.g. E, M13 fw and F, M13rv). One clone from up and downstream
plasmid integration was used for the second step of homologous recombination. Colonies
were inoculated in 2 ml CTT media. The second homologous recombination can lead to
the wildtype genotype or to the deletion or insertion of the gene of interest. The cells were
plated on CTT-agar supplemented with 2,5% galactose. The galactose leads to negative
selection pressure on pBJ114 containing cells, because the plasmid contains the gene
galK, which leads to production of a toxic product (galactose-1-phosphate ) for M. xanthus.
After the second homologous recombination, colonies were streaked on CTT-kanamycin
and CTT-gentamycin in the same pattern. Kanamycin-sensitive clones were tested for
gene deletion or insertion via colony PCR with EF and GH-primer pairs. The EF pair binds
up- and downstream of the gene of interest and the PCR product has a smaller size in

case of a deletion or a bigger size in case of an integration. The GH primer pair binds in
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the sequence of the gene of interest. A PCR should result in the same size as wildtype in

case of a C- or N-terminal insertion or in no PCR product in case of a deletion.

11.4.4 DNA isolation from E. coli and M. xanthus cells
Plasmid DNA from E. coli was isolated using the NucleoSpin Plasmid QuickPure kit

(Macherey-Nagel) following the manufacturer's instructions. Genomic DNA from M.
xanthus cells was isolated using the MasterPure DNA preparation Kit (Epicentre)
according to the manufacturer's protocol. The concentration and purity of the DNA was
determined with the Nanodrop ND-1000 spectrophotometer. Crude genomic DNA of M.
xanthus to do colony PCR was prepared by resuspending cells in 30 ul of ddH»O, boiling
for 5 min at 95°C and spinning down the cell debris at 13000 rpm for 1 min. 2 pl from the

supernatant was used per PCR reaction.

11.4.5 Polymerase Chain Reaction (PCR)
Specific DNA fragments were amplified using Phusion High-Fidenlity DNA Polymerase

(Thermo Scientific™, Darmstadt) or Q5® Hot Start High-Fidelity DNA Polymerase (New
England Biolabs, Frankfurt am Main.) in a total reaction volume of 50ul. Colony PCRs
were performed using 5 PRIME MasterMix in a total volume of 25ul. Compositions of the

corresponding reactions are listed in Table 11.

Table 11 PCR mix

Component Volume Final concentration
PCR with Phusion High-Fidelity DNA Polymerase

Template DNA 1 ul ~50 ng

10 uM primer (each) 2.5 ul 1.25 uM

10 mM dNTPs 1l 0.2mM

5x Phsuion GC buffer 10 ul 1x

5x enhancer 10 i 1x

Phusion DNA polymerase | 0.5 yl 1 unit/ 50 pl reaction
ddH20 To 50 pl

PCR with Q5® Hot Start High-Fidelity DNA Polymerase

Template DNA 1 ul ~50 ng

10 uM primer (each) 2.5 ul 1.25 uM
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10 mM dNTPs 1l 0.2mM
5x Q5 reaction buffer 10 pl 1x

5x Q5 High GC Enhancer | 10 ul 1Xx

Q5 DNA polymerase 0.5 pl 1 unit/ 50 pl reaction
ddH20 to 50 pl

Colony PCR

Crude genomic DNA 2ul ~200 ng
10 UM primer (each) 0.5 pl 0.25 uM
5 PRIME Master Mix 12.5 pl

DMSO 2 ul 8% (vIv)
ddH20 to 25pl

The PCR programs used in this study for DNA amplification are listen in Table 12. Primer
annealing temperatures were adjusted depending on the GC content of the primers and
the elongation time was chosen depending on the DNA fragment size to be amplified.

PCR programs used in this work are listed in Table 12.

Table 12 PCR programs

Step Temperature Time Repeats
Standard/ Colony PCR
Initial denaturation | 95°C 5 min
Denaturation 95°C 30s 35x
Primer annealing 5°C below melting | 30 s

temperature
Elongation 72°C 1 min / kb — 5

PRIME Master Mix
30 s/kb Phusion/Q5

DNA Polymerase
Final Elongation 72°C 10 min
Hold 4°C %0
Touch Down PCR
Initial denaturation | 95°C 5 min
Denaturation 95°C 30s 10x
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Primer annealing 65°C 30s

Elongation 72°C 1 min/kb or 30 s/kb
Denaturation 95°C 30s 10x
Primer annealing 60°C 30s

Elongation 72°C 1 min/kb or 30 s/kb
Denaturation 95°C 30s 10x
Primer annealing 55°C 30s

Elongation 72°C 1 min/kb or 30 s/kb

Final Elongation 72°C 10 min

Hold 4°C o0

11.4.6 Agarose gel electrophoresis
Nucleic acid fragments were separated by size via agarose gel electrophoresis. DNA

samples were mixed with 6x loading buffer (New England Biolabs, Frankfurt am Main) and
separated on 1% (v/v) agarose with 0.01% ethidium bromide or 0.005% gel red (Biotium,
USA) in 1 x TRIS-Borat-EDTA (TBE) buffer (Thermo Scientific, Dreieich). Electrophoresis
was performed at 100-140 V. As size standard, the 2-log DNA ladder (New England
Biolabs, Frankfurt am Main) was used. Agarose gels were documented with the E-BOX

VX2 imaging system (PeqgLab, Erlangen).

11.4.7 Restriction digestion and ligation of DNA fragments and vector backbones
Vector backbones were digested with restriction enzymes (New England Biolabs,

Frankfurt am Main) to make them applicable to ligation. 2—3 ug of plasmid DNA was
digested for 3 h at 37°C in a total volume of 50 ul. Subsequently, 6 ul of 10x Antarctic
phosphatase buffer, 3 pl of H20 and 1 pl Antarctic Phosphatase (New England Biolabs,
Frankfurt am Main) were added to the reaction and incubated another hour at 37°C to
perform dephosphorylation reaction. The mixture was applied to an agarose gel
electrophoresis and DNA fragments of the correct size were excised from the gel and
purified with the NucleoSpin® Gel and PCR Clean-up kit (Macherey & Nagel, Duren)
according to the manufacturer’s protocol. PCR fragments were digested with restriction
enzymes (New England Biolabs, Frankfurt am Main) according to the manufacturer’s

protocol for 3 h at 37°C in a total volume of 50 pul. Afterward, the digested DNA fragments
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were purified using NucleoSpin® Gel and PCR Clean-up kit (Macherey & Nagel, Diren).
DNA fragments and plasmids were ligated with the T4 DNA Ligase (New England Biolabs,
Frankfurt am Main) in a reaction volume of 20 ul according to the manufacturer’s
instructions. The reaction was incubated overnight at room temperature. PCR fragments
were ligated into vectors in the presence of 3 fold excess of insert DNA. 10pl of the mixture

was transformed into E. coli NEB Turbo cells.

11.4.8 Preparation and transformation of chemically competent E. coli cells

E. coli overnight cultures were used to inoculate 200 ml LB-medium. The cells were grown
to an ODggo of 0.5-0.7 and harvested at 4700rpm for 10 min at 4°C. The supernatant was
discarded and the pellet resuspended in 100 ml ice-cold TFB | buffer (30 mM potassium
acetate, 10 mM CaClz, 50 mM MnClz, 100 mM RbCl, 15% (v/v) glycerol adjusted to pH=6.5
with acetic acid). As described before, the cells were pelleted once again and
resuspended in 4 ml TFB |l buffer (10 mm MOPS pH6.5, 75 mM CaClz, 100 mM RbCI,
15% (v/v) glycerol). The cells were incubated in TFB Il for 1 h at 4°C. After incubation, 50

I aliquots in reaction tubes were frozen in liquid nitrogen and stored at -80°C until used.

For transformation, the aliquots were thawed on ice and 10 pl of ligation mixture or 1ul of
plasmid was added to the cells. After 10 minutes of incubation on ice, the cells were
treated with a heat shock at 42°C for 90 s and incubated on ice for an additional 3 min. 1
ml of LB-medium was added to the cells and shaken for 1 h at 37°C. Later, the cells were
pelleted for 2 min at 13000 rpm. The supernatant was discarded and the cells
resuspended in 100l of LB-medium. The cell suspension was plated on LB-agar plates
containing corresponding antibiotics and incubated at 37°C overnight. Colonies were
checked for the presence of the plasmid by PCR or plasmid preparation and restriction

digestion.

11.4.9 Preparation and transformation of electrocompetent M. xanthus cells
2 ml of a M. xanthus overnight liquid culture was pelleted for 10 minutes at 4700 rpm and

washed with 1 ml of sterile ddH-O three times. After the final wash, the supernatant was
discarded and the cells were resuspended in 50 pyl ddH20. The cell suspension was
transferred into an electroporation-cuvette and mixed with 1 pug plasmid-DNA. The mixture
was pulsed with 650 V, 400Q and 25 pF in a 'GenePulser X-Cell’ (BioRad, Minchen). 1

ml of CTT-medium was added immediately after electroporation. The cell suspension was
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transferred to a 25 ml Erlenmeyerflask and 1 ml of CTT was added. After 6 h or 12 h of
regeneration the cells were pelleted for 10 min at 4700 rpm, resuspended in 100 pl of CTT
and plated onto CTT-agar plates with corresponding antibiotics in concentrations
according to Table 5. The plates were incubated at 32°C in the dark for up to 10 days.

Colonies were tested for integration of the plasmid by PCR.

11.4.10 Operon mapping
M. xanthus DK1622 RNA was purified and cleaned up with Monarch Total RNA Miniprep

and Monarch RNA Cleanup Kits (New England Biolabs (NEB) according to manufacturers
protocol. To test if the primer combinations can be used to amplify the intergenic regions,
the primers were used for PCRs on gDNA of M. xanthus DK1622. To transcribe RNA to
cDNA the Applied Biosystems™ High-Capacity cDNA Reverse Transcription Kit
(Waltham, USA) was used according to manufacturer’s protocol. Then PCRs with Reverse
Transcriptase and without (control) were run with the same Master mix as used for the
gDNA control. The PCR were run as described in 11.4.511.4.5 with an annealing

temperature of 60°C.

For operon mapping of sgmO following primer pairs were used:

Table 13 Primer pairs used for operon mapping

intergenic Primer 1 (forward) Primer2 (reverse)

regions of

frzS, sgmO AGCGGTGGTGGAAGGCGTGG | TCATCCGCGAGACGAACAAG

sgmO, brgE GGGTCGAACGTGAGCATGTA | CATGTCATCGGGCGCAACAC

brgE, birA GAAGTACCGCTCGCTCATCTT | GGAGGAGTGGTTGGACCTCTA
birA, CTCGAGCGAGGTGAGCC GGTGAACACGATGACGTTCG
mxan_4153

(putative

lipoprotein)

mxan_4153, GGGCGTCTCACAGGAGTCT CATCGACCGGCTCAAGGAAG
mxan_4154
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(conserve
domain

protein)

mxan_4154, CGCGCCTTTCTGCTCGAAAC | GACGACGTCTTCTGGATTCGT
mxan_4155
(hypothetical

protein)

mxan_4155, CTGCTGGATGGACTTCTCGG | CAGCGACAGCCAGACCTC
mxan_4156
(conserved
domain

protein)

11.5 Biochemical methods

11.5.1 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE)
Under denaturing conditions, proteins were separated according to their molecular mass

by SDS-PAGE (Laemmli, 1970). To denature proteins, protein samples were prepared as

follows:

Cells of a 2ml M. xanthus overnight liquid culture were harvested by centrifugation at
13000xg for 2 minutes and the supernatant was removed. The cell pellet was resuspended
in 1X SDS-loading buffer (4x concentration= 40% (v/v) glycerin; 200 mM Tris-HCI pH 6,8;
8 mM EDTA, 8% (w/v) SDS, 0,4 M DTT, 0,8% (w/v) bromophenolblue, 8% Tween 20,
40mM  3-(N,N dimethyltetradecylammonio)propanesulfonate). The cells were
concentrated to an optical density of ODss0=7 and the sample was heated for 10 minutes
at 95°C. If required, the sample was stored at -20°C and heated again before usage for
SDS-PAGE.

The samples were loaded on precast Any kD™ Mini-PROTEAN® TGX™ Precast Protein
Gels (BioRad, Minchen) and gel electrophoresis was performed in Bio-Rad

electrophoresis chambers at 130V in 1x Tris/Glycine SDS (TGS) running buffer (BioRad,
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Mdinchen). The PageRuler Pre-stained Ladder from Fermentas was used to determine

protein sizes by comparison.

11.5.2 Determination of protein concentration by Bradford

To determine the total amount of protein in samples used for Western-blot analysis,
BradfordMX (expedeon, San Diego) was used according to the manufacturer's
recommendations. Briefly, 1.5 ml of BradfordMX reagent was mixed with 30 ul of a 1:25
diluted protein sample and incubated 5 min at room temperature. In the same way, a
standard curve was created using known concentrations of BSA (bovine serum albumin),
showing the protein concentration versus the measured absorbance. The absorbance was
measured using an Ultrospec 2100 pro spectrophotometer (GE Healthcare Europe GmbH,
Freiburg) at 495 nm. Protein concentrations were determined based on the linear slope of

the standard curve.

11.5.3 Immunoblot analysis

Immunoblot analysis was performed to detect proteins of interest with specific antibodies.
First, proteins from cell lysates were separated by SDS-PAGE as described in 11.5.1. For
this purpose, equal amounts of proteins were loaded per lane. Proteins were transferred
to a 0.2 ym thick nitrocellulose membrane using the semi-dry Trans-Blot TurboTM®
Transfer System (BioRad, Miinchen) with a transfer buffer containing 300 mM glycine, 300
mM Tris and 0.05% SDS with a pH= 9. The transfer was performed using 1.3 A, 25V for
7 min. Membranes were transferred into a clean plastic container and blocked for 1 h in
5% dried non-fat milk powder (w/v) in 1 x TBS (50 mM Tris-HCI pH 7.5; 150 mM NacCl)
shaking at room temperature. After blocking the membrane, the primary antibody was
added to the blot in 2% dried non-fat milk powder (w/v) in 1 x TBS at the corresponding
dilution (Table 14) and incubated overnight, shaking at 4°C. After washing 3 times with 1x
TBST (50 mM Tris-HCI pH 7.5; 150 mM NacCl; 0.1% Tween-20 (v/v)) the secondary
antibody was applied. Either anti-rabbit immunoglobulin G peroxidase conjugate (Sigma)
in a dilution of 1:15000 or secondary antimouse immunoglobulin G, horseradish
peroxidase lined whole antibody (GE Healthcare) in a dilution 1:2000 in 2% dried non-fat
milk in 1x TBS.applied for 1h at 4 °C shaking.
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Before detecting the signals, the membrane was washed again with 1x TBST. Then, the
blot was developed with the Luminata Western HRP Substrate (Millipore Merck,
Schwalbach) and visualized with the luminescent image analyzer LAS-4000 (Fujifilm,
Dusseldorf).

Table 14 Antibodies used for immunoblotting

Antibody Dilution
a-PilQ 1:5000
a-TsaP 1:2000
o-PilP 1:2000
a-PilO 1:2000
a-PilM 1:2000
0-PiIN 1:3000
a-PilC 1:5000
o-PilB 1:2000
a-PilT 1:2000
a-FrzE 1:2000
ao-GFP 1:2000
a-mCherry 1:2500

11.5.4 Quantitative immunoblot analysis
To estimate the number of molecules of mCherry-PilM, PilB-mCherry, mCherry-PilT in M.

xanthus cells, quantitative immunoblot analyses were performed as described in
(Schumacher et al., 2017). For this, 2 ml M. xanthus cultures with the corresponding
strains were used to make cell lysates for immunoblot analysis as described above
(11.5.3). The cell lysates as well as samples with a known amout of the corresponding
proteins were used for SDS-PAGE and immunoblot analysis was performed with the
corresponding antibodies as described before (11.5.1; 11.5.3). To determine the number
of molecules signal intensities of the bands were measured with Fiji and compared against

a standard curve generated from known amounts of proteins on the same immunobot.

11.5.5 PilB-His10 and His6-PilT purification
For overexpression of PilB-His10, E.coli Rosetta DE3 cells were transformed with

pMem38, for overexpression of His6-PilT E.coli Rosetta DE3 cells were transformed with

pSL4. Kanamycin-resistant cells were grown in 10ml LB medium supplemented with 1 %
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glucose at 37°C overnight. The overnight culture was used to inoculate 2 | LB medium
and cells were grown to an ODgp0=0.5 at 37°C. Protein expression was induced by
adding 0.1 M IPTG to the cells, and the culture was incubated at 18°C overnight. Cells
were harvested at 4700g for 20 min and resuspended in lysis buffer ( 50 mM NaH.POy,
300 mM NacCl, 10 mM imidazole, pH 8.0 with cOmplete protease inhibitor (Roche, Basel)
and 10 pg/ml DNase | (Thermo Fisher Scientific)). The cell suspension was sonicated for
30 min (30sec on, 30sec off) at (50 W/75%). The cell lysate was centrifuged for 20 min
at 20000 g at 4°C and the pellet was resuspended in buffer (100 mM NaH;PQO4, 10 mM
Tris, 8 M Urea, 0.05% Tween-20, pH 6.3 adjusted with NaOH) and incubated at RT for
20 min. The suspension was centrifuged for 20 min at 13000 g at 4 °C. The supernatant
was incubated with washed Protino®Ni-NTA agarose for 1 h at 4°C. The suspension
was loaded to a gravity flow column and washed with buffer A. Denatured protein was
eluted with 8 ml buffer B (100 mM NaH>PO4, 10 mM Tris, 8 M Urea, 0.05% Tween-20,
pH 5.9 adjusted with NaOH) and 12 ml buffer C (100 mM NaH2POQO4, 10 mM Tris, 8 M
Urea, 0.05% Tween-20, pH 4.5 adjusted with NaOH)

11.5.6 Purification of His6-PilM-PilN(1-16)
For overexpression of His6-PilM-PiIN(1-16), E.coli Rosetta DE3 cells were transformed

with pSC111. Ampicillin resistant cells were grown in 10ml LB medium supplemented
with 1% glucose at 37°C overnight. The overnight culture was used to inoculate 2 | LB
medium and cells were grown to an ODegpo=0.5 at 37°C. Protein expression was induced
by adding 0.5 mM IPTG to the cells and the culture was incubated at 18°C overnight.
Cells were harvested at 4700g for 20 min and resuspended in lysis buffer (50

mm Tris/HCI, pH 7.5, 100 mm NaCl, 10 mMm imidazole) containing cOmplete protease
inhibitor mixture (Roche Applied Science) and 10 ug/ml DNase | (Thermo Fisher
Scientific). The suspension was sonicated for 30 min (30 sec on, 30 sec off) and
centrifuged for 30 min at 40000 g at 4°C.

The supernatant was incubated with washed Protino®Ni-NTA agarose for 1 h at 4°C. The
suspension was loaded to a gravity flow column and washed with buffer A (50
mM Tris/HCI, pH 7.5, 100 mm NaCl, 10 mm imidazole) according to the manufacturer's
protocol. Protein was eluted using buffer B (50 mm Tris/HCI, pH 7.5, 100 mm NaCl, 250

mM imidazole).
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Supplementary Figure 1 Purification of PilB-His10, PilT-His6 and His6-PilM-PiIN(1-1) A. 10 pl
samples of 2ml elution fraction for PilB-His10 purification were loaded on a SDS-Gel and SDS-
PAGE and immunoblot analysis with a-PilB was performed as described in 11.5.5. B. 10 pl samples
of 2 ml elution fraction for PilT-His6 purification were loaded on a SDS-Gel and SDS-PAGE and
immunoblot analysis with a-PilB was performed as described in 11.5.5. C. 10 yl samples of 2 mi
elution fraction for His6-PilM-N(1-16) purification were loaded on a SDS-Gel and SDS-PAGE and
immunoblot analysis with a-PilB was performed as described in 11.5.5. Exact description of Protein
purifications can be found in 11.5.5 and 11.5.6.
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