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Abstract
Bacteria are phylogenetically diverse and have evolved a variety of diﬀerent cell shapes,
life styles, and reproduction strategies. In the past decades, research has focused mainly
on a few model organisms, such as Escherichia coli, Bacillus subtilis and
Caulobacter crescentus that all divide by symmetric or asymmetric binary ﬁssion and are
rod-shaped. Thus, the mechanisms underlying alternative propagation modes such as
multiple oﬀspring formation or budding are largely unknown. To further our knowledge
in

this

ﬁeld,

we

set

out

to

study

the

dimorphic

α-proteobacterium

Hyphomonas neptunium as a representative of the stalked budding bacteria. In this
work, we investigated the highly asymmetric cell division of H. neptunium, which occurs
at the junction between the stalk and the bud, giving rise to two morphologically and
physiologically diﬀerent cell types. In the majority of bacteria, cell division is mediated
by a multiprotein complex called the divisome. In H. neptunium, most of the known
divisome components are conserved, and a comprehensive localization study conﬁrmed
that these proteins localize dynamically to the division site. Remarkably, for the central
component FtsZ and the DNA translocase FtsK, we could observe unusual localization
patterns, with both of them forming complexes at positions other than the ﬁnal division
site. FtsZ localized at both ends of the stalk. However, only the complex at the division
site developed into a mature divisome by the recruitment of other division proteins. FtsK
localized in an irregular pattern within the stalk structure, indicating that its function
may go beyond mediating the last stages of chromosome segregation. Analysis of an
ATPase-deﬁcient FtsK variant and a strain with reduced FtsK expression indeed pointed
towards an involvement of FtsK in DNA transport through the stalk in H. neptunium.
Furthermore, we demonstrated that unlike in the closely related species, the conserved
ATPase MipZ is not a critical regulator of Z-ring positioning in H. neptunium, in contrast
to its close relative C. crescentus. Since homologs of other regulatory systems are absent,
a novel, yet unidentiﬁed, mechanism might position the division site in H. neptunium.
Taken together, we could show that although cell division proteins are conserved among
species, their spatiotemporal regulation and speciﬁc role can diﬀer to ﬁt the needs of
distinct life styles.

Zusammenfassung
Bakterien sind phylogenetisch divers und haben eine Vielzahl von Zellformen, Lebensstilen und Vemehrungsstrategien entwickelt. Die Forschung in den letzten Jahrzehnten hat sich hauptsächlich auf die Untersuchung einiger weniger Modellorganismen
wie Escherichia coli, Bacillus subtilis and Caulobacter crescentus konzentriert, welche
sich alle durch asymmetrische oder symmetrische binäre Teilung vermehren und stäbchenförmig sind. Entsprechend sind die Mechanismen, die alternativen Teilungsarten,
wie der Knospung, zu Grunde liegen, zum Großteil unbekannt. Um das Wissen auf
diesem Gebiet zu erweitern, haben wir begonnen, das dimorphe α-Proteobakterium
Hyphomonas neptunium als Vertreter der gestielten, knospenden Bakterien zu untersuchen. Im Rahmen dieser Arbeit wurde die asymmetrische Zellteilung von
H. neptunium, die am Übergang von Stiel und Knospe stattﬁndet und zwei morphologisch und physiologisch unterschiedliche Zelltypen hervorbringt, analysiert. In den
meisten Bakterien erfolgt die Zellteilung mit Hilfe eines Multiprotein-Komplexes, der
auch als Divisom bezeichnet wird. In H. neptunium sind eine Vielzahl der bekannten
Divisom-Komponenten konserviert, deren dynamische Lokalisation in der Zellteilungsebene in einer umfassende Lokalisationsstudie bestätigt werden konnte. Allerdings wurde
für den zentralen Faktor der Zellteilung, FtsZ, und die DNA-Translokase FtsK ein ungewöhnliches Lokalisationsmuster beobachtet, da beide Proteine an Stellen außerhalb
der Zellteilungsebene Komplexe bildeten. FtsZ ist an beiden Enden des Stiels zu ﬁnden.
Allerdings führt nur der FtsZ-Komplex an der Zellteilungsebene durch die Rekrutierung
weiterer Zellteilungsproteine zu einer reifen Zellteilungsmaschinerie. FtsK hingegen lokalisiert in einem unregelmäßigen Muster in der Stiel-Struktur, was auf eine zusätzliche
Rolle in einem anderen Prozess als den letzten Schritten der Chromosomensegregation
hinweist. Die Analyse einer ATPase-defekten FtsK-Variante und eines Stammes mit reduzierter FtsK-Expression lieferte Hinweise auf eine Beteiligung von FtsK am Transport der
DNA durch den Stiel. Zudem konnte gezeigt werden, dass die konservierte ATPase MipZ,
anders als in der Spezies C. crescentus, nicht für die räumliche Regulation des Z-Rings in
H. neptunium benötigt wird. Da Homologe anderer Regulatorproteine nicht gefunden
wurden, dürfte ein neuer, bisher nicht identiﬁzierter Mechanismus die Zellteilungsebene

in H. neptunium positionieren.
Zusammenfassend konnte in dieser Arbeit gezeigt werden, dass sich die räumliche und
zeitliche Regulation und die speziﬁschen Aufgaben von Zellteilungsproteinen unterscheiden können, auch wenn sie in verschiedenen Bakterien stark konserviert sind.
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1 Introduction
1.1 Bacterial cell division
The bacterial cell cycle culminates in the physical separation of the two daughter cells
by cytokinesis. This complex process has to be strictly regulated in time and space and
coordinated with other events such as chromosome segregation, cell diﬀerentiation, and
cell growth. In most bacteria, the cell division machinery is orchestrated by the tubulin
homolog FtsZ, which directly or indirectly recruits all other divisome components. In
general, FtsZ-based cell division can be divided into three distinct steps: (1) assembly
and stabilization of FtsZ into a ring-like structure (Z-ring), (2) maturation of the division machinery through recruitment of downstream divisome components and (3) cell
constriction to separate the daughter cells.

1.1.1 FtsZ - key player of cell division
The tubulin homolog FtsZ is the central component of bacterial cell division and by far
the most conserved cell division protein [1]. It is present in the vast majority of bacteria
as well as in euryarcheota, chloroplasts, and the mitochondria of some eukaryotes [2].
The homology between FtsZ and tubulin is mainly based on structural similarity, while
sequence similarity is quite low [3, 4]. FtsZ typically consists of four structural domains
(Fig. 1.1 A): (1) an N-terminal globular tubulin-like core containing the GTP-binding site
and the T7 synergy loop, (2) a ﬂexible C-terminal linker (CTL) of variable length, possibly
involved in force generation, (3) a highly conserved C-terminal tail (CTT) serving as
interaction site for several cell division proteins, and (4) the C-terminal variable region
(CTV), which is suggested to aﬀect assembly of FtsZ molecules depending on its net
charge [5].
At the onset of cytokinesis, FtsZ polymerizes in a GTP-dependent manner into linear
protoﬁlaments that assemble into a ring-like structure called the Z-ring. The Z-ring is
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Figure 1.1: Structural and functional models of FtsZ and the Z-ring. (A) Schematic representation of the domain organization of FtsZ. The domains are not drawn to scale. Abbreviations:
CTT = C-terminal tail; CTV = C-terminal variable region. (B) Bending and sliding model for
constrictive force generation by the Z-ring. (C) Scattered and ribbon model of Z-ring architecture.
(B+C) adapted from [8].

the structural basis for cell division and acts as a scaﬀold for the recruitment of other
division proteins, which altogether form the so-called divisome (Fig. 1.2). Although the
Z-ring appears like a rigid structure, it is in fact highly dynamic, with FtsZ molecules
being rapidly turned over (half-time of 8-10 s) [6, 7].
How the FtsZ polymers are exactly arranged in the Z-ring has still not been completely
clariﬁed, although notable progress has been made through the use of advanced visualization techniques such as 3D structured illumination microscopy (3D-SIM), photoactivated localization microscopy (PALM) and cryo-electron tomography (CET). Two models
have been advanced for the in vivo Z-ring structure (Fig. 1.1 C). The scattered model
favors a loose heterogeneous arrangement of ﬁlaments generating a multi-layered Z-ring,
whereas the ribbon model suggests that the Z-ring is made up of short
non-overlapping ﬁlaments in a single layer [9]. The scattered model is supported by
high-resolution images obtained from various species. In E. coli, Fu et al. observed
a compressed helical Z-ring structure by PALM, which was densely packed and, thus,
suggests a loose arrangement of short ﬁlaments [10]. Consistent results were obtained in
B. subtilis using stimulated emission depletion (STED) microscopy and in C. crescentus
using CET [11, 12]. The rapid turnover times of FtsZ molecules within the Z-ring, as
obtained by ﬂuorescence recovery after photobleaching (FRAP), are also compatible

1.1 Bacterial cell division

3

with the presence of rather short protoﬁlaments [6]. The ribbon model is supported by
the ability of FtsZ to form long protoﬁlaments assembling on the surface of artiﬁcial
membranes [13] and under diﬀerent in vitro conditions [14, 15]. Furthermore, in a recent
study the Z-ring was observed as a single-layered, continuous structure composed of
shorter ﬁlaments using CET and in vitro reconstitution on liposomes [16].
The Z-ring is also implicated in the generation of the force required for constriction,
even though it is unclear to what extent. A variety of in vitro experiments have proven
that FtsZ either alone, when artiﬁcially tethered to the membrane, or in combination
with FtsA, is capable of generating a constrictive force driving membrane deformation
[17–20]. Two mechanisms have been proposed as the origin of this force ( Fig. 1.1 B):
in the sliding model, the short FtsZ ﬁlaments tend to increase their lateral contacts
by gliding along each other, thereby decreasing the diameter of the Z-ring and, thus,
pulling the membrane inwards. In the bending model, the constrictive force is based on
conformational changes of FtsZ ﬁlaments from straight to more curved, driven by GTP
hydrolysis [8]. However, the signiﬁcance of these results in vivo remains elusive. Beside
the hypothesis that FtsZ alone exerts the required force (FtsZ-centric model), it has
been suggested that either peptidoglycan (PG) synthesis pushes the membrane inward
(PG-centric model) or that the combined action of the Z-ring and directed PG growth
generates the constrictive force [21]. The FtsZ-centric model has recently been challenged
by the observation that the Z-ring disassembles before constriction is completed [22].

1.1.2 The bacterial cell division machinery
Assembly of the Z-ring at the future division site requires factors that tether FtsZ to the
inner leaﬂet of the membrane. In E. coli, the two membrane-associated proteins ZipA
and FtsA are recruited to midcell by FtsZ and mediate membrane attachment via a direct
interaction with the FtsZ CTT [23]. ZipA is an essential bitopic protein with a single
transmembrane domain and is only conserved in γ-proteobacteria [24]. Additionally
to its role in tethering, ZipA recruits downstream division proteins [25] and might be
involved in stabilizing the Z-ring [26]. Unlike ZipA, FtsA is associated with the membrane by a short C-terminal amphipathic helix and widely conserved among bacteria
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[27, 28]. As a member of the actin/Hsp70 superfamily, it is able to form ﬁlaments, but
the physiological role of FtsA polymerization in Z-ring assembly in vivo has not been
clariﬁed yet. However, a gain of function mutant of FtsA can bypass the essential role of
ZipA, conﬁrming their overlapping functions [29]. In C. crescentus, which lacks ZipA, FtsA
is recruited to midcell with a signiﬁcant delay, indicating that other factors have taken
the role of membrane tethering [30, 31]. One promising candidate is the ABC-transporter
complex formed by FtsE and FtsX. The ATPase FtsE was shown to interact with FtsZ,
albeit not with its C-terminal tail, whereas its partner protein FtsX is embedded in the
membrane [32, 33]. Beside a putative role in membrane attachment of the Z-ring in
C. crescentus, the FtsEX complex in E. coli has been implicated in cell wall remodeling
[34]. Yang et al. demonstrated that FtsX directly recruits EnvC, an activator of the two
amidases AmiA and AmiB, to the division site. EnvC activity might, in turn, be regulated
by FtsE-mediated ATP hydrolysis and concomitant conformational changes [34]. In
B. subtilis, by contrast, FtsE and FtsX are not “typical” cell division proteins but rather
direct the switch from medial to polar septum formation during sporulation initiation
[35].
The stability of the Z-ring in E. coli is further promoted by a range of non-essential
proteins, named ZapA-D, which have functionally redundant roles in FtsZ protoﬁlament
bundling [14, 36–39]. However, out of these four proteins, only ZapA is widely conserved,
whereas ZapB, ZapC and ZapD are mainly restricted to γ-proteobacteria. In E. coli, ZapB
was found to have a putative additional function in chromosome segregation based on
the fact that it interacts with the chromosome-structuring factor MatP at the division site.
The MatP-ZapB interaction might help to spatiotemporally coordinate the ﬁnal steps of
chromosome segregation with cell constriction [40].
In C. crescentus, two additional FtsZ-associated proteins, FzlA and FzlC, have been identiﬁed [41]. They are widely conserved in α-proteobacterial species and were shown to
bind directly to FtsZ in vitro. FzlA, a glutathione S-transferase-like protein, is essential for viability and induces the formation of stable, higher-order structures of FtsZ,
thereby inﬂuencing protoﬁlament curvature. In contrast, the hypothetical protein FzlC
is dispensable under laboratory conditions [41]. In Gram-positive bacteria such as
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B. subtilis, which lack many of these non-essential stabilizers, other positive regulators were identiﬁed. For instance, SepF from B. subtilis modulates the structure of FtsZ
bundles [42] and EzrA, although regarded as a negative regulator of Z-ring formation [43],
also plays several positive roles during cell division in Gram-positive bacteria [44, 45].
After stabilization of the Z-ring at the incipient division site, there is a delay until downstream cell division proteins are recruited. During this time, factors involved in PG
synthesis and remodeling arrive at midcell to carry out medial cell elongation (see section 1.1.3). Finally, in order to promote maturation of the division machinery into a
constriction-competent divisome (Fig. 1.2), a number of essential “late” cell division
proteins are required. These include FtsK, the FtsQLB complex, FtsI, FtsW and FtsN. The
bifunctional DNA-translocase FtsK coordinates cell division with chromosome segregation and is discussed in more detail in section 1.3.2 The bitopic membrane proteins FtsQ,
FtsL and FtsB form a subcomplex and are highly conserved among bacterial species
[46, 47]. Nevertheless, their precise role is still unknown. Based on the fact that the
FtsQLB complex interacts in vitro with several other cell division proteins in E. coli
[48–50] and FtsL is required to localize FtsQ and FtsB as well as FtsI and FtsW in
C. crescentus [30], it was assumed that the FtsQLB complex has a structural and/or
scaﬀolding role. However, recent work from several groups [51–54] points towards an activating role of the FtsQLB complex in septal PG synthesis mediated by FtsN (as discussed
below).
The recruitment of proteins necessary for septal PG synthesis and remodeling mark the
transition from cell elongation to cell separation. FtsI is a class B penicillin-binding
protein (also called PBP3) and essential for septal PG synthesis [55, 56]. The integral
membrane protein FtsW is commonly thought to be the ﬂippase that translocates lipid
II PG precursor molecules across the cytoplasmic membrane [57, 58]. In E. coli, FtsW
recruits FtsI to the division site and both proteins form a subcomplex [59, 60], whereas
FtsI arrives prior to FtsW at the division site in C. crescentus [30]. Interestingly, a new
study by Sham et al. claims that in E. coli, MurJ is the ﬂippase for lipid II precursors
rather than FtsW and RodA [61]. Consequently, further work is necessary to ultimately
clarify this issue. Finally, another late cell division protein implicated in PG synthesis and
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remodeling is FtsN. It was suggested to regulate PG synthesis and remodeling through
interaction with FtsI and PBP1B, and its arrival at the division site coincides with the
appearance of a visible constriction [50, 62, 63]. Moreover, several new reports shed light
on the question how FtsN might trigger PG synthesis. Collectively, they propose a model
in which FtsN activates septal PG synthesis by stimulating its interaction partners FtsA
and the FtsQLB complex to convert into an “on” state, which allows PG synthesis to occur
[51–54].
In Gram-negative bacteria the ﬁnal steps of cell division, invagination, and ﬁssion of
the three cell envelope layers are mediated by the dynamics of the Z-ring (probably
including force generation for inner membrane constriction, see section 1.1.1), the TolPal complex (outer membrane constriction), and hydrolytic enzymes such as amidases
(PG splitting).The Tol-Pal complex consists of the inner membrane proteins TolA, TolQ,
TolR, the periplasmic protein TolB, and the lipoprotein Pal, which is found in the outer
membrane. Together, they bridge the diﬀerent layers of the cell envelope via multiple
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Figure 1.2: The E. coli divisome. Schematic representation of the subcellular localization of
divisome components at a late stage of cell division. Abbreviation: LT = lytic transglycosylases.
Modiﬁed from [64].
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interactions [65, 66]. In E. coli, unlike in C. crescentus, the Tol-Pal complex is not essential
[66], because a redundant system consisting of PBP1B and LpoB is present [67, 68]. In
C. crescentus, the Tol-Pal complex is furthermore involved in maintaining cell envelope
integrity and in proper localization of the polarity factor TipN [66]. In addition to the
Tol-Pal complex, a periplasmic protein called DipM was proposed to facilitate remodeling
of the PG layer and outer membrane invagination in C. crescentus [69–71].

1.1.3 Peptidoglycan synthesis in the context of cell division
The Gram-negative bacterial cell envelope consists of the inner membrane, a thin layer
of peptidoglycan located in the periplasm, and the outer membrane. All together help
the cell to maintain its shape and withstand osmotic pressure. PG is made of alternating
repeats of N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) moieties
linked by 1,4-glycosidic bonds. These glycan chains are cross-linked by short peptide
chains, thereby forming a mesh-like structure [72].
Synthesis of PG is a complex process involving many diﬀerent steps (reviewed in [64]).
Brieﬂy, the lipid II precursor molecules are synthesized in the cytoplasm and at the inner
surface of the cytoplasmic membrane, respectively, and then ﬂipped into the periplasm,
where they are inserted in the existing PG sacculus. The major PG synthases are penicillinbinding proteins (PBPs), which catalyze the transpeptidation reaction of the peptide
side chains (TPases) and some additionally the transglycosylation reaction between
MurNAc and GlcNAc (GTases) [73]. Accordingly, they are divided into class A PBPs
(bifunctional) and class B PBPS (only TPases). They are usually either speciﬁc for cell
elongation (PBP1A and PBP2 in E. coli) or for cell division (PBP1B and PBP3 (FtsI) in
E. coli) [74]. In contrast, PG hydrolases are necessary for PG splitting during cell division,
while during cell elongation they open the existing sacculus for insertion of new PG
material. Depending on which part of PG they act on, they can be roughly divided into
lytic transglycosylases (split glycan strands), amidases (split amide bonds) and peptidases
(split peptide bonds), with most of these families having again several sub-categories
[75].
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Generally, one can diﬀerentiate between two distinct growth stages: cell elongation and
division. During the so-called dispersed cell growth, new PG material is inserted along
the lateral cell wall of rod-shaped bacteria. The elongation machinery (elongasome),
comprised of PG synthases, e.g. PBP1A and PBP2, hydrolases, the ﬂippase RodA and
other associated proteins (MreC, MreD, LpoA etc.), mediates cell growth [76] and is
thought to be mainly coordinated and positioned by the cytoskeletal element MreB,
an actin homolog essential for rod-shaped growth [77, 78]. During the early stages of
divisome assembly and after the Z-ring has been stabilized, the mode of lateral cell growth
changes from “dispersed” elongation to “medial” elongation. This switch depends on
FtsZ and involves the recruitment of several components of the elongation complex to
midcell by direct interaction of FtsZ and MreB [64, 79, 80]. This growth mode contributes
signiﬁcantly to cell elongation in C. crescentus, whereas it plays only a minor role during
cell elongation in E. coli and B. subtilis [79, 81]. Finally, at the last stages of cell division, PG
has to be remodeled in order to synthesize the new cell poles and separate the daughter
cells. This process requires PG biosynthetic enzymes speciﬁc for cell division, such as
PBP3 (FtsI), FtsW, FtsN, and some hydrolases. Their roles are discussed in more detail in
section 1.1.2

1.2 Regulation of Z-ring positioning
Selection of the division site is a crucial step during the bacterial cell cycle that ensures
proper cell size and shape as well as faithful transmission of the genetic information to
the daughter cells. Even though FtsZ is one of the most conserved proteins in bacteria [1],
the systems that regulate the spatiotemporal placement of the Z-ring vary signiﬁcantly
(Fig. 1.3). Beside negative regulators, which were discovered decades ago, recent studies
have revealed that positive regulation mechanisms also exist and are more widespread
than initially thought.
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Figure 1.3: Z-ring positioning systems in bacteria. Schematic of negative and positive regulatory
mechanisms of the Z-ring from various bacteria. FtsZ/Z-ring is shown in purple, the regulators
are shown in orange/dark blue, and the nucleoid is shown in grey. See section 1.2 for more
information. Modiﬁed from [82, 83].

1.2.1 Negative regulation mechanisms
The best-studied examples of negative regulators are the Min system and nucleoid occlusion, found in E. coli and B. subtilis. Both systems work in combination to prevent
division at inappropriate positions within the cell. In E. coli, the Min system comprises
the proteins MinC, MinD and MinE, which are encoded in an operon and block the
formation of Z-rings at the cell poles [84]. MinC, the actual inhibitor of FtsZ [85, 86],
interacts directly with FtsZ and has two distinct domains working in synergy to destabilize the Z-ring by diﬀerent mechanisms [87, 88]. Additionally, the C-terminus of MinC is
involved in its own dimerization, as well as in the interaction with MinD. MinD belongs
to the Mrp/MinD family of P-loop ATPases [89] and recruits MinC to the inner membrane
[90]. In the ATP-bound, active form, MinD dimerizes and associates with the cytoplasmic
membrane via a C-terminal amphipathic helix [91]. The inhibitory activity of the MinCD
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complex is restricted to the cell poles by the third protein, the topological factor MinE.
MinE stimulates the ATPase activity of MinD via a direct interaction, which results in the
release of MinCD from the membrane and its subsequent movement to the opposite
cell pole, where the complex binds again to the membrane [92, 93]. This pole-to-pole
oscillation generates a temporal gradient in the concentration of MinC that allows Z-ring
assembly to occur only at midcell.
B. subtilis uses a diﬀerent topological factor called DivIVA, which is localized to the cell
poles by its intrinsic ability to sense membrane curvature [94–96]. It indirectly recruits
MinCD to the poles via an adaptor protein called MinJ, which interacts with DivIVA as
well as with MinD [97, 98]. Thus, the Min system in B. subtilis is more static than in
E. coli. Moreover, and unlike in E. coli, the Min components in B. subtilis are relocated to
the constricting divisome at late points of cell division and presumably disassemble the
cytokinetic machinery to impair re-initiation of cell division [99–101].
Another negative regulatory mechanism in E. coli and B. subtilis is nucleoid occlusion
(NO). This system prevents Z-ring assembly over the DNA and is mediated by speciﬁc
factors: the protein SlmA in E. coli [102] and the unrelated protein Noc in B. subtilis [103].
Both proteins bind speciﬁcally to diﬀerent palindromic binding sites on the DNA that are
distributed throughout large parts of the chromosome, but are absent from the terminus
region [104–106]. However, the mechanisms by which they antagonize division in the
direct vicinity of the nucleoid seem to be quite diﬀerent. SlmA was shown to interact
directly with the conserved C-terminal tail of FtsZ, resulting in disassembly of FtsZ
polymers [104, 107, 108]. Nevertheless, the exact mechanism of how FtsZ polymerization
is aﬀected by SlmA remains unknown. In contrast, a direct link of Noc from B. subtilis
to FtsZ or any other protein target could not be demonstrated so far [105, 109]. It was
shown though that Noc forms large nucleoprotein complexes at its speciﬁc binding sites
[105]. Indeed, Adams et al. propose a model in their recent work in which these large
DNA-Noc complexes physically inhibit division over the nucleoid [110]. They also found
that Noc associates with the cell membrane via its N-terminal amphiphatic helix in a
DNA-dependent manner. The consequent recruitment of DNA to the membrane was
shown to be required for the inhibitory function of Noc, suggesting that the presence of
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DNA at the cell periphery might physically occlude divisome assembly [110].
Several recent studies provide evidence for the presence of further positioning mechanisms in these organisms [111, 112].

For example, in outgrown spores of a

B. subtilis min- noc- mutant, the Z-ring can still precisely form at midcell, albeit delayed and less eﬃciently [111]. In E. coli, an unsegregated, only partially replicated
chromosome can inhibit Z-ring formation independently of SlmA, MinC, and the SOS
system [113]. It was suggested that in slow-growing E. coli cells lacking both the Min
system and SlmA, the Ter macrodomain serves as a positive signal for divisome assembly
[112].
In C. crescentus, which lacks homologs of the Min and NO systems, division site positioning is regulated by a bipolar gradient of the ParA-like ATPase MipZ. MipZ is conserved in
many other α-proteobacteria and belongs to the Mrp/MinD family of P-loop ATPases.
However, unlike MinD, it directly interacts with FtsZ and inhibits its polymerization at
least in parts by stimulating the GTPase activity of FtsZ [114, 115]. The bipolar gradient
of MipZ is established by interaction with ParB, which is bound to the parS sites near
the origin of replication (see section 1.3). The duplication and rapid segregation of the
origin region to opposite cell poles leads to the highest concentration of MipZ at the cell
poles and the lowest concentration at midcell [115]. At a molecular level, this distribution
is based on the diﬀerent oligomerization states of MipZ. Monomeric MipZ is recruited
by the origin-bound ParB-parS complexes to the cell poles, where it undergoes ATPdependent dimerization, either directly or indirectly promoted by ParB [114]. Dimerized
MipZ is released and binds unspeciﬁcally to the nucleoid. Since binding to DNA reduces
the diﬀusion rate of MipZ, it is preferentially bound to DNA regions close to the cell poles,
resulting in a gradient-like distribution [114].

1.2.2 Positive regulation mechanisms
A few years ago, the ﬁrst positive regulator of cell division has been identiﬁed in
Streptomyces coelicolor [116]. During sporulation, SsgB arrives prior to FtsZ at the division site and is assumed to recruit and tether FtsZ via a direct interaction. The localization
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of SsgB is in turn controlled by the orthologous protein SsgA [116].
Another positive regulator has been identiﬁed in the δ-proteobacterium
Myxococcus xanthus that lacks all known positioning systems. The protein PomZ, a
member of the Mrp/MinD family of P-loop ATPases as well, localizes at midcell prior to
and independently of FtsZ, and its loss results in aberrant Z-ring formation [117]. It was
proposed that PomZ identiﬁes the correct position and recruits FtsZ there [117].
Quite recently, two groups independently identiﬁed a factor involved in the positioning
of FtsZ in Streptococcus pneumoniae, which was designated MapZ/LocZ [118, 119]. The
loss of this protein leads to aberrant division events resulting in anucleate minicells.
MapZ/LocZ marks the future division site by being permanently associated with the
equatorial ring, a marker for cell division in streptococci and it recruits FtsZ via a direct
interaction. Upon cell growth, the equatorial ring is split into two and MapZ/LocZ was
observed to move apart with these structures. Phosphorylation of MapZ/LocZ might play
a role in regulating the closure of the Z-ring, but is not required for Z-ring positioning
[118, 119].

1.3 Chromosome segregation
Before cytokinesis is completed, the genetic material has to be distributed such that each
progeny receives a full set of DNA. In contrast to eukaryotes, bacteria segregate their
chromosome while replication is still ongoing [120–122]. This requires a high degree of
spatial and temporal organization of these processes. Research in the last decades has
revealed that there is no universal solution to the problem of chromosome segregation
in bacteria, since diﬀerent species use diﬀerent mechanisms. Furthermore, in many
bacteria the loss of some systems has no major inﬂuence on viability, suggesting that
redundant systems do exist.
Nevertheless, three diﬀerent systems have been mainly implicated in chromosome segregation: (1) the parABS system involved in ori segregation; (2) the SMC (structural
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maintenance of chromosome) complex, involved in ori and bulk chromosome segregation, and (3) the translocase FtsK, involved in terminus resolution and segregation. The
parABS system of C. crescentus and the DNA translocase FtsK will be discussed in more
detail in the following sections.

1.3.1 The parABS system of C. crescentus
The widely conserved chromosomal parABS system can be found in over 65% of all
sequenced bacterial genomes [123], including well-known species such as B. subtilis
[124], Vibrio cholerae [125], and C. crescentus [126]. However, C. crescentus is one of the
few species in which this system is essential for viability, likely due to its involvement in
the regulation of cell division (see section 1.2.1) [115, 127].
The parABS system was ﬁrst discovered and studied as the segregation mechanism of lowcopy plasmids, like F and P1 plasmids [128], but it also works similarly in chromosome
segregation. The core components are: (1) the centromere-like DNA sequence parS, (2)
the DNA-binding protein ParB, and (3) the Walker type ATPase ParA. In general, the ParB
protein binds to the parS sequences, which are located near the origin of replication. ParA
binds non-speciﬁcally to the nucleoid upon ATP binding and subsequent dimerization.
The intrinsic ATPase activity of ParA is relatively weak, but interaction with the ParB/parS
nucleoprotein complex can stimulate this activity. The directionality of segregation
comes from ParA, but how the movement is accomplished and how the force is generated
is still a topic of ongoing debate. Several hypotheses have been proposed in the last
years, including the “ParA ﬁlament model” [129–131], the “diﬀusion ratchet model” [132–
134], and the “DNA-relay model” [135]. The “ParA ﬁlament model” proposes that ParA
polymerizes into a long ﬁlament, forming a spindle-like structure. Upon binding of the
ParB/parS complex, the ﬁlament depolymerizes due to the stimulation of the ATPase
activity of ParA by ParB. Thereby, the ori region is “pulled” towards the new cell pole.
However, this model is no longer considered to be relevant. In contrast, the “diﬀusion
ratchet model” suggests that ParA forms no ﬁlament, but binds unspeciﬁcally to DNA in
its dimeric form. Binding of ParB then stimulates the ATPase activity of ParA, resulting in a
local release of ParA from the nucleoid. By diﬀusion the ParB/parS complex moves to the
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next DNA-bound ParA along the ParA dimer gradient and is thereby travelling towards the
new cell pole. The “DNA relay model” is a modiﬁcation of the “diﬀusion ratchet model”
in a way that the DNA-bound ParA dimers are no longer static, but dynamic based on
the elasticity of the chromosome. Thus, DNA-bound ParA serves as a transient tether
that passes the ParB/parS complex along to another DNA-bound ParA dimer across a
ParA dimer gradient with the help of the ﬂexible DNA.


 
  
   

  
 
 
 
  
 
 
  

Figure 1.4: The parABS-system of C. crescentus. See section 1.3.1 for more information. Adapted
from [136].

In C. crescentus, the origin region is tethered to the cell pole through interaction of the
ParB/parS complex with the pole-organizing protein PopZ [137, 138]. According to both
currently valid models, ParA dimers localize in a cloud-like pattern on the nucleoid that
stretches from the new towards the old cell pole (Fig. 1.4). Upon replication and physical
separation of the two origin regions, one of the ParB/parS complexes comes in contact
with the ParA cloud, which stimulates ATP hydrolysis and releases ADP-bound ParA
from the nucleoid. Subsequently, the ParB/parS complex moves to the neighboring ParA
dimers on the nucleoid and the cycle repeats [133, 139–141]. In this way, the origin region
is “pulled” towards the new cell pole (Fig. 1.4). At the new cell pole, PopZ acts in concert
with the polarity factor TipN to sequester released ParA monomers [139, 142, 143]. In
a 3D matrix formed by PopZ, their DNA binding activity is regenerated and they are
eventually released to encounter pole-proximal parts of the nucleoid [142]. Thus, PopZ
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serves as a polar hub, which induces directionality and prevents reversals in the process
of chromosome segregation. The function of TipN in ParA regulation is not completely
understood. It might be involved in positioning of PopZ and increasing the eﬀectiveness
of ParA recruitment [140, 142, 144].

1.3.2 FtsK - coupling chromosome segregation to cell division
During the last step of chromosome segregation, the cell faces several problems: the
terminus regions, which are replicated and segregated last at the division site may become
trapped in the closing septum due to a temporal delay in DNA segregation or the presence
of chromosome dimers and catenanes, respectively. To resolve these issues, bacteria
such as E. coli and C. crescentus possess a DNA translocase called FtsK, which is part of
the division apparatus and couples cytokinesis with chromosome partitioning [145]. It
is composed of an N-terminal transmembrane region, required for localization to the
division site [145–147], a ﬂexible linker, possibly involved in a function related to cell
division [148], and a C-terminal domain, comprising the motor for DNA translocation
(Fig. 1.5) [145, 149, 150].
The α and β subunits of the C-terminal domain contain the AAA+ ATPase domain and
form a homohexameric ring around DNA double-strands [151]. The γ-subunit is implicated in several functions. It mediates the sequence-speciﬁc recognition of KOPS
(FtsK-orienting polar sequences), eight-nucleotide motifs present mainly on the leading
strand and oriented towards the terminus region [152–155]. These regions serve as initial
loading zones for FtsK and confer directionality to the translocation process [156, 157].
Furthermore, the γ-subunit recruits the XerCD recombinases to the so-called dif sites
near the ter region and stimulates dimer resolution by directly activating XerD [149, 158].
This subunit is also involved in the interaction of FtsK with other proteins and inﬂuences
whether proteins are removed from the DNA or bypassed during translocation [159].
The C-terminal domain of FtsK is additionally involved in the decatenation of sister
chromosomes as it stimulates the activity of the topoisomerase IV component ParC to
resolve such structures [160, 161].
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Figure 1.5: Domain organization of FtsK. The motor domain (purple) forms homohexamers
around DNA (see inlet). The domains are not drawn to scale. Modiﬁed from [162].

Interestingly, the B. subtilis homolog of FtsK, SpoIIIE, is additionally involved in sporulation in a way that it pumps 75% of the chromosome into the forespore [163–165],
indicating a major role in bulk chromosome segregation.

1.4 Hyphomonas neptunium as a new model organism
In the past decades it has become obvious that bacteria are highly organized and dynamic
cells. They are capable of localizing DNA and proteins to speciﬁc subcellular positions at
distinct time points and exhibit a high degree of intracellular organization to coordinate
important cellular events. Like their eukaryotic counterparts, they possess cytoskeletal
elements and use complex signaling cascades for intra- and intercellular communication.
Despite these huge proceedings, research on prokaryotic cell biology is still focused on
a small number of model organisms such as E. coli, B. subtilis, and C. crescentus. As
bacteria exist in a variety of diﬀerent cell shapes and reproduction strategies, the study
of the dimorphic budding bacterium Hyphomonas neptunium [166] can help to broaden
our current knowledge on the organization of bacterial cells.
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1.4.1 The cell cycle of H. neptunium
The marine α-proteobacterium H. neptunium [166] is characterized by a dimorphic
lifestyle generating two morphologically and physiologically distinct cell types: a motile
swarmer cell and a sessile stalked cell (Fig. 1.6). Additionally, H. neptunium features a
unique mode of reproduction, whereby the new oﬀspring buds from the tip of a stalk
that originates from the mother cell body. Stalks, also known as prosthecae, are thin
extensions of the cell envelope and can be mainly found in the class of α-proteobacteria
[167].

Figure 1.6: Electron micrograph of H. neptunium. Shown are a swarmer cell (upper right), a
stalked cell (bottom), and a budding cell (upper left). Adapted from [168].

The cell cycle of H. neptunium starts at the swarmer stage, in which the cell is motile by
means of a single polar ﬂagellum (Fig. 1.7). In order to replicate its chromosome, the
swarmer cell has to undergo a transition to a stalked cell. During this diﬀerentiation
progress, it sheds its ﬂagellum, builds a stalk at the opposite cell pole and produces EPS
(extracellular polymeric substance) [169, 170]. After the initiation of DNA replication, a
bud emerges at the distal end of the stalk, which necessitates transport of the replicated
chromosome and other cellular components through the stalk to the daughter cell.
The suggestion that this process occurs via so-called pseudovesicles [171] could not be
conﬁrmed by cryo-tomography (A. Briegel, unpublished). At a deﬁned bud size and after
a ﬂagellum has been formed at the new pole, the cell undergoes a highly asymmetric
division at the junction between the stalk and the bud [169]. This process results in a
daughter swarmer cell, which is unable to replicate, and a mother cell that can directly
enter a new round of budding.
The process of budding is characterized by local growth and an unequal division. The
daughter cells are comprised entirely of newly synthesized cell wall material, whereas the
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Figure 1.7: The cell cycle of H. neptunium and C. crescentus. Both species start their cell cycle
with a motile swarmer cell, which diﬀerentiates into a sessile stalked cell prior to DNA replication.
One prominent diﬀerence is the mode of poliferation: H. neptunium divides by budding whereas
C. crescentus divides by asymmetric binary ﬁssion. See section 1.4 for more information.

mother cell retains its original identity. The propagation by budding is rather unusual in
the bacterial phylum since the majority of bacteria rely on binary ﬁssion,
whereas budding is widely distributed among yeast (e.g. Saccharomyces cerevisiae) and
other lower eukaryotes (e.g. Porifera spp.). Beside H. neptunium and some other species
belonging to the α-proteobacteria (Hirschia, Hyphomicrobium, Rhodomicrobium and
Pedomicrobium), budding can only be found among planctomyces and some cyanobacteria [172–176]. However, the process of budding is closely associated with polar growth,
which, in contrast, can be found in many other α-proteobacteria [177].

1.4.2 Characteristic features of H. neptunium
H. neptunium was isolated from the harbor of Barcelona (Spain) in 1964 and, based on
morphological similarities, originally classiﬁed as a member of the genus
Hyphomicrobium [166]. Later experiments involving DNA-DNA hybridization and
metabolic features revealed a closer relationship to the genus Hyphomonas [178–180].

1.5 Scope

19

According to the current classiﬁcation based on 16S rRNA gene sequence analysis,
Hyphomonas belongs to the order Rhodobacterales [181]. Interestingly, additional phylogenetic analyses using 23S rRNA sequencing and concatenated protein alignments favor a
re-classiﬁcation to the order Caulobacterales [182]. Further support comes from a
genome comparison between H. neptunium and a well-studied member of the
Caulobacterales, C. crescentus, which indicates a close relationship of the two species
[183]. This close relationship becomes equally obvious in terms of their cell cycles, which
show many similarities (Fig. 1.7). Both organisms are representatives of the polyphyletic
group of dimorphic, prosthecate bacteria (DPBs) [184], which typically have two distinct
cell types, one of which has a stalk. Consistent with this close evolutionary relationship,
most cell cycle regulators known from C. crescentus are conserved in H. neptunium [185].
However, there are striking diﬀerences between the two organisms with respect to their
mode of reproduction and other aspects of their cell biology. C. crescentus divides by
asymmetric binary ﬁssion, whereas H. neptunium proliferates by budding and uses
the stalk as reproductive structure. The stalk in H. neptunium is an integral part of
the cell body, whereas the stalk of C. crescentus is devoid of DNA and cytoplasmic proteins, compartmentalized by crossbands, and mainly used as an adhesive and, perhaps,
nutrient-scavenging structure [186–189]. The position of the stalk is also diﬀerent, since
it is built at the old pole in C. crescentus but at the new pole in H. neptunium. Unlike
C. crescentus, H. neptunium is a non-saccharolytic organism under laboratory conditions
[166, 190], although genes required for glycolysis and pentose phosphate pathway are
present in its genome [183]. Instead, H. neptunium prefers amino acids as carbon and
energy source [178]. Furthermore, it is able to utilize intermediates of the citric acid cycle
such as fumarate, malate, and succinate [191].

1.5 Scope
Our knowledge about bacterial cell biology is derived from a small number of model
species such as E. coli, B. subtilis, and C. crescentus, which mostly possess a simple symmetric morphology (except C. crescentus) and divide by symmetric or asymmetric binary
ﬁssion. Given the huge diversity in the bacterial phylum with respect to morphologies
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and reproduction strategies, it has become obvious that the current research covers only
a small area. In particular, the molecular mechanisms underlying alternative reproduction modes such as the formation of multiple oﬀspring or budding are largely unknown.
Previously, we have established molecular tools that allow the genetic manipulation of
H. neptunium, a representative of the stalked budding bacteria [192].
In this work, we aim to broaden the knowledge on bacterial proliferation strategies by
analyzing the process of asymmetric growth and division in the budding bacterium
H. neptunium. In particular, we are interested in the molecular mechanisms involved in
divisome assembly and division site positioning and how these fundamental processes
are coordinated with other events such as chromosome segregation and cell growth.

2 Results
2.1 Comprehensive localization study of cell division proteins
In order to determine which known cell division proteins are encoded in the
H. neptunium genome, a bioinformatic analysis using BLAST (Basic local alignment
search tool) was performed. The protein sequences from the close relative C. crescentus
were used as a reference. Even though a previous study has already identiﬁed part of the
cell division proteins [193], the list was extended by the present BLAST analysis, because
many new divisome components have been identiﬁed in recent years. As shown in table
5.1 (appendix section, p. 95), H. neptunium possesses all major cell division proteins,
such as FtsZ and FtsA, as well as the proteins typically restricted to α-proteobacteria,
such as FzlA and FzlC. Among them, only DipM is absent from the H. neptunium genome.
Thus, although H. neptunium divides by a highly asymmetric budding process and not
by binary ﬁssion as C. crescentus, the involved proteins are conserved. Nevertheless,
modiﬁcations and diﬀerences in the localization patterns of divisome components and
in the assembly of the divisome are very likely.
To shed light onto the process of cell division in H. neptunium, a broad microscopybased approach was used to study the subcellular localization of the majority of the cell
division proteins. Wherever possible, proteins fused to ﬂuorescent protein tags were
endogenously expressed from their native locus as a sole copy. The fusion strategy was
guided by previous work in other bacteria such as C. crescentus and E. coli. However,
several problems arose during this approach. For example, the widely used ﬂuorescent
protein GFP turned out to be not feasible for ﬂuorescent protein fusions in H. neptunium,
because of a strong background signal caused by autoﬂuorescence of H. neptunium in
the corresponding channel. Instead we used YFP and mCherry, but these ﬂuorescent
proteins have a weaker ﬂuorescence and are less stable. Furthermore, the localization
patterns observed with inducible fusions in H. neptunium are not as reliable as in other
bacteria, since we realized that some proteins localized diﬀerently when the inducible
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promoter was replaced by the native one.
In general, the cell cycle-dependent localization of cell division proteins is crucial for
successful division, which requires the involved proteins to exhibit a precisely regulated
spatiotemporal localization pattern. In C. crescentus and other well-studied organisms,
this basically means that once the division plane is established by the positioning of FtsZ,
the other cell division proteins assemble in a series of functional modules. Nevertheless,
there are diﬀerences in the hierarchy and content of the factors that arrive at midcell,
even in bacteria that divide by binary ﬁssion.
The tubulin homolog FtsZ is the key cell division protein providing the structural basis of
the division machinery. Since it is an essential protein and C- and N-terminal ﬂuorescent
tags generally interfere with its function [194], the fusion protein was expressed from an
inducible promoter as an additional copy to the native gene. Time-lapse microscopy
revealed that FtsZ-Venus exhibits a dynamic localization pattern (Fig. 2.1 A). In swarmer
cells, it localized at the non-ﬂagellated, i.e. future stalked pole (Fig. 2.1 A+B) and it remained there during outgrowth of the stalk (Fig. 2.1 A+C). Interestingly, when the bud
became visible, a second FtsZ-Venus focus appeared at the junction between the stalk
and the bud (the future division site), while the focus at the mother cell pole was still
present (Fig. 2.1 A+D). However, this pattern is not as clear to see as the other patterns in
the demographs, because stalk length and bud size strongly vary in budding cells. In the
majority of cells this dual localization pattern was visible until the cells completed division, suggesting that only the second FtsZ cluster develops into a constriction-competent
divisome.
The observed FtsZ localization pattern raised the question whether it is an artifact caused
by the use of a non-functional fusion or by the mild overexpression of FtsZ. Therefore, we
attempted to verify this localization by various methods (see section 2.4.1). Concurrently,
we analyzed the subcellular localization of several proteins that directly associate with
FtsZ and thus can serve as reporters to detect the position of FtsZ within the cell.
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Figure 2.1: Subcellular localization of FtsZ. (A) Cell cycle-dependent localization of FtsZ. Cells
of strain SE74 (Pzn ::Pzn -ftsZ-venus) were grown in MB to early exponential phase, induced with
0.5 mM ZnSO4 for 2.5 h, and transferred to 1% MB agarose pads. DIC and ﬂuorescence images
were taken at the indicated time points while the cells progressed through the cell cycle (scale
bar: 3 μm). Since 210 min were not suﬃcient to observe a complete cell cycle, a second section is
shown. (B-D) Demographs [195] showing the FtsZ-Venus localization pattern quantitatively in
swarmer cells (B), stalked cells (C), and budding cells (D). Cells were analyzed with ImageJ and
the corresponding data sets were analyzed with R.

Unfortunately, an inducible version of GFP-ZapA gave no distinct signal, although immunoblot analysis showed that the fusion protein was stably expressed (data not shown).
Additionally, the α-proteobacteria-speciﬁc proteins FzlA and FzlC, which were shown to
interact with FtsZ [41], were examined. In these strains, the native proteins were replaced
by N-terminally tagged versions, whose genes were expressed from the corresponding
native promoter. The localization pattern observed for Venus-FzlA by time-course microscopy was notably diﬀerent from the pattern observed for FtsZ-Venus (Fig. 2.2 A). In
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swarmer cells, it was either diﬀuse or formed a distinct focus at one cell pole. In stalked
cells a weak focus was observed at the stalked cell pole (similar to FtsZ-Venus). However,
in budding cells it localized at the division site and didn’t show two foci at any time. In a
minor fraction of the cells, Venus-FzlA was diﬀuse even in budding cells, probably due
to weak protein expression levels (data not shown).

      

 







      

 







Figure 2.2: Localization of the FtsZ-associated proteins FzlA and FzlC. (A) Localization of
Venus-FzlA. Cells of strain JZ50 (fzlA::venus-fzlA) were grown to exponential phase in MB and
visualized by DIC and ﬂuorescence microscopy. (B) Localization of Venus-FzlC. Cells of strain
SE181 (fzlC::venus-fzlC) were grown to exponential phase in MB and visualized by DIC and
ﬂuorescence microscopy (scale bar: 3 μm). Shown are representative cells at diﬀerent cell cycle
stages.

In contrast, the Venus-FzlC localization pattern observed by time-course microscopy
resembled the one of FtsZ-Venus (Fig. 2.2 B). At the swarmer cell stage, Venus-FzlC
localized at the non-ﬂagellated (= future stalked) pole. In stalked cells, it was observed at
the stalked cell pole and in the majority of budding cells additionally at the division site,
similar to FtsZ-Venus. Nevertheless, a subset of budding cells had only one focus either
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at the mother stalked pole or at the division site. Intriguingly, approximately 40% of
budding cells showed an abnormal morphology as reﬂected by considerably shortened
stalks and larger buds, suggesting that the native fusion is only partially functional. This
phenotype makes it nearly impossible to distinguish between the mother stalked pole and
the division site, resulting in one large Venus-FzlC focus at this restricted area (Fig. 2.2 B).
Next, the actin homolog FtsA, which is involved in membrane attachment of the Z-ring,
was analyzed by replacing the native gene with a version encoding an N-terminally
tagged protein, expressed from the native promoter. Time-course microscopy could not
reveal a clear localization pattern since several bright foci accumulated in an irregular
manner in the mother cell body (Fig. 2.3). These might represent inclusion bodies of
a non-functional Venus-FtsA protein. Consistent with this assumption, Venus-FtsA
accumulated to very high levels in the cell compared to other cell division proteins (data
not shown). Furthermore, cells with elongated as well as truncated stalks were observed
in the cell culture, suggesting that the function of FtsA was partially impaired by fusion
with a ﬂuorescent tag. In C. crescentus, the generation of a native FtsA fusion is not
possible [30], supporting the notion that a bulky tag has an adverse eﬀect on the function
of FtsA.

 





      

Figure 2.3: Localization of FtsA. Strain JZ49 (ftsA::venus-ftsA) was grown to exponential phase in
MB. Representative cells at diﬀerent cell cycle stages were visualized by DIC and ﬂuorescence
microscopy (scale bar: 3 μm).
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In addition to the patchy pattern in the mother cell body, Venus-FtsA localized at the
division site in H. neptunium budding cells. Accordingly, the cells divided normally,
indicating that a portion of Venus-FtsA is functional and can fulﬁll its putative role
during cell division.
In order to visualize the subcellular localization of the FtsEX complex during the
H. neptunium cell cycle, FtsE was chosen as the representative protein. It is the soluble component of the FtsEX complex, which is implicated in the regulation of cell wall
remodeling and, potentially, in Z-ring tethering. The native gene was replaced by a
version, encoding an N-terminally tagged protein expressed from the native promoter,
but the expression levels (data not shown) and the ﬂuorescence signal were quite low
(Fig. 2.4). Before cells started to bud, a weak diﬀuse signal of Venus-FtsE was observed,
which then condensed into a distinct focus at the division site in budding cells.

 





      

Figure 2.4: Localization of FtsE. Strain JZ29 (ftsE::venus-ftsE) was grown to exponential phase
in MB. Representative cells at diﬀerent cell cycle stages were visualized by DIC and ﬂuorescence
microscopy (scale bar: 3 μm).

For the localization of the bifunctional DNA translocase FtsK, a strain harboring an
inducible fusion of FtsK-Venus integrated at the Pzn locus was generated, since a previous
study revealed that FtsK-Venus expressed from the endogenous promoter could not
support normal cell division and cell morphology [193], indicating that this fusion is not
fully functional.
Interestingly, the inducible FtsK-Venus fusion localized in a diﬀuse manner in swarmer
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cells but was irregularly distributed in the stalk of stalked and budding cells as observed by
time-course microscopy (Fig. 2.5). More precisely, FtsK-Venus appeared to form several
distinct clusters occupying the complete stalk structure. This pattern persisted even
during cell division, raising the question of whether FtsK is part of the actual divisome
(see chapter 2.6 for more experiments on FtsK).

 





       

Figure 2.5: Localization of FtsK. Cells of strain SE151 (Pzn ::Pzn -ftsK-venus) were grown to early
exponential phase in MB, induced with 0.5 mM ZnSO4 for 3.5 h, and visualized by DIC and
ﬂuorescence microscopy (scale bar: 3 μm). Shown are representative cells at diﬀerent cell cycle
stages.

Next, the localization of FtsQ as a representative component of the FtsQLB complex,
which presumably has a structural or scaﬀolding function during cell division, was
analyzed. In contrast to C. crescentus, in which a strain replacing the endogenous ftsQ
with a ﬂuorescently tagged version could not be generated [30], we were able to generate
such a strain in H. neptunium. Despite the relatively weak signal, FtsQ-mCherry exhibited
a diﬀuse distribution in the membrane in stalked and budding cells (Fig. 2.6). However,
at the swarmer stage, the small size of the cells did not allow us to distinguish between a
diﬀuse periplasmic or cytoplasmic pattern, respectively. Interestingly though, at a late
stage of the cell cycle, a weak focus of FtsQ-mCherry was visible either at the division
site, at the stalked pole of the mother cell, or at both locations (as FtsZ).
At the late stages of divisome assembly, several proteins involved in PG synthesis and
remodeling are recruited to the division site. Out of these, we selected the main divisionspeciﬁc PG synthase FtsI (PBP3), the putative lipid II precursor ﬂippase FtsW, and the
PG-binding protein FtsN as representatives of this group.
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Figure 2.6: Localization of FtsQ. Strain JZ28 (ftsQ::ftsQ-mCherry) was grown to exponential phase
in MB. Representative cells at diﬀerent cell cycle stages were visualized by DIC and ﬂuorescence
microscopy (scale bar: 3 μm).

The Venus-FtsI fusion protein expressed from the native promoter was shown to localize
either in a diﬀuse manner or at one cell pole in swarmer cells (Fig. 2.7). In stalked cells
the signal was mostly diﬀuse, whereas a bright focus appeared at the division site of
budding cells, consistent with a role of FtsI in septum synthesis [196].
     

  





     

Figure 2.7: Localization of FtsI (PBP3). Strain SE161 (ftsI ::venus-ftsI ) was grown to exponential phase in MB and cells representing diﬀerent cell cycle stages were visualized by DIC and
ﬂuorescence microscopy (scale bar: 3 μm).

To localize FtsW, the native gene was replaced by a version, encoding an N-terminally
tagged ﬂuorescent fusion, expressed from the endogenous promoter. Time-course microscopy revealed that Venus-FtsW forms a polar focus in swarmer cells, while, in stalked
cells, it localized at the stalked cell pole, with a second weak focus often emerging at the
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end of the stalk (Fig. 2.8). However, in budding cells, the localization pattern was not that
uniform. As expected, there were cells with a distinct focus at the division site, sometimes
accompanied by a faint focus at the stalked pole of the mother cell. In a comparable
number of cells, Venus-FtsW was absent from the division site and only visible at the
stalked pole of the mother cell.

 





       

Figure 2.8: Localization of FtsW. Strain JZ51 (ftsW ::venus-ftsW ) was grown to exponential phase
in MB. Representative cells at diﬀerent cell cycle stages were visualized by DIC and ﬂuorescence
microscopy (scale bar: 3 μm).

At last, the late cell division protein FtsN was examined. Time-course microscopy of
a ﬂuorescent fusion, expressed from the native promoter, showed that FtsN localized
polarly in swarmer cells, but largely lost its localization during the stalked cell stage
(Fig. 2.9). A few stalked cells, however, exhibited a weak focus at the tip of the stalk. Finally,
in budding cells featuring a comparable large bud, Venus-FtsN strongly accumulated at
the division site, as expected for a late divisome component.
We also attempted to localize TolQ, a member of the Tol-Pal complex, which is involved
in membrane invagination [65]. Cells harboring a zinc-inducible Venus-TolQ fusion did
not show any distinct localization but only a weak diﬀuse signal, although the fusion
protein was stably expressed (data not shown).
In summary, out of the tested 12 predicted cell division proteins in H. neptunium, nine
proteins localized as expected at the division site at the junction between the stalk and
the bud. The proteins ZapA (SE38) and TolQ (JZ13) did not show any obvious localization pattern (data not shown). Furthermore, the majority of these proteins exhibited a
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Figure 2.9: Localization of FtsN. Strain SE203 (ftsN ::venus-ftsN ) was grown to exponential phase
in MB, and cells representing diﬀerent cell cycle stages were visualized by DIC and ﬂuorescence
microscopy (scale bar: 3 μm).

dynamic localization pattern with seven proteins starting the cell cycle at the cell pole
(FtsZ, FzlA, FzlC, FtsA, FtsI, FtsW and FtsN). This is mostly the non-ﬂagellated (=new)
pole as conﬁrmed by time-lapse microscopy (data not shown). During stalk growth, most
division proteins remained at this cell pole. Only FtsI seemed to become diﬀuse and FtsN
had the tendency to localize at the tip of the stalk, albeit with a weak signal. Interestingly,
when Venus-FtsN was expressed from an inducible promoter, and thus at elevated levels,
the localization at the tip of the stalk was more pronounced (data not shown). During
the budding process, however, the proteins switched their position and relocated to
the division site, no matter whether they were diﬀuse or polarly localized before and
then remained there until the cells divided. The proteins FtsZ, FzlC and occasionally
FtsQ accumulate additionally at the stalked pole. One prominent exception from this
scheme is the dynamic localization behavior of FtsK. After being diﬀuse in swarmer cells,
it stably localized within the entire stalk and maintained this localization pattern until
cell division was completed.

2.2 The growth pattern of H. neptunium
In order to correlate the localization patterns observed for the diﬀerent divisome components to cell growth and to analyze cell division in more detail, we needed to clarify
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how exactly H. neptunium grows at diﬀerent stages of the cell cycle. For that reason,
we stained wild type cells with 7-hydroxycoumarin-carbonyl(HCC)-amino-D-alanine
(HADA), a ﬂuorescent D-amino acid, which labels the sites of active PG incorporation
[197]. In H. neptunium wild type cells, we could observe that the growth mode switches
between dispersed and zonal as cells progressed through the cell cycle (Fig. 2.10 A). More
precisely, swarmer cells showed a dispersed PG incorporation pattern. However, when
stalk growth initiated, a distinct focus became visible at the stalked pole, indicating that
the stalk grows from its base by a polar mode of growth. At a certain time during the
cell cycle, PG incorporation switches from the stalked pole to the tip of the stalk, where
the bud is then generated. During bud growth, a diﬀuse signal is detectable within the
complete bud, which again implies a dispersed growth mode. Finally, PG incorporation
takes place at the division site, i.e. the junction between the bud and the stalk, reﬂecting
formation of the septum. Thus, the dynamic pattern of the active growth sites correlates
with the dynamic localization of FtsZ and other cell division proteins. At the stalk base,
several cell division proteins accumulated simultaneously to active PG incorporation.
And, as expected, cell division proteins colocalized with the site of PG incorporation at
the division site. In conclusion, the sites of zonal growth of H. neptunium coincide with
the local accumulation of cell division proteins, whereas most cell division proteins do
not necessarily colocalize with the sites of dispersed growth.
Cryo-electron tomograms of wild type cells illustrate the diﬀerent cell cycle stages at
a higher resolution (Fig. 2.10 B-D). These images revealed that the stalk is indeed a
continuous structure without any visible barriers, emanating from the mother cell body
(Fig. 2.10 B+D) and it is not devoid of DNA or ribosomes (Fig. 2.10 C) like the stalk of
C. crescentus [186, 189]. Interestingly, the cryo-electron image of a “mature” bud (with
attached ﬂagellum) (Fig. 2.10 D) shows ongoing constriction at the division site, which
cannot be visualized by DIC microscopy due to the limited resolution of this technique.
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Figure 2.10: Growth of H. neptunium wild type. (A) Active PG incorporation. Wild type cells
were grown to exponential phase in MB, incubated with 0.5 mM HADA for 9 min, ﬁxed with
70% EtOH, washed, and imaged by DIC and ﬂuorescence microscopy (scale bar: 3 μm). (B-D)
Cryo-electron tomograms of wild type cells at diﬀerent cell cycle stages (scale bar: 100 nm).
Images were taken by Yi-Wei Chang (California Institute of Technology).

2.3 Regulation of division site placement
Identiﬁcation of the correct site for cell division is crucial and thus tightly regulated,
since an inaccurate positioning of the divisome would have severe consequences such as
the formation of anucleated minicells. Most studied bacteria determine precisely their
division site, although bacteria exist, which divide with less precision [198, 199].
From the common regulatory systems mentioned in the introduction (see section 1.2)
H. neptunium possesses only a homolog of MipZ, based on BLAST analysis
(table 5.1, p. 95). Homologs of the Min system, nucleoid occlusion, PomZ, SsgB and
MapZ/LocZ could not be identiﬁed.

2.3.1 MipZ is not required for proper Z-ring positioning
The ParA-like protein MipZ is responsible for Z-ring positioning in C. crescentus and
essential for viability in this organism. Depletion of MipZ leads to minicell formation and
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a signiﬁcant increase in the average cell length [115]. Since the H. neptunium genome
encodes a MipZ homolog, we were wondering whether it is required for correct division
site placement. Therefore, a strain harboring a deletion of mipZ was generated. Surprisingly, we were able to obtain a deletion strain, revealing that MipZ is not essential in
H. neptunium. Furthermore, phenotypic characterization of ΔmipZ cells showed that
they exhibited wild type morphology (Fig. 2.11 A) with no hint of irregular division
patterns. To rule out a less obvious eﬀect, the lengths of cells in a mixed population
(Fig. 2.11 B) were quantiﬁed. Usually, viable H. neptunium mutants generate normallooking swarmer cells, irrespective of the severity of their morphological defects at later
cell cycle stages. To increase the sensitivity of the analysis, we further quantiﬁed speciﬁcally the lengths of budding cells to detect minor cell shape defects (Fig. 2.11 C)
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Figure 2.11: Phenotypic analysis of ΔmipZ cells. (A) DIC images of exponentially growing wild
type (ATCC15444) and ΔmipZ (SE124) cells (scale bar: 3 μm). (B) Quantiﬁcation of the cell lengths
of cells described in (A). DIC images of exponentially growing mixed cultures of both strains
were used to measure the cell length (n= 198 for WT cells and n=185 for ΔmipZ cells). Data sets
were displayed in box-whisker-plots. Shown are the interquartile range (box), the median (line),
the 5th and 95th percentile (whiskers), and outliers (circles). (C) Quantiﬁcation of the budding
subpopulation of wild type and ΔmipZ cells. Same approach as in (B). The total of 105 and 131
cells, respectively, were measured.
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Apart from an increased number of outliers, no signiﬁcant diﬀerence could be observed
in the mixed population (Fig. 2.11 B). Similar results were obtained for the budding
subpopulation (Fig. 2.11 C). These results are contradictory to a previous study [200],
in which a dramatic increase in cell length of budding cells lacking MipZ was reported.
However, this previous study included considerably fewer cells for quantiﬁcation [200].
To further investigate the eﬀect resulting from a loss of MipZ, the localization pattern of
FtsZ in the wild type background and in ΔmipZ cells were compared (Fig. 2.12 A). From
the data obtained by DIC and ﬂuorescence microscopy, no alteration in FtsZ localization
was observeable (Fig. 2.12 A and Fig. 2.1), matching the results from the phenotypic analysis and indicating that MipZ is not a critical determinant for division site placement in
H. neptunium. Based on these results, we were wondering whether MipZ might be part
of a redundant system or has no role in Z-ring positioning at all. In C. crescentus, the
expression of an ATPase-deﬁcient variant of MipZ, MipZD42A , has a dominant negative
eﬀect and blocks cell division throughout the entire cell, similar to MipZ overexpression
[115]. However, since FtsZ does usually not assemble over the nucleoid in H. neptunium,
we expected a milder phenotype than in C. crescentus when expressing the corresponding
mutant.
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Figure 2.12: Localization of FtsZ in the absence of MipZ and localization of MipZ. (A) Timecourse microscopy of FtsZ-Venus in ΔmipZ cells. Strain SE113 (ΔmipZ Pzn ::Pzn -ftsZ-venus) and
SE74 (Pzn ::Pzn -ftsZ-venus) as control were grown to early exponential phase in MB, induced with
0.5 mM ZnSO4 for 3 h, and visualized by DIC and ﬂuorescence microscopy (scale bar: 3 μm).
(B) Time-course microscopy of MipZ-Venus. Strain SE106 (Pzn ::Pzn -mipZ-venus) was grown to
early exponential phase in MB, induced with 0.5 mM ZnSO4 for 5 h, and visualized by DIC and
ﬂuorescence microscopy (scale bar: 3 μm). Representative cells are shown.
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In general, the MipZ homologs from C. crescentus and H. neptunium share 50% sequence
identity, including the conserved residues of the Walker A and Walker B motifs and a
conserved aspartate in the N-terminal ATPase domain (Fig. 2.13 A). A strain expressing
the MipZD62A variant, which is equivalent to the C. crescentus MipZD42A mutant, from
an inducible promoter as sole copy of MipZ, did not show any phenotypic aberrations
(Fig. 2.13 B). Cells grew at the wild type rate (data not shown), had wild type morphology,
and divided normally (Fig. 2.13 B). A quantiﬁcation of cell lengths revealed no signiﬁcant
variance between the induced and wild type sample (Fig. 2.13 C). The slight increase
in cell lengths after 20 h of induction can probably be attributed to the eﬀect of ZnSO4 .
Taken together, these observations suggest that the MipZ homolog from H. neptunium
has no or only a redundant role in division site placement under standard laboratory
conditions. Thus, another mechanism appears to be responsible for accurate Z-ring
positioning.
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Figure 2.13: Characterization of a putative ATPase-deﬁcient MipZ variant. (A) Schematic representation of the conserved residues in the ATPase domain of MipZHNE . All known conserved
residues of MipZCC are present in MipZHNE . Highlighted in red is the conserved aspartate, which
was mutated. (B) DIC images of exponentially growing cells of strain SE170 (ΔmipZ Pzn ::Pzn mipZ D62A ) before and after induction with 0.5 mM ZnSO4 for 20 h (scale bar: 3 μm). (C) Quantiﬁcation of the cell length of wild type and strain SE170 (ΔmipZ Pzn ::Pzn -mipZ D62A ) before and after
induction with 0.5 mM ZnSO4 for 6.5 h and 20 h, respectively. DIC images obtained as described
in (B) were used to measure the cell lengths. A total of 182, 221, 270 and 168 cells, respectively,
were analyzed. Data sets were displayed in box-whisker-plots. Shown are the interquartile range
(box), the median (line), the 5th and 95th percentile (whiskers), and outliers (circles).

36

2 Results

Consistent with the non-conserved role of MipZ in H. neptunium, the localization pattern
of an inducible MipZ-Venus fusion diﬀers strongly from the one of C. crescentus MipZ.
Instead of a bipolar localization, MipZ-Venus in H. neptunium localized either at the
ﬂagellated pole in swarmer cells or at the bud pole opposite of the stalk in budding cells
(Fig. 2.12 B), as reported previously [200]. This again suggests no conserved function of
the MipZ homolog of H. neptunium.

2.3.2 What else could regulate Z-ring positioning?
After having excluded MipZ as the main division site regulator, we examined the inﬂuence
of other candidate regulators on FtsZ localization. To that end, an inducible FtsZ-Venus
fusion was expressed in diﬀerent deletion backgrounds.
The ﬁrst candidates we examined were the bactoﬁlin homologs of H. neptunium.
Bactoﬁlins are a class of bacteria-speciﬁc cytoskeletal elements implicated in various
functions. In M. xanthus, for instance, they are involved in cell morphology and DNA segregation, whereas in C. crescentus they contribute to stalk biogenesis [201–203].
H. neptunium possesses two bactoﬁlin homologs, BacA and BacB, whose localization
patterns are reminiscent of the one of FtsZ (E. Cserti, unpublished). For that reason,
the question arose whether the localization of FtsZ depends on the bactoﬁlins. It was
shown before that deletion of bacAB has a tremendous eﬀect on cell morphology, leading to amorphous and deformed stalked and budding cells (E. Cserti, unpublished).
However, the localization of FtsZ-Venus was not dramatically altered in the absence of
BacAB (Fig. 2.14 A). FtsZ-Venus still accumulated in discrete foci and localized polarly
in swarmer cells and predominantly to the stalked pole or some junction between the
stalk and bud in amorphous cells. However, in cells that were completely amorphous,
the localization of FtsZ-Venus could not be correlated to its typical pattern, but the protein still formed foci. Altogether, these results suggest that bactoﬁlins have no role in
positioning of the division site.
The next candidate we investigated was the orphan ParA-homolog HNE_0708. A previous
study revealed that deletion of HNE_0708 resulted in cells with elongated stalks, deformed
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Figure 2.14: Localization of FtsZ in diﬀerent deletion backgrounds. (A) Double deletion of
bactoﬁlin homologs BacA and BacB. Strain SE174 (ΔbacAB Pzn ::Pzn -ftsZ-venus) was grown to
exponential phase in MB, induced with 0.5 mM ZnSO4 for 3 h, and visualized by DIC and ﬂuorescence microscopy (scale bar: 3 μm). (B) Deletion of the ParA-homolog HNE_0708. Strain SE158
(ΔHNE_0708 Pzn ::Pzn -ftsZ-venus) was treated equally to strain SE174 in (A).

buds, and trapped DNA within the stalk [200]. Furthermore, up to ﬁve ParB-YFP foci
accumulated in these cells, suggesting a disturbed initiation of replication and/or DNA
segregation when HNE_0708 is absent [200]. Regarding cell division, it was shown that
a fraction of HNE_0708-deﬁcient cells was not able to divide correctly [200]. Therefore,
the localization of FtsZ-Venus was monitored in this genetic background. Interestingly,
FtsZ-Venus did not show an altered localization pattern, since cells exhibited discrete
foci at the stalked pole and at the junction between the bud and the stalk, as described
previously (Fig. 2.1). The fact that no major role could be attributed to HNE_0708 in
division site placement is consistent with the absence of a growth defect in HNE_0708deﬁcient cells [200]. However, a subset of cells with a drastically altered morphology
exhibited misplaced FtsZ-Venus foci, even though many cells were able to divide at the
correct position. However, the observation of aberrant foci is probably a secondary eﬀect
that derives from impaired chromosome replication or segregation and not a direct eﬀect
on divisome positioning.

2.4 FtsZ - the key protein of cell division
The studies performed so far indicate that FtsZ in H. neptunium shows a behavior quite
diﬀerent from that in the established model organisms and especially in its close relative
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C. crescentus. For this reason, we decided to analyze the core divisome component FtsZ
in more detail.
The localization pattern observed for FtsZ-Venus (Fig. 2.1) raised the question of whether
the polar signal in swarmer cells is a remnant of the last cell division or whether FtsZ is
synthesized de novo and localized at this position. To clarify this issue, we determined
the abundance of FtsZ over the course of the cell cycle using a synchronized wild type
population. Immunoblot analysis demonstrated that FtsZ is produced constitutively
(Fig. 2.15), unlike FtsZ from C. crescentus, which is absent from swarmer cells [204].
Thus, relocalization of FtsZ to the division site is a dynamic process using existing FtsZ
molecules, since the expression levels of FtsZ do not change.
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Figure 2.15: Cell cycle-dependent abundance of FtsZ. Isolated swarmer cells of a synchronized
wild type culture were grown in MB for 4 h. At the indicated time points, cells were withdrawn
and analyzed by immunoblotting using α-FtsZ antibodies. The schematic above illustrates the
cell cycle of H. neptunium.

2.4.1 Veriﬁcation of the FtsZ localization pattern
The study of an inducible FtsZ-Venus fusion revealed an unusual localization pattern at
both ends of the stalk, in contrast to the expected localization only at the division site.
To exclude the possibility that the additional cluster is an artifact caused by the use of
a C-terminally tagged fusion protein, we performed immunoﬂuorescence microscopy
and immunogold staining on wild type cells. Unfortunately, both approaches were
unsuccessful due to H. neptunium’s sensitivity to the harsh ﬁxation conditions and
non-speciﬁc background signals (data not shown). In E. coli, it was reported that the
insertion of a ﬂuorescent protein within a loop in the tubulin-like domain (between
G55 and Q56) results in a fully functional FtsZ protein (H. Erickson, unpublished). Thus,
we generated a similar FtsZ-sandwich fusion (FtsZSW) in H. neptunium by inserting
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Venus at the respective position (after E51) (Fig. 2.16 A+B). Fluorescence microscopy
revealed that the FtsZ-sandwich fusion, expressed from the zinc-inducible promoter,
localized in the same manner as the C-terminal fusion did (Fig. 2.16 C). Although it was
not possible to obtain a strain bearing the sandwich fusion as the sole copy of FtsZ, it is a
strong indication that the unusual localization pattern is correct and is not an artifact of
the C-terminal fusion.






 





















Figure 2.16: FtsZ-sandwich fusion (FtsZSW). (A) Schematic of the FtsZ-sandwich fusion protein.
The position of the insertion of Venus and the corresponding residues are indicated. (B) Predicted
structure of FtsZ proteins with inlet showing residue after which Venus was inserted in red. FtsZ
from H. neptunium is depicted in grey and FtsZ from E. coli in blue. Structural models were
generated using I-TASSER [205]. (C) Localization of an FtsZ sandwich fusion. Strain SE157
(Pzn ::Pzn -ftsZ’-venus-‘ftsZ ) was grown to exponential phase in MB, induced with 0.5 mM ZnSO4
for 2 h, and visualized by DIC and ﬂuorescence microscopy (scale bar: 3 μm).

2.4.2 Eﬀects of a loss of FtsZ
Due to its central role in cell division, FtsZ is an essential protein in almost all bacteria
studied so far, therefore we assumed that this is also the case for H. neptunium. In
order to examine the eﬀect of FtsZ elimination, we generated a conditional mutant,
in which a single ectopic copy of ftsZ was placed under control of the zinc-inducible
promoter, while the native gene was deleted. When cells were grown in the presence of
zinc, they exhibited a wild type phenotype (Fig. 2.17 A, 0h). However, depletion of FtsZ
had dramatic eﬀects on the cells. Initially, after around six hours of growth without zinc,
the cells elongated their stalks (Fig. 2.17 A). After nine hours, cells started to develop
a chaining phenotype and cell bodies became misshapen. Once FtsZ was completely
depleted from the cells (Fig. 2.17 C, >9h), the chaining phenotype became more and

40

2 Results

more pronounced. Additionally, several, partially branched stalks and a polarity defect,
recognizable by stalks emanating from both poles of a cell body, could be observed.
This conﬁrms that FtsZ is essential for cell division in H. neptunium. Interestingly, cells
lacking FtsZ could reach enormous cell lengths of up to 90 μm after 22h and were, on
average, eight times longer than wild type cells (Fig. 2.17 B). Along with the chaining
phenotype, this suggests that stalk elongation and bud formation are still occurring in
the absence of FtsZ.
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Figure 2.17: Eﬀect of FtsZ depletion. (A) Chaining phenotype and elongated stalks induced by
the lack of FtsZ. Cells of strain SE97 (ΔftsZ Pzn ::Pzn -ftsZ ) were grown to exponential phase in MB
supplemented with 0.5 mM ZnSO4 , washed twice, and resuspended in medium without ZnSO4 .
At the indicated time points, cells were withdrawn and imaged by DIC microscopy (scale bar:
5 μm). (B) Quantiﬁcation of cell lengths of SE97, before and after 22 h depletion, and of wild
type cells. A total of 198, 201 and 155 cells, respectively were measured using Metamorph. Data
sets are displayed in box-whisker plots. Shown are the interquartile range (box), the median
(line), the 5th and 95th percentile (whiskers), and outliers (circles). (C) Protein level during FtsZ
depletion. Immunoblot analysis of the samples described in (A) and of a control culture grown in
the presence of ZnSO4 .
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Given this chaining phenotype, we wondered at which positions growth is achieved
in these cells compared to the pattern observed previously for the wild type strain
(Fig. 2.10 A).
The conditional mutant of FtsZ exhibited the same morphology and growth zones as
wild type cells, as long as FtsZ was present (Fig. 2.18 A, 0h). Interestingly, when FtsZ was
depleted for 7.5 h and morphological defects became obvious, the insertion of PG became
aberrant (Fig. 2.18 A, 7.5h). On the one hand, PG was inserted in several distinct areas
within the cell body, leading to misshaped cells. On the other hand, we could observe that
cell bodies between the two terminal compartments were extensively labeled, suggesting
that new cells are formed within and not at the end of these cell chains. Furthermore, in
several cases PG was incorporated actively into the stalk, consistent with the pronounced
stalk elongation that occurs after FtsZ depletion. In cells, which were depleted of FtsZ for a
longer time (Fig. 2.18 A, 15h), PG incorporation was mostly dispersed along the complete
cell chain, although some local growth was observed, e.g. at a new cell compartment.
The interesting observation that the cell chaining originates in between the mother cell
and their bud was further conﬁrmed by time-lapse microscopy. Tracking the cells in a


 




 















Figure 2.18: Characterization of the FtsZ depletion phenotype. (A) PG incorporation in FtsZdeﬁcient cells. Cells of SE97 (ΔftsZ Pzn ::Pzn -ftsZ ) were grown to exponential phase in MB supplemented with 0.5 mM ZnSO4 , washed twice, and resuspended in medium without ZnSO4 .
At the indicated time points, cells were withdrawn, incubated with 0.5 mM HADA for 9 min,
ﬁxed with 70% EtOH, washed and imaged by DIC and ﬂuorescence microscopy (scale bar: 5 μm).
(B) FtsZ-deﬁcient cells accumulate chromosomes. Cells of strain SE97 (ΔftsZ Pzn ::Pzn -ftsZ ), depleted of FtsZ for 22 h, and cells of the wild type grown to exponential phase were stained with
DAPI and visualized by DIC and ﬂuorescence microscopy (scale bar: 5 μm).
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microﬂuidic device during depletion of FtsZ clearly showed that new cell compartments
are formed by widening of the stalk about halfway between the mother and daughter
cell compartment (Fig. 2.19). In some cases, they appear to emerge at random positions
in the stalk and in other cases in direct proximity of an existing cell, before they are
relocated by the outgrowth of an additional stalk. However, it remains unclear whether
the aberrant growth behavior is a direct eﬀect of a loss of FtsZ or an indirect eﬀect caused
by a general block in essential pathways of the cell.
    


























Figure 2.19: New cell bodies are formed in-between existing cell compartments in FtsZdeﬁcient cells. Time-lapse microscopy showing arising morphological defects during FtsZ depletion. Cells of strain SE97 (ΔftsZ Pzn ::Pzn -ftsZ ) were grown to exponential phase in MB supplemented with 0.5 mM ZnSO4 , washed twice, and resuspended in medium without ZnSO4 . After
6 h of depletion, cells were transferred to a microﬂuidic device and tracked by DIC microscopy
in 30 min intervals. Shown are two representative cells between 8 h and 13 h of FtsZ depletion.
Triangles highlight nascent cell compartments (scale bar: 5 μm).

Next, we monitored the DNA content in these chaining cells. In E. coli and other bacteria,
FtsZ depletion results in ﬁlamentous cell growth, but DNA segregation is not aﬀected
[206]. In H. neptunium, staining of DNA with 4’,6-diamidino-2-phenylindole (DAPI)
revealed that DNA is present in the cell compartments within these cell chains, suggesting
that DNA replication and segregation is not abolished, although it might be impaired to
some extent (Fig. 2.18 B).
Altogether, these results demonstrate that FtsZ is an essential protein and vital for cell
division in H. neptunium. Other cellular events such as chromosome segregation, stalk
growth, and budding are not directly coupled to cell division in H. neptunium and can
occur independently of FtsZ, suggesting a diﬀerent regulatory interplay between these
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processes than known from other bacteria.
So far, our attempts to unravel the mechanism responsible for the highly asymmetric
placement of the Z-ring were not successful (see section 2.3). Although the key regulator still needs to be determined, observations from re-induction experiments can give
insights into the principle of Z-ring positioning in H. neptunium. Cells, which were
depleted for FtsZ for 11 h, were tracked in a microﬂuidic device while FtsZ expression
was induced again (Fig. 2.20). In the ﬁrst few hours the cells appeared to be largely
inactive, neither dividing nor enhancing the depletion phenotype. However, after 56 h, the cells started to divide again. Surprisingly, the site of division was not placed
randomly, but in the majority of cases at the junction between a cell body and a stalk,
corresponding to the “normal” division site in wild type cells. Even more astonishing was
the fact that multiple divisions could occur at the same time within a single cell chain
(Fig. 2.20, upper time-lapse). From these results we concluded that whatever mechanism positions the Z-ring, it is still functional in cells that have aberrant morphologies and defects in cell polarity, casting negative regulatory mechanisms into doubt.
    




















Figure 2.20: Cells divide at junctions between cell bodies and stalks. Cells of strain SE97 (ΔftsZ
Pzn ::Pzn -ftsZ ) were depleted of FtsZ for 11 h, transferred to a microﬂuidic device, and constitutively
induced with 0.5 mM ZnSO4 . At the indicated time points, cells were visualized by DIC microscopy
(scale bar: 5 μm). White triangles mark the division sites.
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This result together with the highly asymmetric mode of division let us speculate about a
positively regulated division site placement in H. neptunium.

2.4.3 Biochemical characterization of FtsZ
Given the ability of cells devoid of FtsZ to initiate division at the “correct” position after
re-induction of FtsZ expression, and, thus, the option of a positive regulatory mechanism responsible for Z-ring positioning, we were wondering whether FtsZ requires a
stimulation factor for eﬀective polymerization.
To address this question and to characterize H. neptunium FtsZ in vitro, native FtsZ
was puriﬁed in a nucleotide-free state. Therefore, a His6 -SUMO tag was fused to the
N-terminus of FtsZ and cleaved oﬀ after Ni-NTA puriﬁcation using the Ulp1 protease.
First, we tested the ability of FtsZHNE to form polymers with diﬀerent approaches. First, a
centrifugation-based polymerization assay was applied. FtsZHNE was able to polymerize
into large structures in the presence of GTP, which were found in the pellet fraction after
ultracentrifugation (Fig. 2.21 A). When no GTP was added, hardly any polymers were
formed. As control, we used native FtsZ from C. crescentus, which is known to form
polymers in the presence of GTP and possess GTPase activity [115]. Notably, a higher
concentration of FtsZHNE (12 μm) did not yield higher amounts of polymers (Fig. 2.21 A).
These results were conﬁrmed by right angle light scattering (Fig. 2.21 C). FtsZHNE formed
polymers only in the presence of GTP, but to a less extent than FtsZCC . Next, we used
electron microscopy to visualize the FtsZ polymers. The EM images showed curved
ﬁlaments formed by FtsZHNE in the presence of GTP (Fig. 2.21 B). The ﬁlaments looked
similar to the ﬁlaments formed by FtsZCC (Fig. 2.21 B).
The ability to undergo polymerization in the presence of GTP implies that FtsZHNE has
GTPase activity. Using a GTPase activity assay, we demonstrated that FtsZHNE hydrolyzed
GTP in a concentration-dependent manner with a turnover number of 2.24 GTP min-1 at
a concentration of 6 μM (Fig. 2.21 D). However, the experiments on FtsZ cooperativity
applying a range of diﬀerent FtsZHNE concentrations were not conclusive and have to be
repeated in the future (data not shown). Interestingly, when FtsZHNE was equipped with
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a C-terminal His6 -tag, its ability to hydrolyze GTP was strongly reduced (Fig. 2.21 D). In
contrast, FtsZCC equipped with a C-terminal His6 -tag had a GTPase activity comparable
to that of the native FtsZ protein (data not shown). In summary, these results demonstrate
that FtsZ from H. neptunium resembles other FtsZ proteins in terms of polymer formation
and GTPase activity.
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Figure 2.21: FtsZ polymerizes and has GTPase activity in vitro. (A) Polymerization of FtsZ.
FtsZHNE or FtsZCC were incubated at the indicated concentrations for 20 min at 25 °C in the
presence (+) or absence (-) of 2 mM GTP. After ultracentrifugation at 254,000x g, the pellets
were resuspended and visualized by SDS-PAGE. Positions of molecular weigth markers (kDa)
are indicated on the left side. (B) Structure of FtsZ polymers. FtsZHNE (6 μM) was incubated
for 15 min in the presence or absence of 2 mM GTP. As positive control, FtsZCC (3 μM) was
incubated with 2 mM GTP for 15 min as well. Subsequently, the samples were applied onto
carbon-coated grids, stained, and analyzed by transmission electron microscopy in collaboration
with T. Heimerl. (C) Right angle light scattering. Experiments were performed with 10 μM FtsZHNE
and 10 μM FtsZCC at 25 °C in the presence or absence of GTP. 2 mM GTP was added after 100 sec
(Y. Refes). (D) GTPase activity of FtsZ. The speciﬁc GTPase activity of diﬀerent FtsZ proteins was
measured. As negative control, FtsZHNE was heat-inactivated.

We also attempt to identify interaction partners of FtsZ via Co-Immunoprecipitation.
FtsZ, equipped with an HA-tag, was expressed in wild type background, proteins were
crosslinked and the resulting cell lysate was mixed with α-HA aﬃnity gel (Sigma-Aldrich,
Germany). The precipitated proteins were analyzed by mass-spectrometry (in collaboration with J. Kahnt, MPI Marburg) but unfortunately no speciﬁc hits could be identiﬁed,
since the detected proteins were also present in the wild type control sample (data not
shown).
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2.5 FtsK - an ATPase involved in cell division and DNA
segregation
The localization study of the DNA translocase FtsK revealed an interesting and surprising
subcellular distribution (Fig. 2.5, p. 27). FtsK localized throughout the stalk in an irregular
pattern, suggesting an additional function beside its role in cytokinesis.

2.5.1 Veriﬁcation of the localization of FtsK
A previous study in H. neptunium showed that FtsK, when fused with a ﬂuorescent
protein tag at its C-terminal end, is not fully functional, since the only clone obtained had
severe morphological defects [193]. Thus, to exclude the possibility that the observed
localization pattern obtained with the inducible fusion is an artifact, we conducted
further localization studies. First, an N-terminal fusion was generated to check whether
a tag at the opposite terminus might lead to a fully functional protein. Unfortunately,
this fusion protein was unstable when expressed from an inducible promoter (data not
shown). Next, we applied immunoﬂuorescence to visualize the localization pattern of
FtsK in its native state. The antibody used was raised against an N-terminally truncated
variant of FtsK, which lacks the transmembrane regions. This variant was fused Nterminally to a His6 -tag and puriﬁed using the Ni-NTA aﬃnity puriﬁcation method.
Despite intensive eﬀorts to optimize the protocol for H. neptunium, ﬁxation of the cells
led to signiﬁcant damage of the cells (Fig. 2.22 A). Nevertheless, the immuno-signals
observed suggest that FtsK localized to positions within the stalk as well as to the division
site (Fig. 2.22 A).
To ﬁnally conﬁrm the localization of FtsK and to circumvent the potential adverse eﬀect
of a C-terminal ﬂuorescent tag on the function of the ATPase domain of the full-length
protein, we generated a strain expressing only the transmembrane domains of FtsK fused
to Venus from an inducible promoter (Fig. 2.22 B). In studies of FtsK homologs from
other bacteria, it was shown that this part is suﬃcient for the correct localization at the
division site [146, 147]. Consistently, the localization pattern was the same as obtained
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Figure 2.22: FtsK and a C-terminally mutant variant localize to the stalk. (A) Localization of
FtsK by immunoﬂuorescence. Cells of the wild type were grown to exponential phase in MB, ﬁxed,
and probed with α-FtsK antibodies. Immunocomplexes were then detected by application of
Alexa-Fluor 594-conjugated secondary antibodies (scale bar: 3 μm). (B) Schematic representation
of FtsK. Transmembrane domains (TM) are shown in black, the motor domain in purple and the
gamma domain in yellow. Numbers indicate the position of amino acid (aa) residues within the
protein for the following mutant variant. Adapted from [162] (C) Localization of the N-terminal
part of FtsK. Cells of strain SE150 (Pzn ::Pzn -ftsK aa1-185 -venus) were grown to exponential phase in
MB, induced with 0.5 mM ZnSO4 for 3 h, and visualized by DIC and ﬂuorescence microscopy
(scale bar: 3 μm).

with the full-length protein. The fusion protein localized in an irregular pattern within the
stalk (Fig. 2.22 C), strongly suggesting that the unusual localization, which we observed
before, is correct and not an artifact of the fusion.

2.5.2 FtsK localizes independently of FtsZ
Based on the interesting subcellular localization of FtsK in the complete stalk, we wondered whether FtsK is part of the divisome in H. neptunium, as it is the case in most other
bacteria. To address this issue, we analyzed the dependency of FtsK localization on other
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cell division proteins. For instance, in E. coli and C. crescentus, the localization of FtsK at
midcell depends on the key cell division protein FtsZ [30, 147]. When FtsK-Venus was
expressed from the copper-inducible promoter in the absence of FtsZ or the late cell
division protein FtsN, whose expression were controlled by the zinc-inducible promoter,
FtsK maintained its typical patchy distribution within the stalk, even in the strongly
elongated stalks (Fig. 2.23 A+B), clearly demonstrating that the localization of FtsK is not
dependent on other cell division proteins. Notably, both the FtsZ and FtsN depletion
phenotypes were less pronounced when FtsK-Venus was expressed, resulting in shorter
stalks and shorter cell chains (Fig. 2.23 A+B), most likely due to a crosstalk of the copperand zinc-inducible promoters used simultaneously in this experiment.




  

 





 







 







Figure 2.23: The localization of FtsK is not dependent on FtsZ or FtsN. Cells of strain SE147
(ΔftsZ Pzn ::Pzn -ftsZ Pcu ::Pcu -ftsK-venus) (A) and SE148 (ΔftsN Pzn ::Pzn -ftsN Pcu ::Pcu -ftsK-venus)
(B) were grown to exponential phase in MB supplemented with 0.5 mM ZnSO4 and induced
with 300 μmM CuSO4 for 3 h. After a washing step, cells were resuspended in medium without
ZnSO4 but with CuSO4 . At the indicated time points, cells were withdrawn and imaged by DIC
and ﬂuorescence microscopy (scale bar: 5 μm).

2.5.3 Positioning of FtsK
The unusual localization pattern of FtsK raised the question of how FtsK ﬁnds its “destination”. One possibility is the recruitment by another protein. In bacteria, such functions
are often taken over by cytoskeletal proteins. For instance, bactoﬁlins are involved in positioning of diverse proteins in diﬀerent bacterial species [203]. Deletion of both bactoﬁlins
in H. neptunium leads to strong morphological defects (E. Cserti, unpublished). The
expression of the inducible FtsK-Venus fusion protein in a ΔbacAB background strain,
however, did not show an altered localization, since FtsK-Venus was still found in the
stalk (Fig. 2.24 A). Therefore bactoﬁlins are not implicated in the positioning of FtsK.
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As mentioned before (section 2.4.2), a strain lacking the orphan ParA-homolog HNE_0708
was deﬁcient in chromosome segregation, since it accumulated DNA in the stalk and
several ParB foci within the cell [200]. Additionally, HNE_0708 localized in the stalk
similar to FtsK, indicating a possible interplay between these two proteins. However,
the localization of FtsK-Venus was not aﬀected in the absence of HNE_0708 (Fig. 2.24 B),
eliminating HNE_0708 as a positioning factor of FtsK.
The localization pattern of FtsK and its independency from FtsZ raised the question of
whether FtsK is part of the division machinery and, consequently, interacts with the
divisome. Therefore, we heterologously expressed FtsK from H. neptunium (FtsKHNE )
fused to Venus in the closely related stalked species C. crescentus. Intriguingly, FtsKHNE Venus exhibited a completely diﬀerent localization in C. crescentus. It showed a polar
localization or a diﬀuse distribution in swarmer and stalked cells, and accumulated at
the division site at midcell in predivisional cells (Fig. 2.24 C). At any time it was absent
from the stalk, which is, in contrast to H. neptunium, indeed compartmentalized by
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Figure 2.24: Localization of FtsK in diﬀerent deletion backgrounds and in a heterologous system. (A) Double deletion of bactoﬁlin homologs BacA and BacB. Strain SE175 (ΔbacAB Pzn ::Pzn ftsK-venus) was grown to exponential phase in MB, induced with 0.5 mM ZnSO4 for 3 h and
visualized by DIC and ﬂuorescence microscopy (scale bar: 3 μm). (B) Deletion of the ParAhomolog HNE_0708. Strain SE159 (ΔHNE_0708 Pzn ::Pzn -ftsK-venus) was treated equally to strain
SE175 in (A). (C) Expression of FtsKHNE -Venus in C. crescentus wild type. Strain SE195 (Pxyl ::Pxyl ftsK HNE -venus) was grown to exponential phase in PYE, induced with 0.3% xylose for 1.5 h and
visualized by DIC and ﬂuorescence microscopy (scale bar: 3 μm).
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crossbands, but its ﬁrst part would still be accessible for FtsK. The fact that FtsKHNE was
recruited to midcell in C. crescentus, like the endogenous FtsK homolog, implies that
it might also be part of the divisome in H. neptunium, but may in addition also have a
divisiome-independent function in the stalk in.

2.5.4 Generation of a conditional mutant was not successful
The observations of FtsK made so far revealed that FtsK shows a behavior that is strikingly
diﬀerent from that of its homologs from other species. To further elucidate the role of
FtsK in H. neptunium, we aimed to generate a conditional mutant. Unfortunately, such a
strain could not be obtained, despite several attempts. Neither a full-length depletion
strain, nor a C-terminal depletion strain, having only the N-terminal part (AA1-330) under the control of an inducible promoter, could be generated. In fact, any manipulation at
the ftsK locus turned out to be impossible, underscoring the importance of this gene. The
analysis of the genomic context of ftsK did not reveal any features that could explain these
problems. Transcriptome data (A. Jung, unpublished) revealed that ftsK is annotated
correctly and no alternative start codon was found in close proximity. Additionally, these
data veriﬁed that ftsK is an orphan gene and not part of an operon (Fig. 2.25 A). Of notice,
there is a large region (∼1 kb) that does not contain any annotated genes, but, according to BLAST analysis, contains a gene homologous to two other hypothetical ORF’s of
H. neptunium. However, this putative gene was excluded as a possible problem, because
this region was not signiﬁcantly transcribed and the reads obtained were in sense direction, whereas the putative gene is oriented in anti-sense direction. Another explanation
could be the non-native expression level of ftsK in a conditional mutant. To this end, we
compared the expression levels of FtsK expressed from either the zinc-inducible promoter or its native promoter. The expression levels obtained with the inducible promoter
were only slightly lower than those obtained with the native promoter, which should not
cause any problems (Fig. 2.25 C). Additionally, cells which expressed FtsK alone from
an inducible promoter in the WT background showed nearly wild type morphology and
grew with wild type rate (data not shown).
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Figure 2.25: Transcription and expression level of FtsK. (A) Region view and transcript levels of
the ftsK locus. Red lines indicate antisense reads, green lines sense reads. (B) Protein level of FtsK
over the course of the cell cycle. Swarmer cells of the wild type obtained by synchronization were
grown in MB over one cell cycle. At the indicated time points, samples were taken and analyzed
by immunoblotting using α-FtsK antibodies. The schematic above illustrates the morphological
stages of H. neptunium over the course of the cell cycle. (C) Comparison of FtsK-Venus levels.
Exponentially growing cells of SE151 (Pzn ::Pzn -ftsK-venus), induced with 0.5 mM ZnSO4 for 3 h,
and WS09 (ftsK ::ftsK-venus) were analyzed by immunoblotting using α-GFP antibodies. The
asterisk indicates a degradation product.

Another issue in terms of protein expression is the timing during the cell cycle. Many
proteins are cell cycle-regulated and only expressed in certain cell stages. Constant
expression of such a protein in a conditional mutant could be lethal. In the case of
FtsK, we could exclude this issue, since FtsK is merely very mildly cell cycle-regulated in
H. neptunium, and present at any time point during the cell cycle (Fig. 2.25 B). This is in
contrast to the FtsK level in C. crescentus, which varies over the course of the cell cycle
and peaks in late pre-divisional cells [30].

2.5.5 Cells with impaired or less FtsK show morphological abnormalities
In order to overcome the problems associated with the genetic manipulation of the ftsK
locus and study the eﬀects caused by a loss or malfunction of the protein, we generated
two diﬀerent strains in which the native ftsK locus was left intact. As a ﬁrst approach,
we generated an ATPase-deﬁcient variant of FtsK, expressed in addition to the native
ftsK gene. To this end, the conserved lysine (K487) in the Walker A box was substituted
with alanine, resulting in a protein that is not capable of binding ATP [151] (Fig. 2.26 A).
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Figure 2.26: Characterization of an ATPase-deﬁcient variant of FtsK. (A) Schematic depicting
the Walker A and Walker B motifs located in the β-domain of FtsK. The substituted amino acid
is indicated in red. (B) Phenotype of the ATPase-deﬁcient FtsK variant. Strain SE156 (Pzn ::Pzn ftsK K487A ) was grown to exponential phase in MB, induced with 0.5 mM ZnSO4 for 20 h, and
visualized by DIC microscopy (scale bar: 3 μm). (C) Quantiﬁcation of abnormal cells from
(B) and control strains. Strains SE156 (Pzn ::Pzn -ftsK K487A ) and the wild type were grown in the
absence or presence of 0.5 mM ZnSO4 for 20 h (exponential phase). Shown are the average and
standard deviation of three independent experiments, with 200-300 cells counted for each strain.
(D) Expression of FtsKK487A variant results in cell compartments without DNA. Cells from (B)
were stained with DAPI and analyzed by DIC and ﬂuorescence microscopy (scale bar: 3 μm).
White triangles mark cell compartments without DNA.

In general, such ATPase mutants of FtsK have dominant-negative eﬀects, because they
interfere with the proper function of the native protein through the formation of heterohexamers [207]. When the FtsKK487A variant was expressed in H. neptunium, a fraction
of the cell population showed morphological defects. These cells had elongated stalks,
misshapen and extended cell bodies, and in some cases a polarity defect (Fig. 2.26 B).
However, only 13% of cells showed this phenotype, whereas the majority of cells had a
wild type appearance (Fig. 2.26 C). Staining of DNA with DAPI revealed that out of these
mutated cells, some lack DNA in one of their cell compartments (Fig. 2.26 D), suggesting
an impact on chromosome segregation as hypothesized for FtsK.
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In the second approach, we applied a relatively new tool called TALE (transcription
activator-like eﬀectors) [208] to manipulate the expression of FtsK. TALEs can be designed
such that they speciﬁcally recognize and bind user-deﬁned DNA sequences in various
organisms (bacteria, yeast, mammalian cells etc.) [209]. Based on the transcription
data of ftsK, we identiﬁed the putative promoter region upstream of the transcriptional
start of FtsK and designed a TALE that targets 25 bp within this region. Thus, this TALE
should act as a repressor that decreases the FtsK expression level. When we expressed
TALEFtsK from an inducible promoter, we could observe changes of the morphology in
a fraction of cells (Fig. 2.27 A). They lost their characteristic shape and elongated their
stalks. Furthermore, hyper-formation of stalks originating from one cell body could be
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Figure 2.27: TALEFtsK induces morphological defects. (A) Various morphological defects upon
TALEFtsK expression. Cells of strain SE197 (Pzn ::Pzn -TALEFtsK ) were grown in the presence of 0.5
mM ZnSO4 while being kept in exponential phase by constant dilutions, and analyzed by DIC
microscopy after 40 h (scale bar: 5 μm). (B) Quantiﬁcation of cell length from wild type and
SE197 (Pzn ::Pzn -TALEFtsK ) cells grown in the absence or presence of ZnSO4 for 40 h. Data sets
are displayed in box-whisker plots. Shown are the interquartile range (box), the median (line),
the 5th and 95th percentile (whiskers), and outliers (circles). (C) Quantiﬁcation of abnormal cells
in wild type and SE197 (Pzn ::Pzn -TALEFtsK ) cells grown in the absence or presence of ZnSO4 for
40 h. Shown are the average and standard deviation of three independent experiments, with
200-300 cells counted for each strain. (D) Protein level of FtsK in the presence (+) or absence (-)
of TALEFtsK . As control, a wildtype sample is shown.
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observed. Even though only a fraction of about 17% of the cell population showed such
dramatic defects (Fig. 2.27 C), the expression of TALEFtsK led to a notable increase in
the overall cell length of the population (Fig. 2.27 B). However, a decrease in the FtsK
expression level could not be veriﬁed by immunoblot analysis using an α-FtsK antibody
(Fig. 2.27 D), i.e. the proof for the eﬃciency of the TALE in decreasing the expression
of FtsK is still missing. Though, it is very unlikely that the observed defects arise from
binding of TALEFtsK to a region in the genome that is diﬀerent from the desired target
site, because the binding of TALEs is highly speciﬁc [209] and no similar sequence was
found in the genome by BLAST analysis. Probably, the FtsK antibody is not as speciﬁc as
previously thought.
Due to the localization of FtsK in the stalk, we assume that it might play a role during DNA
transport through the stalk. To test this hypothesis, we checked the TALEFtsK strain for
irregular DNA distribution by DAPI staining. And indeed, a fraction of cells with abnormal
morphology showed anucleate cell compartments, but no single DNA-free cells could
be observed (Fig. 2.28). These anucleate cell compartments are very likely caused by
a reduced level of FtsK and not by the morphological defect itself, since for example
FtsZ-depleted cells have no anucleate compartments despite their severe morphological
defects (compare Fig. 2.18 B).

 



 

Figure 2.28: TALEFtsK leads to DNA-free cell compartments. Cells of strain SE197 (Pzn ::Pzn TALEFtsK ) were grown in the presence of 0.5 mM ZnSO4 for 40 h, while being kept in exponential
phase by constant dilutions. Subsequently, cells were stained with DAPI and analyzed by DIC
and ﬂuorescence microscopy (scale bar: 5 μm).
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2.6 FtsN - a late cell division protein
FtsN is a core component of the cell division machinery. As a representative of late cell
division proteins, we decided to analyze FtsN in more detail. The localization of VenusFtsN in this study revealed that it is present at the pole in swarmer cells, diﬀuse or at the
tip of the stalk in stalked cells and at the division site in budding cells (Fig. 2.9, p. 30).

2.6.1 Loss of FtsN leads to severe defects
In order to draw conclusions about the role of FtsN and cell division in general in
H. neptunium, we generated a conditional mutant of FtsN. This allowed us to assess the
eﬀect of the loss of FtsN and to compare the phenotype to the one caused by loss of an
early cell division protein (FtsZ).
To this end, ftsN was placed under control of the zinc-inducible promoter while the
native gene was deleted. When the cells grew in the presence of zinc, they showed
wild type appearance and had no cell length or cell division defect (Fig. 2.29 A+B). After
transfer into medium without zinc, the cells started to elongate their stalks after 6 h,
similar to the conditional ftsZ mutant. Longer depletion of FtsN led to a slight chaining
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Figure 2.29: Eﬀect of FtsN depletion. (A) Strongly elongated stalks and misshapen cell bodies
induced by the lack of FtsN. Cells of strain SE99 (ΔftsN Pzn ::Pzn -ftsN ) were grown to exponential
phase in MB supplemented with 0.5 mM ZnSO4 , washed twice, and resuspended in medium
without ZnSO4 . At the indicated time points, cells were withdrawn and imaged by DIC microscopy
(scale bar: 5 μm). (B) Quantiﬁcation of wild type cells and SE99 before and after 22 h depletion.
A total of 224, 177 and 200 cells, respectively, were measured using Metamorph. Data sets were
displayed in box-whisker plots. Shown are the interquartile range (box), the median (line), the 5th
and 95th percentile (whiskers), and outliers (circles).
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phenotype, and predominantly, the formation of elongated stalks and polarity defects
(Fig. 2.29 A+B), conﬁrming the essential role of FtsN in cell division. A small fraction
of the cell population showed wild type morphology, most likely due to an incomplete
depletion caused by the relatively high basal activity of the zinc-inducible promoter.
Unfortunately, we had no speciﬁc antibody against FtsN to determine if it was entirely
absent from the cells.
Next, PG synthesis was assessed by staining FtsN-deﬁcient cells with HADA. Similar to
the FtsZ conditional mutant, PG incorporation was aberrant, leading to misshapen cells,
while new cell bodies arised in the middle of an existing budding cell (Fig. 2.30 A, 7.5h).


 











 

 









 

Figure 2.30: Characterization of the FtsN depletion phenotype. (A) PG incorporation in FtsNdeﬁcient cells. Cells of strain SE99 (ΔftsN Pzn ::Pzn -ftsN ) were grown to exponential phase in MB
supplemented with 0.5 mM ZnSO4 , washed twice, and resuspended in medium without ZnSO4 .
At the indicated time points, cells were withdrawn, incubated with 0.5 mM HADA for 9 min, ﬁxed
with 70% EtOH, washed, and imaged by DIC and ﬂuorescence microscopy (scale bar: 5 μm). (B)
FtsN-deﬁcient cells accumulate chromosomes. Cells of strain SE99 (ΔftsN Pzn ::Pzn -ftsN ) depleted
of FtsN for 22 h and cells of the wild type grown to exponential phase were stained with DAPI
and visualized by DIC and ﬂuorescence microscopy (scale bar: 5 μm). (C) FtsZ is mislocalized in
FtsN-deﬁcient cells. Cells of strain SE141 (ΔftsN Pzn ::Pzn -ftsN Pcu ::Pcu -ftsZ -venus) were grown
in the presence of 0.3 mM CuSO4 and 0.5 mM ZnSO4 to exponential phase, washed twice, and
resuspended in medium with CuSO4 , but without ZnSO4 . Directly after resuspension and after
22 h depletion of FtsN, cells were withdrawn and analyzed by DIC and ﬂuorescence microscopy
(scale bar: 5 μm).
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After longer depletion of FtsN, the HADA signal was less distinct and visible in many spots
within the cells, indicating that PG incorporation was entirely misregulated
(Fig. 2.30 A, 15 h).
To further characterize the FtsN depletion phenotype, we monitored the DNA content
of these elongated cells. Cell elongation caused by loss of a cell division protein such
as FtsZ or FtsN has usually no direct eﬀect on DNA segregation. As expected, loss of
FtsN in H. neptunium does not abolish DNA segregation, since all cell compartments
still contained DNA (Fig. 2.30 B). Furthermore, we asked whether FtsZ is able to form
distinct Z-rings in the absence of FtsN, as reported for other bacteria [210]. Surprisingly,
FtsZ-Venus localized in a patchy, irregular pattern within cell bodies after a short (9 h,
data not shown) or a long period of FtsN depletion (22 h, Fig. 2.30 C), indicating that loss
of FtsN can inﬂuence Z-ring formation, most likely in an indirect manner.
In order to conﬁrm the results obtained with the re-induction experiment of FtsZ, we
used the same approach for FtsN. Cells were depleted of FtsN for 11 h, transferred into
a microﬂuidic device and monitored while expression of FtsN was turned on again
(Fig. 2.31). Some cells already started to divide after 3 h of induction of FtsN, whereas it
took 5-6 h in FtsZ re-induced cells. Consistent with the FtsZ experiment, the position
of the division site was always at junctions between cell bodies and stalks, even though the
    




















Figure 2.31: Cells divide at junctions between cell bodies and stalks. Cells of strain SE99 (ΔftsN
Pzn ::Pzn -ftsN ) were depleted of FtsN for 11 h, transferred to a microﬂuidic device and constitutively
induced with 0.5 mM ZnSO4 . At the indicated time points, cells were visualized by DIC microscopy
(scale bar: 5 μm). White triangles mark the division sites.
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stalks were not always discernible due to their extremely short length
(Fig. 2.31, upper time-lapse). Additionally, multiple divisions occurred at the same time
in a single cell, as observed for FtsZ, implying that several divisomes assemble at once.
These results conﬁrm that division is not random in cells with aberrant morphologies
and disturbed polarity, but still follows a certain pattern.
In summary, we demonstrated that FtsN is an essential protein and vital for cell division
in H. neptunium. Similar to FtsZ, cellular processes such as budding and chromosome
segregation are not directly aﬀected by the absence of FtsN.

3 Discussion
3.1 Cell division proteins show altered localization patterns in
H. neptunium
A multiprotein complex called the divisome orchestrates bacterial cytokinesis. Its central
component is the conserved tubulin homolog FtsZ. In this work, we studied the FtsZ
homolog of H. neptunium and performed comparative localization studies. Besides its
conserved genomic context in an operon with ftsA and ftsQ, it has 64% sequence similarity
and 53% sequence identity to FtsZ from C. crescentus. Time-lapse experiments evidenced
that FtsZ localization dynamically changes from a unipolar focus at the future stalked
pole to a bipolar pattern at both ends of the stalk during the cell cycle (Fig. 2.1, p. 23).
From the two clusters observed in budding cells, only the one at the junction to the bud
develops into a mature divisome. Although there are other bacteria possessing multiple
FtsZ complexes, such as Agrobacterium tumefaciens [211], these usually condense into
one focus at the onset of division, whereas both clusters are maintained in H. neptunium
until cytokinesis is ﬁnished. Given that a C-terminal FtsZ fusion is not fully functional, we
conﬁrmed the unusual localization pattern with an FtsZ sandwich fusion, which is also
not fully functional, but was not hindered at its essential C-terminus (Fig. 2.16, p. 39).
Thus, H. neptunium possesses a unique subcellular FtsZ distribution that clearly diﬀers
from known FtsZ pattern, raising several questions about the positioning of the division
site, which are discussed below (section 3.4).
From the other cell division proteins studied in H. neptunium, only FzlC and occasionally
FtsQ have the same localization pattern as FtsZ in budding cells (Fig. 2.2 B and Fig. 2.6,
p. 24 and 28). However, cells harboring Venus-FzlC under the control of the native
promoter have shortened stalks and larger buds compared to wild type cells, indicating
that the fusion is not fully functional and that FzlC malfunction aﬀects the cells. In C.
crescentus, deletion of fzlC did not aﬀect cell morphology or division, rendering FzlC
dispensable [41]. Localization of an inducible Venus-FzlC fusion, expressed additionally
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to the native gene in H. neptunium, was comparable to the endogenously expressed FzlC
fusion, but the cells had wild type morphology (data not shown), suggesting that the
localization pattern of FzlC, resembling the one of FtsZ, is correct.
Apart from these two proteins, the other proteins (FzlA, FtsE, (FtsA), FtsI, FtsW and FtsN)
also had a dynamic localization pattern, but were found exclusively at the division site in
budding cells (Fig. 3.1), suggesting that only this FtsZ cluster formed at this site is able
to eﬃciently recruit cell division proteins. The DNA translocase FtsK stands out in this
localization study by showing a localization pattern atypical for cell division proteins.
Even during divisome assembly and constriction, it remains localized in a patchy pattern
in the stalk, instead of accumulating only at the division site (Fig. 3.1). This case is
discussed in a following section (3.5).



 
 










 
 





 

 
 
 



 



 
 
 

Figure 3.1: Localization scheme of divisome components during the H. neptunium cell cycle.
Most cell division protein start the cell cycle at the “new” (future stalked) cell pole, whereas FtsE,
FtsK, and FtsQ localize diﬀuse. In stalked cells, many cell division proteins exhibit the same
localization pattern as before. Exceptions are FtsK, which localizes to the entire stalk, FtsN, which
has left the stalked cell pole and is either diﬀuse or at the tip of the stalk, FtsI, which became
diﬀuse, and FtsQ (each in bold), which accumulates at the stalked pole now. In budding cells,
almost all cell division proteins accumulate at the division site to form the mature divisome.
Remarkably, FtsZ, FzlC, and occasionally FtsQ were additionally observed at the stalked mother
cell pole. FtsK is still distributed within the entire stalk, but might also be part of the divisome.
See text for more information.

The localization pattern of FtsA needs further conﬁrmation, since the native Venus-FtsA
fusion accumulated irregular in the mother cell body beside its division site localization.
These irregular accumulations could be inclusion bodies composed of misfolded or
defective protein caused by the ﬂuorescent tag, but no degredation product, since a
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western blot analysis showed a stable expression (data not shown). Remarkably, neither
a C-terminal, nor an N-terminal inducible fusion of FtsA gave a distinct localization pattern (data not shown). The weak signals observed there seemed to accumulate randomly
within the cell, although the expression level was comparable to native FtsA levels. However, the presence of the native protein in addition to the inducible tagged version could
interfere with its correct localization. Furthermore, the ﬂuorescent tag might hinder the
protein from interacting with other proteins to ﬁnd the correct position.
Interestingly, FtsN is capable of localizing at the tip of the stalk during stalk growth,
additionally to its localization at the swarmer pole and, later, at the division site. This can
be rarely observed in cells harboring Venus-FtsN under the control of the endogenous
promoter (Fig. 2.9, p. 30). However, in cells expressing Venus-FtsN from an inducible
promoter, the accumulation at the tip of the stalk was observed more frequently (data not
shown), likely due to the higher amount of protein in the cells. Remarkably, several other
proteins such as BacA, PopZ, MipZ, PBP2, some hydrolytic enzymes, and PleC were found
to localize to or near the tip of the stalk in H. neptunium (E. Cserti, O. Leicht, S. Rosskopf,
A. Jung, unpublished). It is possible that FtsN is interacting with and recruited by one
of them in order to form a regulatory complex controlling bud formation. Accordingly,
cells lacking FtsN form less buds within the elongated cells than cells lacking FtsZ. That
implies that FtsN is most likely not the major factor required for bud formation, but
may play a role in this process. The protein fusions of ZapA and TolQ, did not show any
speciﬁc localization pattern. This could be due to the fact that these fusion proteins were
additionally induced to the native protein. For many cell division proteins, only a small
amount of molecules is recruited to the division site, due to limited interaction sites. This
might be particularly relevant in H. neptunium, which has a smaller divisome compared
to other bacteria based on its narrow division site. Thus, the fusion protein competes
with the native protein for binding sites and probably has a “disadvantage” because of
its ﬂuorescent tag. Furthermore, a weak signal at the division site might be covered by a
comparably high background signal.
In C. crescentus, the expression of some divisome components, such as FtsZ, FtsQ or
FtsI, is cell cycle-regulated to ensure correct timing of cell division [30]. We could not
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observe variations in the protein levels of FtsZ and FtsK, either due to an insuﬃcient
synchrony of the cell population or because they are not regulated on the protein level.
This would be in contrast to C. crescentus, in which the protein level of FtsZ varies strongly
and the one of FtsK varies mildly over the course of the cell cycle. However, RNA-seq
data indicate that FtsZ, FtsQ, and FtsK are transcriptionally regulated in H. neptunium
(O. Leicht, unpublished). Their transcription levels were slightly down-regulated (∼2-fold)
in the absence of the histidine kinase CckA, which resembles the absence of the master
cell cycle regulator CtrA. Moreover, the promotor regions of these genes contain CtrAbinding sites (O. Leicht, unpublished), strongly indicating a cell cycle regulation of FtsZ,
FtsQ and FtsK by CtrA, at least on the transcriptional level. Thus, the regulatory network
of C. crescentus on a transcriptional level regarding cell division proteins seems at least
partially conserved in H. neptunium. Whether regulation on the protein level is also
conserved needs an improved synchronization protocol and further studies.

3.2 FtsZ and FtsN are essential components of the divisome
in H. neptunium
Deletion of FtsZ and FtsN was not successful in H. neptunium, which is consistent
with their known essential roles in cell division. Phenotypic analyses of a conditional
FtsZ mutant demonstrated that FtsZ is required for cell division (Fig. 2.17, p. 40). The
absence of FtsZ leads to a cell division block with highly elongated stalks interrupted by
amorphous cell compartments. This indicates that stalk elongation and bud formation
do not rely on FtsZ or completed cell division, but are rather independent of cell cycle
progression. The phenotype is in contrast to the smooth ﬁlaments observed in other
bacteria such as C. crescentus upon depletion of FtsZ [212] and suggests a decoupling of
cell division and cell diﬀerentiation in H. neptunium.
Compared to the phenotype observed upon depletion of FtsZ, the conditional mutant
of the late cell division protein FtsN showed a less severe cell elongation, decreased
cell chaining, and less cell compartments. Due to the lack of a functional antibody, we
could not determine the level of FtsN in the depleted state to rule out that the less severe
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phenotype is caused by an incomplete depletion. Alternatively, FtsN might participate
to a minor degree in bud formation.
Surprisingly, FtsZ was mislocalized in the absence of FtsN. However, FtsZ mislocalization
is most likely not a direct eﬀect of the absence of FtsN, but might be due to the disturbance
of cellular processes and the presence of several chromosomes, respectively, which could
also aﬀect the unknown regulatory machinery controlling FtsZ positioning. Possibly,
the divisome disassembles if FtsN and, thus, the trigger for constriction are absent,
resulting in mislocalized FtsZ. In C. crescentus it has been shown that the divisome
component FtsK, which requires FtsZ to localize to the division site, is crucial to maintain
Z-rings and absence of FtsK lead to random distribution of FtsZ [213], comparable to
what happened when FtsN is absent in H. neptunium. Alternatively, events such as
incomplete chromosome segregation or disturbed PG incorporation upon depletion of
FtsN might also, directly or indirectly, lead to mislocalization of divisome components

3.3 MipZ is not the main regulator of Z-ring positioning in
H. neptunium
Many bacteria rely on negative regulatory mechanisms, like the Min system or MipZ,
that identify the middle of the cell as the correct division site through the formation of a
gradient, in which an inhibitor regulates FtsZ placement. Such a system is not applicable
to H. neptunium since the division site is not at the middle of the cell but shifted towards
one end. Remarkably, H. neptunium possesses a homolog of the negative regulator MipZ.
In this work, we could show that MipZ from H. neptunium (MipZHNE ) behaves diﬀerent from MipZ from C. crescentus (MipZCC ), although the proteins share considerable
sequence similarity (50% identity, 68% similarity). Instead of a bipolar distribution reﬂecting the localization of ParB [115, 200], MipZHNE showed a unipolar localization, either to
the ﬂagellated pole or later on to the bud pole opposite the stalk (Fig. 2.12 B, p. 34), indicating no interaction with ParB. Residues possibly involved in the MipZ-ParB interaction
in C. crescentus [214] are only partially conserved in MipZHNE , giving no clear indication
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about its interaction network. Interestingly, the localization pattern of MipZ resembles
the pattern of the pole organizing protein PopZ in H. neptunium (A. Jung, unpublished),
making PopZ a possible localization factor for MipZHNE . In C. crescentus, PopZ is essential, anchors the ori region at the cell pole (via direct interaction with parS-bound ParB)
[137, 138], and is involved in ParA-mediated centromere segregation by recruiting and regenerating inactive ParA [142]. In H. neptunium, PopZ is not essential and a deletion has
no inﬂuence on ParB positioning and chromosome segregation (A. Jung, unpublished),
indicating that PopZ fulﬁlls a diﬀerent role. This is consistent with its altered localization
pattern. Interestingly, sequence analysis of MipZ homologs revealed that MipZHNE has
an extended N-terminal tail composed of ∼20 amino acids. This extension is conserved
in Hyphomondaceae (data not shown), but is absent from other MipZ homologs and
might be involved in protein-protein interactions that help localize MipZ.
Importantly, we could show that MipZ is not essential in H. neptunium and has no obvious
eﬀect on Z-ring positioning or cell morphology (Fig. 2.11 / Fig. 2.12 A, p. 33 / 34), which
is in stark contrast to its homolog from C. crescentus. To date, it remains unclear whether
MipZHNE has the ability to inhibit Z-ring formation at all. Expression of an ATPasedeﬁcient MipZ variant (MipZD62A ), which blocked cell division in C. crescentus due to unspeciﬁc binding to DNA [114],

had no eﬀect on H. neptunium

cells

(Fig. 2.13, p. 35). Considering the fact that FtsZ does not assemble over the nucleoid
in H. neptunium anyway, a missing eﬀect of the MipZD62A variant can still be consistent
with a similar functionality of MipZHNE and MipZCC . Nevertheless, an altered localization
pattern of this variant and, thus, no inhibitory function on FtsZ in H. neptunium is also
conceivable. One hint for this hypothesis is that MipZHNE fused to YFP localized in a
diﬀuse manner in C. crescentus cells and did not inhibit cell division [215]. Additionally,
many putative residues involved in DNA and FtsZ binding of MipZCC [114, 214] are not
conserved in MipZHNE , indicating that MipZHNE cannot interact with ParB or inhibit
Z-ring formation neither in C. crescentus nor in H. neptunium.
Taken together, these results clearly show that MipZHNE is not the spatial regulator of
division site placement in H. neptunium. Probably, MipZ is part of a redundant system
or only required under certain conditions. Alternatively, MipZ might act as a nucleoid
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occlusion factor, similar to SlmA in E. coli and Noc in B. subtilis [102, 103]. These proteins
are usually not essential, but bind to DNA and thereby prevent assembly of the divisome
over DNA. In this scenario, MipZHNE , which accumulates at the old cell pole, would
bind (unspeciﬁcally) to DNA in a gradient-like pattern with the highest concentration
at the old cell pole. This gradient of MipZ dimers, which is not bipolar as the one of
MipZCC , would cover part of the chromosome, ﬁrst in the mother cell, and later on
in the bud. In the smaller bud, it might not only cover part of the nucleoid, but the
complete nucleoid (over the entire length of the caughter cell) and function as a “failsafemechanism” to prevent Z-ring assembly over the nucleoid. Thus, this system could be
more important in the bud compartment than in the mother cell compartment. PopZ
might then act as a hub recruiting and regenerating MipZ molecules at the old cell pole.
This hypothesis is missing experimental evidence so far. However, PopZ was shown
to recruit and regenerate the related protein ParA [142]. And the missing eﬀect of an
ATPase-deﬁcient MipZ variant we observed, would ﬁt into this model, in which MipZ is
only a failsafe-nucleoid occlusion mechanism. This variant would then no longer form a
gradient but be distributed over the entire DNA (as the corresponding MipZCC mutant),
which would not give a phenotype as long as Z-ring positioning works accurately. The
concentration of the DNA-bound MipZD62A , which would pass the currently assembling
Z-ring during DNA segregation, is most likely to low to interfere with FtsZ polymerization.
So far, MipZ from C. crescentus is the only characterized MipZ homolog in literature.
Thus, it is unclear whether the function of MipZ is conserved across species or whether,
as this work indicates, the role of MipZ can diﬀer. There is one example of preliminary
data from the MipZ homolog of Rhodobacter sphaeroides, which also suggests a diﬀerent
behaviour compared to MipZCC . Although this MipZ homolog colocalizes with the ori
region, i. e. ParB, of the ﬁrst chromosome at the cell pole, it additionally colocalizes with
FtsZ at the division site, which is not consistent with a role in FtsZ inhibition (N. Dubarry,
unpublished). This implies that, although MipZ is highly conserved in α-proteobacterial
genomes [115], its function is less conserved and might be adapted to the needs of the
individual species.
Besides a putative role in nucleoid occlusion, an unrelated function is within the bounds
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of possibility. MipZ forms a putative transcriptional unit with the gene located upstream
(HNE_1127 ). HNE_1127 is a hypothetical protein with no conserved domains and is only
present in Hyphomondaceae. The transcription data proof that MipZHNE is expressed
during standard conditions in a mean level, whereas HNE_1127 is highly expressed.
Interestingly, preliminary data revealed that MipZHNE , together with its operon partner
HNE_1127, are regulated by the master cell cycle regulator CtrA (O. Leicht, unpublished).
Usually, proteins regulated by CtrA in C. crescentus fulﬁl roles in processes such as cell
cycle regulation, cell division, polar morphogenesis, and DNA replication, giving a hint
about potential MipZ functions. However, a detailed characterization of MipZHNE is
necessary to elucidate its exact role in H. neptunium.

3.4 How is the Z-ring positioned in H. neptunium?
Given the remarkable distribution of FtsZ at both ends of the stalk, several questions
arise: How does FtsZ ﬁnd these two positions? What determines the second FtsZ focus
to become the divisome? And how do the other divisome components know where to
localize?
All known spatial regulators target the core divisome component FtsZ directly by either
inhibiting FtsZ polymerization at inappropriate positions or by recruiting FtsZ to the
correct site. The FtsZ focus at the stalked mother cell pole in H. neptunium could simply
be kept there by the unknown regulatory system as a remnant of the last cell division,
since the FtsZ protein level is constant over the course of the cell cycle. However, the
second focus is the result of a dynamic relocalization process, which has to be tightly
regulated.
Many negative positioning mechanisms identify the “middle” of the cell as the correct
division site by the formation of bipolar regulatory gradients [83]. Such a system cannot
work in H. neptunium, because the position of the division site is highly asymmetric
and does not coincident with the “middle” of the cell, which would be somewhere in
the stalk. These circumstances and the fact that the cells divide at the “correct” position after re-induction of FtsZ (Fig. 2.20, p. 43), although the cell shape is strongly

3.4 How is the Z-ring positioned in H. neptunium?

67

perturbed, argues for a scenario in which a positive regulator recruits FtsZ to the correct
position. Positive regulators have been identiﬁed in a number of organisms in the last
years, but they are not well-conserved. For example, SsgA and SsgB from S. coelicolor
are only present in Actinomycetes [116], PomZ from M. xanthus is only conserved in
Myxococcales and MapZ from S. pneumonia is only conserved in lactic acid bacteria
[118, 119], suggesting a variety of positive Z-ring placement systems in diﬀerent bacterial
species. So far, there is no obvious candidate protein for such a positive regulator in
H. neptunium. A more global screening, allowing the identiﬁcation of unknown, important Hyphomonas-speciﬁc proteins, might lead to success. One conceivable approach is,
for example, a transposon screen, in which the set of essential genes in H. neptunium
could be identiﬁed. Optionally not only in WT cells, but also in a MipZ deletion strain, to
identify genes, which become essential in the absence of MipZ.
As reported previously, FtsZ from M. xanthus, which is regulated by a positive mechanism, failed to polymerize in vitro [117], suggesting a link between positive regulation
and polymerization ability in vitro. Although it was shown in the meantime that it can
form polymers without additional factors (D. Schumacher, personal communication),
we characterized FtsZHNE in vitro to elucidate whether a stimulatory factor might be
required. The biochemical characterization revealed that it behaves like other characterized FtsZ homologs. It polymerizes in the presence of GTP and Mg2+ , as shown
by electron microscopy and polymerization assays (Fig. 2.21 A-C, p. 45). Thus, no additional stimulatory factor is needed. The GTPase activity is comparable to that of other
FtsZ proteins and increases with increasing FtsZ concentrations (Fig. 2.21 D, p. 45 and
data not shown). Since in vivo conditions can diﬀer from the in vitro conditions used,
we cannot rule out that FtsZ requires additional factors to form polymers in vivo.
Another determinant of FtsZ placement could be the cell shape. Strikingly, FtsZ localizes
to the two sites within a H. neptunium cell that exhibit a particular geometric shape:
the junctions between the stalk and the cell bodies, which exhibit positively curved
membranes. It is conceivable that FtsZ itself, or an interacting protein can sense this
geometric cue, similar to DivIVA or SpoVM [216, 217]. In the case of DivIVA, the selective
binding is achieved by exposed positively charged or hydrophobic residues and probably
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by speciﬁc structural features of the two-dimensional lattices formed [217–219]. FtsZ, as
a tubulin homolog, can also form three-dimensional polymeric structures. Although FtsZ
from H. neptunium is highly similar to other FtsZ proteins, its C-terminal linker region is
poorly conserved, possibly allowing an adaptation to mediate an unusual localization
pattern. Alternatively, FtsZ might sense a special feature of the stalk, such as diﬀerent PG
composition, and would actually localize to the entire stalk structure but is restricted to
the ends of the stalk by an inhibitor within the stalk.
In E. coli, it was shown that assembly of the Z-ring is a question of the number of FtsZ
molecules. Spherical E. coli cells, which have a larger diameter, cannot build complete
Z-rings at native FtsZ levels. Only after overexpression of the ftsQAZ operon, Z-ring
formation was successful [220]. Thus, the FtsZ level in H. neptunium might be equally
low, therefore allowing Z-ring formation only at the narrow stalk-cell junctions. However,
even then, FtsZ has to be positioned by some mechanism, to avoid Z-ring assembly
in the stalk. Moreover, assuming that the ﬁrst FtsZ focus is a remnant “immobilized”
by the unknown regulatory system, the relocalization to the second position could be
regulated by proteins involved in bud formation, e.g. the PG biosynthetic machinery or a
hypothetical factor that determines where the bud is generated, or, alternatively, by a
relocalization of its (positive) regulator.
As mentioned before, the regulation of division site placement usually occurs at the level
of FtsZ. As FtsZ accumulates at two positions in H. neptunium, it is conceivable that in this
species, the regulation of division site positioning occurs at a later stage. Evidently, only
the FtsZ focus at the stalk-bud junction matures into a functional divisome, as conﬁrmed
by the localization of almost all analyzed division proteins to only this position. This
suggests that the FtsZ accumulation at the mother stalked pole is not able to assemble
a stable Z-ring, but might only consist of FtsZ oligomers. Thus, the recruitment of
divisome components seems to be restricted speciﬁcally to the stalk-bud junction, by a
yet unidentiﬁed regulatory mechanism. Convenient targets of this unknown regulatory
mechanism could be the Z-ring stabilizing/tethering proteins, such as FzlA, FzlC, ZapA,
and FtsA, or an unknown factor, allowing the assembly of a functional Z-ring only at
this position. Since FzlC colocalized with both FtsZ foci (Fig. 2.2 B, p. 24), it is most likely
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not the target of the divisome placement system. The other stabilizers need further
investigation to determine whether one of them could be the target. However, as long as
the regulatory system has not been identiﬁed, this could be a demanding task.
The only known example of another species with two FtsZ cluster is B. subtilis during
sporulation, resulting in an asymmetric division, too. During sporulation, B. subtilis
switches from one medial Z-ring to two polar Z-rings (and not only loose accumulations),
involving a spiral-like intermediate of FtsZ [221]. Unlike in H. neptunium, both Z-rings
have the capacity to trigger cytokinesis. However, only one Z-ring forms a septum and
the second nascent septum eventually is degraded [222, 223], which is deﬁnitely not the
case in H. neptunium.

3.5 Role of FtsK
DNA translocases play multiple important roles during cell diﬀerentiation and chromosome segregation. FtsK, a DNA translocase belonging to the FtsK/SpoIIIE family of
AAA+ ATPases, is involved in cell division as well as in chromosome segregation, dimer
resolution, and chromosome decatenation [145, 149, 150]. In this work, we studied the
FtsK homolog of H. neptunium. The unusual cell shape of this species and the separation
of the mother and daughter cell by a thin stalk, implies diﬀerences and adaptations in
the mechanism of chromosome segregation, its coordination with cell division, and thus
very likely in FtsK function.
In most species studied so far, FtsK is part of the division machinery and recruited in an
FtsZ-dependent manner to the division site [30, 146, 147]. Surprisingly, we demonstrated
that FtsK is distributed in a patchy pattern within the entire stalk in H. neptunium and
that this localization is not dependent on FtsZ (Fig. 2.5 and Fig. 2.23 A, p. 27 and 48). In
fact, FtsK localizes markedly before FtsZ assembles at the division site. Similar to known
FtsK proteins, the N-terminal part is suﬃcient to mediate this localization (Fig. 2.22 C,
p. 47). How FtsK ﬁnds the stalk remains elusive. Possibly, the localization is mediated by
stalk-speciﬁc features, e.g. diﬀerent PG composition or the presence of certain proteins.
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During the late stages of the cell cycle, FtsK maintains its position in the stalk. However,
after cytokinesis, it becomes diﬀuse in newborn swarmer cells. Due to the limited resolution of wideﬁeld ﬂuorescence microscopy, it remains unclear whether the last FtsK
complex in the stalk is positioned at the junction to the daughter cell, forming part of
the divisome. Evidence for FtsK being part of the divisome comes from the ability of
FtsKHNE to be recruited to the division site in C. crescentus (Fig. 2.24 C, p. 49). On the
other hand, it is possible that FtsK is only recruited to the divisome in H. neptunium
under certain conditions, e.g. when DNA is trapped at the closing septum, as known for
SpoIIIE [224, 225].
In H. neptunium, the replicated chromosome has to traverse the stalk to reach the daughter cell compartment. FtsK’s subcellular distribution tempted us to speculate about
a potential role of FtsK in DNA transport through the stalk (“working model”). It was
shown that the segregation of the ori region and other chromosomal loci through the
stalk occurs in a directed manner and very rapidly (A. Jung, unpublished), suggesting the
involvement of an active process, such as translocation by FtsK. Furthermore, the ori
region is actively segregated to the stalked cell pole in the mother cell [200], facilitating
the contact with the ﬁrst FtsK complex. The generation of an FtsK deletion or depletion
strain was not successful, emphasizing the essential role of FtsK in H. neptunium. The
importance of the C-terminal region, harbouring the DNA pump, is further supported
by the observation that a C-terminal fusion to GFP was not fully functional [193] and
even a conditional mutant, missing only the C-terminal part, could not be generated.
Remarkably, preliminary data of the cell cycle regulatory network of H. neptunium revealed that the expression of FtsK is at least slightly regulated by the cell cycle response
regulator CtrA (see section 3.1). This emphasizes its putative essential function. In C.
crescentus, the promotor region of ftsK contains a CtrA-binding motif as well, but it is not
completely certain that the variations in the ftsK transcriptional levels over the course of
the cell cycle are caused by CtrA-dependent regulation.
Experimental evidence for a role of FtsK in chromosome segregation through the stalk
comes from analyses of an ATPase-deﬁcient FtsK variant. Cells expressing FtsKK487A show
morphological defects and anucleate cell compartments (Fig. 2.26, p. 52). However, this
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phenotype is visible only in a fraction of the cell population, most likely because the
eﬀect of FtsKK487A is attenuated by the presence of the native protein. Furthermore, our
“working model” is supported by the presence of anucleate cell compartments in a strain
with putatively impaired FtsK expression (TALEFtsK ). This observation along with severe
morphological and stalk biogenesis defects in this strain (Fig. 2.27, p. 53), suggests that
FtsK is involved in DNA segregation through the stalk and that a perturbation in this
process has severe consequences. However, the majority of the cell population has a
wild type phenotype and a normal DNA distribution. Therefore, we hypothesize that
either the expression level of FtsK is still high enough to allow normal chromosome
segregation in most of the cells or that an FtsK-independent segregation mechanism
exists. In this case, FtsK may have a redundant role or ensures the robustness of the
process. Alternatively, it might be essential only under certain conditions, such as during
dimer formation, which occurs in a minority of cells.
Consistent with our “working model” suggesting a role of FtsK in bulk chromosome
segregation through the stalk, the distribution of FtsK-binding sites (KOPS) on the
H. neptunium chromosome diﬀers from other species like C. crescentus and E. coli,
in which FtsK is only required during the late stages of chromosome segregation. Usually,
KOPS motifs can be found throughout the chromosome mainly on the leading strand
(leading strand skew), with a lower density of motifs near the origin region and a high
density near the terminus region [153, 226, 227]. Interestingly, on the H. neptunium
chromosome, the KOPS have the leading strand skew, too, but the motifs are evenly
distributed between ori and ter [200], indicating that FtsK can be loaded onto the DNA
nearly everywhere. Consequently, the translocation activity might not be focused on the
terminus-proximal regions but on the vast majority of the DNA, as it would be required
when FtsK mediates bulk chromosome segregation.
During late stages of the cell cycle in E. coli and C. crescentus, FtsK mediates the resolution
of chromosome dimers by aligning the dif sites and directly activating the recombinase
XerD at the division site [149, 158]. In H. neptunium, the terminus region was shown to be
replicated and separated in the mother cell compartment (A. Jung, unpublished). Hence,
dimer resolution (and decatenation) likely occurs in the mother cell body and not at the
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division site. The involvement of a DNA translocase in this process is highly conserved
across species, indicating that FtsK, as the sole known DNA translocase encoded in the
H. neptunium genome, participates at least in the alignment of the dif sites, whereas
the activation of the recombinase is less conserved and might be dispensable. Possibly,
dimer resolution (and decatenation) occurs at the stalked mother cell pole in proximity
to the ﬁrst FtsK complex at the junction between the stalk and the mother cell, supported
by the fact that the terminus region localizes near the stalked mother cell pole and is
replicated there (A. Jung, unpublished).
As reported previously, FtsK has the ability to remove DNA-binding proteins from the
translocated regions of the chromosome [159, 207]. Therefore, we assume that the
majority of proteins binding to DNA in H. neptunium, are released during translocation
through the stalk by FtsK. This assumption was reinforced by several experiments using
the ParABS system from Yersinia pestis [228]. Most chromosomal loci labelled with this
method lost their signal during translocation (A. Raßbach, A. Jung, unpublished). When
the FROS system was applied, the signal of ori-proximal regions was largely persistent,
whereas the signal of ter-proximal regions was lost again ([200] and A. Jung, unpublished).
The underlying mechanisms are not completely clear, thus further evaluation is required.
Possibly, the divisome is already more constricted when the ter-proximal regions pass the
division site, leading to a removal of the respective proteins.It is conceivable that stripping
oﬀ proteins from segregated DNA helps H. neptunium to establish an asymmetry between
the mother cell and the daughter cell compartment in terms of DNA binding proteins.
An unequal distribution of proteins is a common theme in dimorphic bacteria to allow
diﬀerent cell fates [229]. In contrast to cytoplasmic proteins, which might not that easily
reach the daughter cell due to a longer distance they need to travel by diﬀusion, proteins
bound to DNA could simply travel with the segregated DNA to the daughter cell. In order
to prevent this, removal by FtsK might be an appropriate way to establish asymmetry.
Once they are released, they would rather stay in the mother cell compartment due to
the higher amount of DNA there.
Taken together, we could provide several lines of evidence that the FtsK homolog of
H. neptunium is involved in DNA segregation through the stalk. Nevertheless, the ﬁnal
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proof is still missing and the role of FtsK in this and additional processes needs further
investigation.

3.6 Concluding remarks and outlook
In the majority of bacteria, cell division seems to be a quite conserved process. However,
extensive research showed that there are variations and adaptations to ﬁt the individual
needs of certain species. Therefore, we have started to investigate cell division in the
stalked budding bacterium H. neptunium. The fascinating polyphyletic group of stalked
budding bacteria deviates from the well-studied model organisms, such as E. coli and
C. crescentus by their unique reproduction strategy and it will be very interesting to
investigate the subcellular organization and molecular mechanisms underlying this
mode of proliferation.
Here, we demonstrated that the cell division proteins FtsZ and FtsK exhibit an unusual
subcellular localization in H. neptunium. Both proteins were not exclusively found at the
division site. In the case of FtsZ, a second cluster remained at the mother stalked pole.
The nature of the two clusters remains elusive. Nevertheless, in terms of biochemical
properties, FtsZ behaves like its homologs. In the case of FtsK, the localization to the
entire stalk could reﬂect its adapted function in chromosome segregation through the
stalk. We presented several lines of evidence that FtsK is involved in this process, but the
underlying mechanism this process needs further investigation. Furthermore, we gave
proof that the role of MipZ in Z-ring positioning is not conserved across α-proteobacteria.
In H. neptunium, MipZ seems to play only a minor or no role in this process. It will be
interesting to analyze which function MipZ has in other species.
In summary, we could show that several highly conserved proteins behaved diﬀerently in H. neptunium, most probably due to an adaptation to the unique life style of
H. neptunium. Thus, this work demonstrates how important it is to study conserved
proteins in a variety of organisms and not to focus only on a few well-established model
organisms. It will be interesting to investigate the mechanisms and regulatory pathways
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involved in the asymmetric cell division of H. neptunium and identify the diﬀerences to
well-known systems.

4 Material and Methods
4.1 Material
4.1.1 Source of chemicals and enzymes
Chemicals used in this study were obtained from Amersham (UK), Applichem (Germany),
Becton Dickinson (USA), Carl-Roth (Germany), Difco (Spain), GE Healthcare (UK), Invitrogen (Germany), Kobe (Germany), Merck (Germany), Millipore (Germany), Perkin
Elmer (USA), Peqlab (USA), Sigma-Aldrich (USA) or Fisher Scientiﬁc (USA).
Enzymes required for manipulation and cloning (T4 DNA ligase, phosphatase, restriction
endonucleases) as well as size markers for DNA and proteins were purchased from
Fermentas (Canada) and New England Biolabs (NEB; USA). For PCR reactions KOD Hot
Start DNA Polymerase (Merck, Germany) or Biomix™ Red (Bioline, Germany) were used.

4.1.2 Buﬀers and Solutions
Standard buﬀers und solutions were prepared as described by Ausubel [230] and Sambrook [231]. Speciﬁc buﬀers and solutions are listed in the respective method section.
All buﬀers und solutions were prepared using de-ionized water (Purelab Ultra water puriﬁcation systems, ELGA, Germany) and autoclaved (20 min at 121 °C) or ﬁlter sterilized
(pore size 0.22 μm, Sarstedt, Germany) when required.

4.1.3 Media
All media were sterilized by autoclaving at 121 °C and 2 bar for 20 min. Heat-sensitive
additives such as antibiotics were ﬁlter sterilized (pore size 0.22 μm, Sarstedt, Germany)
and added to the cooled-down medium (60 °C). For solid media, 1.5% (w/v) agar was
added before autoclaving. All media additives are listed in tables 4.3 and 4.4.
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Complex medium for Escherichia coli
LB (lysogeny broth)
tryptone

1.0 % (w/v)

yeast extract

0.5 % (w/v)

NaCl

1.0 % (w/v)

Complex medium for Hyphomonas neptunium
MB (marine broth)
peptone

0.5 % (w/v)

yeast extract

0.01 % (w/v)

Fe(III)

0.4 mM

NaCl

0.3 M

MgCl2

62.0 mM

MgSO4

27.0 mM

CaCl2

16.0 mM

KCl

1.0 mM

Na2 CO2

1.9 mM

KBr

0.7 mM

SrCl2

0.2 M

H3 BO3

0.4 M

Na-silicate

22.0 mM

NaF

57.0 mM

(NH4 )NO3

20.0 mM

Na2 HPO4

35.0 mM

The medium was boiled in the microwave before autoclaving. Subsequently, it was ﬁlter
sterilized (pore size 0.22 μm, Sarstedt, Germany) to remove precipitates.
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Complex medium for Caulobacter crescentus
PYE (peptone yeast extract )
Bacto™ peptone

0.2 % (w/v)

yeast extract

0,1 % (w/v)

MgSO4

1 mM

CaCl2

0.5 mM

Table 4.3: Antibiotics
Final concentration [μg/μl]

Antibiotic

medium

E. coli
liquid

E. coli
solid

H. neptunium H. neptunium C. crescentus
liquid
solid
liquid

C. crescentus
solid

Kanamycin
[50 mg/ml]

30

50

100

200

5

25

Rifampicin
[10 mg/ml]

200

100

1

2

-

-

Ampicillin
[20 mg/ml]

200

200

-

-

-

-

Chloramphenicol
[10 mg/ml]

20

30

-

-

-

-

Table 4.4: Further media additives
Final concentration

Additive

medium

E. coli
liquid

E. coli
solid

H. neptunium H. neptunium C. crescentus
liquid
solid
liquid

C. crescentus
solid

DAP
[60 mM]

0.3 mM

0.3 mM

-

-

-

-

ZnSO4
[1 M]

-

-

0.5 mM

0.5 mM

-

-

CuSO4
[20 mM]

-

-

0.3 mM

0.3 mM

-

-

Glucose
[20%]

0.5%

0.5%

-

-

-

-

IPTG
[1 M]

0.5 mM

-

-

-

-

-

Xylose
[20%]

-

-

-

-

0.3%

-
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4.1.4 Oligonucleotides and Plasmids
Oligonucleotides were designed with Vector NTI Advance® 11.5 (Invitrogen, Germany) or
GeneTool Lite 1.0 (BioTools Inc., USA) and synthesized by either Euroﬁns MWG Operon
(Germany) or Sigma-Aldrich (USA).
In silico plasmid construction was performed using Vector NTI Advance® 11.5 (Invitrogen,
Germany). All oligonucleotides (table 5.4) and plasmids (table 5.3) used in this study are
listed in the appendix section.

4.1.5 Bacterial strains
All H. neptunium strains used in this study were derived from H. neptunium ATCC15444
(wild type). For general cloning purposes E. coli TOP10 (Invitrogen) was used as host
strain. As donor strain during conjugation E. coli WM3064 was used. Protein overproduction was conducted in E. coli Rosetta™ (DE3)/pLysS. Additionally, C. crescentus
CB15N (NA1000) was used for heterologous expression. All strains are listed in table 5.2
(appendix section).

4.2 Microbiological methods
4.2.1 Cultivation of E. coli
E. coli strains were grown aerobically in LB medium at 37 °C with shaking (220 rpm) or
on LB-agar plates overnight. Cultures of E. coli WM3064 had to be supplemented with
300 μM DAP.

4.2.2 Cultivation of H. neptunium
H. neptunium cells were grown in MB medium at 28 °C in baﬄed ﬂasks with constant
agitation (220 rpm) under aerobic conditions for 1-2 days. On MB-agar plates, cells were
incubated for 3-5 days.
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4.2.3 Cultivation of C. crescentus
C. crescentus was grown aerobically at 28 °C in PYE with shaking at 220 rpm or on PYE-agar
plates.

4.2.4 Storage
Cells of E. coli, H. neptunium and C. crescentus grown on solid media were stored at 4 °C
for a maximum of two weeks. For long-term storage, stationary cultures were supplemented with 10% DMSO and frozen at -80 °C.

4.2.5 Measurement of cell density
The cell density of liquid cultures was measured spectrophotometrically (Ultrospec 10
photometer). The corresponding medium served as blank value.

4.2.6 Synchronization of H. neptunium cells
A stationary pre-culture of H. neptunium (10 ml) was diluted into 60 ml fresh MB medium
and grown overnight to an OD600 of 0.6. Required equipment and solutions were precooled to 4 °C and all following steps were performed on ice.
Cells were harvested at 3000x g, 4 °C for 15 min and resuspended in 10-20 ml sterile 1x
PBS. Subsequently, the suspension was ﬁltrated using a 1.2 μm pore size ﬁlter membrane
(Millipore) and transferred to a new tube. Prior to the second ﬁltration step, the ﬁltration
equipment was cleaned with sterile 1x PBS. Afterwards, the cells were ﬁltrated using a
0.8 μm pore size ﬁlter membrane (Millipore). Swarmer cells were pellet by centrifugation
at 3000x g, 4 °C for 15 min. The OD600 was adjusted to 0.3-0.4 by addition of pre-warmed
MB medium. Cells were incubated at 28 °C and samples were taken at regular intervals.
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4.3 Microscopic methods
All microscopic analyses were conducted using a Zeiss Axio Observer.Z1 microscope
(Zeiss, Germany) equipped with a Zeiss Plan-Apochromat 100x/1.46 Oil DIC M27 objective and a pco.edge sCMOS camera (PCO, USA). For ﬂuorescence detection a X-Cite®
120PC metal halide light source (EXFO, Canada) along with ET-DAPI, ET-YFP, ET-GFP
and ET-TexasRed ﬁlter cubes (Chroma, USA) was used. Images were processed with
Metamorph 7.7.5 (Universal Imaging Group), Photoshop CS6, and Illustrator CS6 (Adobe
Systems).

4.3.1 Time-lapse microscopy
In order to visualize the localization of ﬂuorescent protein fusions over the cell cycle,
cells were grown to mid-exponential phase and immobilized on 1% MB-agarose pads.
To avoid drying-out, the sample was sealed with VLAP (vaseline, lanolin and paraﬃn at a
1:1:1 ratio). Alternatively, cells were monitored in a B04A microﬂuidic plate (CellASIC™
Onix, Millipore, Germany). Flow rate of the medium was adjusted to 0.25 psi. Images
were taken at the indicated time points.

4.3.2 Nucleoid staining
To image the nucleoid, cells were incubated with 1.5 μg/ml DAPI (4’,6-diamidino-2phenylindole) in the dark for 15 min at RT.

4.3.3 Nascent peptidoglycan staining
For visualizing newly synthesized peptidoglycan, the ﬂuorescent stain HADA (hydroxylcoumarin-carbonyl-amino-D-alanine) was used. Cells in mid-exponential phase were
incubated with pre-warmed HADA (ﬁnal concentration: 0.5 mM) with shaking at 28 °C
for 9 min (5% of the generation time). Afterwards, 100% ice-cold EtOH was added to a
ﬁnal concentration of 70% and cells were incubated on ice for 20 min. Cells were washed
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three times with 0.5 ml 1x PBS (18,000x g, 4 min), resuspended in 20-50 μl 1x PBS or MB,
and imaged (DAPI channel).

4.3.4 Immunoﬂuorescence microscopy
For immunoﬂuorescence analysis, cells were grown to mid-exponential phase and ﬁxed
with 2.5% paraformaldehyde supplemented with 0.008% glutaraldehyde for 15 min. After
incubation on ice for 40 min, cells were washed twice in 1-2 volumes 1x PBS (centrifugation step at 12,000x g for 1 min), resuspended in 1/5 volume GTE buﬀer (50 mM glucose,
20 mM Tris/HCl, pH 7.6, 10 mM EDTA), and transferred to poly-L-lysine coated 8-well
slides (Thermo Scientiﬁc, USA). After 10 min incubation, the liquid was aspirated oﬀ and
wells were dried. Subsequently, cells were blocked with 1% BSA in 1x PBS for 15 min and
incubated with an α-FtsK antibody at dilutions of 1:50 or 1:100 for 1 h at RT in a humid
chamber. Cells were washed ten times with 1x PBS and incubated with the secondary
antibody Alexa-Fluor 594 goat anti-rabbit (Invitrogen, Germany) at a dilution of 1:200
for 1 h at RT in the dark. Prior to microscopic analysis, SlowFade® Antifade (Invitrogen,
Germany) was applied to the cells.

4.3.5 Electron Microscopy
Electron microscopy was performed in collaboration with Dr. T. Heimerl (Philipps University Marburg, Department of Biology). Samples were prepared as described [108].
Brieﬂy, proteins were pre-centrifuged for 10 min at 16,000x g and 4 °C. H. neptunium FtsZ
(6 μM) and C. crescentus FtsZ (3 μM) were incubated in the absence or presence of 2 mM
GTP for 15 min at 30 °C in buﬀer P (50 mM HEPES/NaOH, pH 7.2, 50 mM KCl, 10 mM
MgCl2 ). Aliquots (5 μl) were withdrawn and applied to glow-discharged carbon-coated
grids. After 1 min, the grids were washed with one drop of distilled water, stained with
2% uranyl acetate for 1 min, and blotted to dryness. Images were taken using a JEOL
200kV JEM-2100 transmission electron microscope (JOEL, Germany) equipped with a 2k
F214 FastScan CCD camera.
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4.4 Molecular biological methods
4.4.1 Isolation of chromosomal and plasmid DNA
H. neptunium chromosomal DNA was prepared using the illustra™ bacteria genomic
Prep Mini Spin Kit (GE Healthcare, UK) according to the manufacturer’s instructions.
Plasmid DNA was isolated using the GeneElute™ Plasmid MiniPrep Kit (Sigma-Aldrich;
Germany) according to the manufacturer’s instructions. The concentration of DNA was
determined using a Nanodrop ND-1000 spectrophotometer (Nanodrop, USA).

4.4.2 Plasmid construction
A list of all plasmids used in this study (table 5.3) as well as their detailed construction
(table 5.5) can be found in the appendix section.
Plasmids for the expression of C- or N-terminal gene fusions from an inducible promoter in H. neptunium
In order to generate plasmids that are integrated into the H. neptunium genome at the Pzn
or Pcu locus by single homologous recombination, genes of interest were PCR ampliﬁed
using speciﬁc oligonucleotides carrying recognition sites of restriction enzymes. The PCR
product and the recipient vector, containing a fragment for homologous recombination
at Pzn /Pcu , were treated with the respective restriction enzymes and ligated in-frame as
described in section 4.4.10.
Plasmids for the generation of markerless deletions or insertions in H. neptunium
To obtain in-frame deletions of speciﬁc genes, the endogenous genes were replaced by
fragments containing only the terminal 10 to 12 amino acids of the target gene using
double homologous recombination. To this end, ∼700 bp fragments up- and downstream of the target gene were PCR-ampliﬁed and fused in a second PCR reaction by
overlap extention (overlap of 9 bp). The resulting PCR product and the pNPTS138 vector were treated with the respective restriction enzymes and ligated. The pNPTS138
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vector is a suicide vector, carrying a kanamycin resistance cassette and the sacB gene
for counterselection with sucrose. After transforming H. neptunium with a pNPTS138
derivative, positive clones were selected on MB-Kanamycin plates (ﬁrst homologous
recombination). These clones were re-streaked, grown in plain MB, and ﬁnally spread
onto MB plates supplemented with 0.3% sucrose to select for cells that have lost the
pNPTS138 derivative (second homologous recombination). These cells contained either
the wild type genotype or the markerless deletion of the target gene. Cells were tested
for kanamycin sensitivity and sucrose resistance in parallel. Additionally, deletion of the
gene was veriﬁed by colony PCR.
To replace native genes with fusion genes, a similar protocol was used. First, a ﬂuorescent
protein gene was fused to the 5’ end of the target gene. A ∼700 bp fragment downstream
of the gene was PCR-ampliﬁed and inserted downstream of the gene encoding the ﬂuorescent protein fusion. This fragment was then cloned into the pNPTS138 vector, and
the resulting plasmid was used as described above.

4.4.3 Preparation of chemically competent E. coli cells
Chemically competent E. coli cells were prepared after a modiﬁed protocol from Sambrook et al. [231]. Brieﬂy, an overnight culture of E. coli TOP10 was diluted 1:100 in
500 ml LB medium and incubated to an OD600 of ∼0.6. After 10 min incubation on ice,
cells were harvested at 3000x g and 4 °C for 10 min. The cell pellet was resuspended in
30 ml ice-cold 0.1 M CaCl2 and incubated on ice for 30 min. Subsequently, cells were
centrifuged like before, resuspended in 8 ml ice-cold 0.1 M CaCl2 supplemented with
15% (v/v) glycerol and snap-frozen in liquid nitrogen (150 μl aliquots). For further use,
cells were stored at -80 °C.
Preparation of chemically competent E. coli WM3064 cells was performed analogously,
but with addition of 300 μM DAP to the medium.
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4.4.4 Transformation of chemically competent E. coli cells
E. coli TOP 10
Competent cells were thawed on ice, mixed with 15 μl of the ligation reaction, and incubated on ice for 30 min. Afterwards, cells were heat-shocked at 42 °C for 90 s, placed on ice
for another 5 min, and mixed with 500 μl LB medium. The cell suspension was incubated
for 30-90 min at 37 °C with agitation and spread on LB-agar plates supplemented with
appropriate antibiotics. Single colonies appeared usually after ∼12 h incubation at 37 °C.
E. coli WM3064
In order to transform E. coli WM3064 cells, the following modiﬁcations to the protocol
described before were applied: LB media and plates contained 300 μM DAP. Instead of
15 μl of ligation reaction, 3 μl puriﬁed plasmid DNA was added to the competent cells
and the incubation after the heat-shock was performed without shaking at 37 °C.

4.4.5 Transformation of H. neptunium
H. neptunium cells were transformed by conjugation using E. coli WM3064 (dap- ) as
donor strain. To this end, E. coli (containing the plasmid of interest) and H. neptunium
cultures were grown to stationary phase and harvested by centrifugation at 7,600x g for
2 min. The cell pellets were washed with 1 ml MB medium supplemented with 300 μM
DAP each and ﬁnally resuspended in 100 μl MB medium containing 300 μM DAP. After
mixing, the two cell suspensions were spotted onto a MB-agar plate containing 300 μM
DAP but no antibiotics and incubated overnight at 28 °C. Cells were scraped oﬀ the plate
and resuspended in 1 ml MB medium (without DAP). Cells were washed twice with 1 ml
MB medium (centrifugation at 4,600x g for 2 min), resuspended in 1 ml MB medium,
and plated in dilutions of 1:10 and 1:100 on selective MB-agar plates. Single colonies
appeared usually after 5 days of incubation at 28 °C.
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4.4.6 Preparation of electrocompetent C. crescentus cells
The preparation of electrocompetent C. crescentus cells was performed as described
[232]. Brieﬂy, C. crescentus was grown in 2x PYE to an OD600 of 1.0 and harvested by
centrifugation (6,800x g, 4 °C, 10 min). Subsequently, cells were washed twice in 1 volume
ice-cold 10% glycerol, resuspended in 1/10 volume ice-cold 10% glycerol, and centrifuged
at 8,600x g for 10 min at 4 °C. Finally, the cell pellet was resuspended in 1/50 volume
ice-cold 10% glycerol, aliquoted á 80 μl, and snap-frozen in liquid nitrogen.

4.4.7 Transformation of electrocompetent C. crescentus cells
Competent cells were thawed on ice, mixed with 3-8 μl puriﬁed plasmid, and transferred
into pre-cooled electroporation cuvettes (0.1 cm, Bio-Rad, Germany). Electroporation
was performed at 1.5 kV, 400 Ω and 25 μF in a GenePulser XCell™ (Bio-Rad, Germany).
Following this, 900 μl ice-cold 2x PYE was added, cells were incubated 2-3 h at 28 °C, and
ﬁnally plated on selective PYE-agar plates.

4.4.8 Polymerase chain reaction (PCR)
Ampliﬁcation of speciﬁc DNA fragments was carried out using KOD Hot Start DNA
polymerase (Merck, Germany). The reaction mix and the used program are listed in table
4.5 and 4.7. Successful ampliﬁcation was veriﬁed by agarose gel electrophoresis (4.4.9).
PCR products were either puriﬁed with the GeneElute™ PCR Clean-up Kit or with the
GeneElute™ Gel Extraction Kit (both Sigma-Aldrich, Germany).
In order to verify plasmid uptake into E. coli cells or correct integration of DNA fragments into the chromosome of H. neptunium, colony PCR using BioMix™ Red (Bioline, Germany) was performed. The reaction mix is listed in table 4.6. In the case of
H. neptunium, cells had to be boiled for 10 min at 95 °C in water before adding them to
the PCR reaction mix.

86

4 Material and Methods

Table 4.5: Reaction mix for KOD-PCR (50 μl)

reagent

volume [μl]

10x KOD buﬀer

5

dNTP mix

5

DMSO (5%)

2.5

MgSO4

2

forward primer (100 μM)

0.35

reverse primer (100 μM)

0.35

chromosomal DNA

2

ddH2 O

31.8

KOD polymerase (1U/μl)

1

Table 4.6: Reaction mix for colony PCR (20 μl)

reagent

volume [μl]

BioMix™

10

DMSO (5%)

1

forward primer (100 μM)

0.1

reverse primer (100 μM)

0.1

DNA

2

ddH2 O

6.8

Table 4.7: PCR cycling parameters

step

temperature [°C]

time [min]

1. initial denaturation

95

2

2. denaturation

95

0.5

3. primer annealing

65

0.5

4. elongation

72

0.5 pro kb

5. ﬁnal elongation

72

4

25-35 cycles
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4.4.9 Agarose gel electrophoresis
DNA samples were mixed with 10x loading dye (50% (v/v) glycerol, 0.2% bromophenol
blue, 0.2% xylene cyanol FF, 0.2 M EDTA) and applied onto a 1% agarose gel containing
0.005% (v/v) ethidium bromide for visualization. Agarose gels were prepared in 0.5x TAE
buﬀer (2.42 g/l Tris base, 0.57 ml/l glacial acetic acid, 0.19 g/l EDTA).

4.4.10 Restriction and ligation
For DNA digestion, 1-5 μg DNA was incubated with selected restriction endonucleases
(NEB, USA; Fermentas, Canada) and the recommended buﬀer for 1-12 h at 37 °C. If necessary, 0.1 mg/ml bovine serum albumin (BSA, NEB, USA) was added to the mixture. To
dephosphorylate 5’ ends of plasmid backbones for cloning, DNA was additionally treated
with alkaline phosphatase (SAP or fastAP, Fermentas, Canada). Digested DNA products
were either puriﬁed with the GeneElute™ PCR Clean-up Kit or, after gel electrophoresis,
with the GeneElute™ Gel Extraction Kit (both Sigma-Aldrich, Germany).
For DNA ligation, the DNA insert together with the recipient vector (molar ratio 3:1) was
incubated with T4 DNA ligase in “rapid ligation buﬀer” (Fermentas, Canada) according
to the manufacturer’s instructions for 10-60 min at RT.

4.4.11 DNA sequencing
Sequencing of DNA products was performed by Euroﬁns MWG Operon (Germany). In
general, 50-100 ng of plasmid DNA or PCR product was provided together with suitable
oligonucleotides. Obtained sequences were analyzed with Vector NTI Advance® 11.5
(Invitrogen, Germany).
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4.5 Biochemical methods
4.5.1 Protein detection (SDS-PAGE)
To separate proteins according to their mass, denaturing SDS polyacrylamide gels were
used [233]. Protein samples were prepared as follows: Cells were collected by centrifugation at 18,000x g for 1 min. Next, cell pellets were resuspended in 2x SDS sample
buﬀer (125 mM Tris base, 20% (v/v) glycerol, 2% (w/v) SDS, 200 mM DTT, 0.001% (w/v)
bromophenol blue, pH 6.8) according to their optical density (100 μl buﬀer per 1 ml of
suspension with an OD600 of 1) and heated at 95 °C for 10-15 min. Samples taken during
biochemical assays (protein puriﬁcation, Co-IP) were mixed with 2x SDS sample buﬀer
in a ratio of 1:1 and heated at 95 °C for 10-15 min as well. Together with a molecular mass
marker (PageRuler™ Prestained Protein Ladder; Fermentas, Canada), protein samples
were loaded to an SDS gel consisting of a 5% stacking gel and an 11% resolving gel. For
the composition of SDS gels, see table 4.8. The electrophoretic separation was carried
out in 1x SDS running buﬀer (25 mM Tris base, 192 mM glycerol, 1% (w/v) SDS) at 15-30
MA per gel using the PerfectBlue™ Twin S system (Peqlab, USA).
To visualize the separated proteins, SDS gels were stained in Coomassie (40% methanol,
10% acetic acid glacial, 0.1% Coomassie Brilliant Blue R250) and destained (20% ethanol,
10% acetic acid glacial).

4.5.2 Immunoblot analysis
For immunoblot analysis, proteins were separated by SDS-PAGE as described before
and transferred onto a polyvinylidene ﬂuoride (PVDF) membrane (Millipore, USA) by
semi-dry transfer. To this end, the membrane was ﬁrst activated in 100% methanol for
15 sec, washed in H2 O for 2 min, and equilibrated in 1x Western transfer buﬀer (25 mM
Tris base, 192 mM glycerol, 10% methanol) for 5 min. The transfer of the proteins onto
the membrane was performed at 2 mA/cm2 for 1.5-2 h using a PerfectBlue™ SemiDry-Electro blotter (Peqlab, USA). The membrane was then blocked with 2.5-5% nonfat milk in 1x TBST (10 mM Tris base, 150 mM NaCl, 0.1% (w/w) Tween 20, pH 7.5)
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Table 4.8: Composition of an 11% resolving gel and a 5% stacking gel
component

5%

stacking gel (2.5 ml)

11%

resolving gel (5 ml)

ddH2 O

1.43 ml

1.9 ml

4x stacking buﬀer (0.5 M Tris
base, 0.4% (w/v) SDS, pH 6.8)

625 μl

-

4x resolving buﬀer (1.5 M Tris
base, 0.4% (w/v) SDS, pH 8.8)

-

1.25 ml

30% Rotiphorese®
Acrylamide/Bis (29:1)

417 μl

1.9 ml

TEMED (N,N,N’,N’Tetramethylethylendiamine)

1.9 μl

3 μl

10 % (w/v) APS
(Ammoniumperoxodisulfate)

25 μl

40 μl

overnight at 4 °C with gentle agitation. In order to detect proteins, the membrane was
incubated with the primary antibody (table 4.9), diluted in 2.5-5% non-fat milk in 1x
TBST, at RT for 1-2 h on a shaker. Before incubating the membrane with the secondary
antibody for 1-2 h, it was washed three times in 1x TBST. As secondary antibody an
α-rabbit horseradish peroxidase-coupled antibody (Perkin Elmer, USA) was used. The
membrane was rinsed ﬁve times with 1x TBST and incubated with Western Lightning™
Chemiluminescence Reagent Plus (PerkinElmer, USA) according to the manufacturer’s
instructions for 1 min. Visualization of the signal was achieved by exposing the membrane
to Amersham Hyperﬁlm™ ECL-Chemiluminescence ﬁlms (GE Healthcare, UK) followed
by development with a LAS-4000 Luminescent Image Analyzer (Fujiﬁlm, Germany).
Alternatively, the signal was visualized with the ChemiDoc™ MP Imaging System (BioRad, USA).
Table 4.9: Primary antibodies used for immunoblot analysis

antibody

dilution

reference

α-GFP

1:10,000

Sigma-Aldrich, Germany

α-HA

1:8,000

Millipore, Germany

α-FtsZ

1:20,000

this study

α-FtsK

1:20,000

this study
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4.5.3 Protein puriﬁcation and antibody synthesis
In order to obtain native FtsZ, His6 -SUMO-FtsZ was overproduced and puriﬁed. To this
end, plasmid pSE91 was transferred into E. coli Rosetta™ (DE3)/pLysS and cells were
grown in 2x 750 ml LB medium supplemented with the respective antibiotics to an OD600
of ∼1 at 37 °C with gentle agitation. By addition of 0.5 mM IPTG, protein overproduction
was started and carried out by incubating the cells at 37 °C for 3 h with agitation. Cells
were harvested at 7,500x g and 4 °C for 10 min, resuspended in 1/10 volume buﬀer BZ3
(50 mM Tris/HCl, pH 8.0, 300 mM KCl, 20 mM imidazole, 10% (v/v) glycerol), pelleted
(8,600x g, 4 °C, 10 min), and snap-frozen in liquid nitrogen. For the puriﬁcation, the
pellet was resuspended in 12 ml buﬀer BZ3 containing 100 μg/ml PMSF and 10 U/ml
DNaseI followed by cell lysis in a French Press (three passages at 16,000 psi). Cell debris
was removed by centrifugation at 30,000x g and 4 °C for 30 min and the lysate was applied
onto a HisTrap HP 5 ml column (GE Healthcare, UK) that had been equilibrated with
25 ml buﬀer BZ3 before. After washing the column with 25 ml buﬀer BZ3, the protein was
eluted by applying 50 ml of a linear imidazole gradient (20-250 mM imidazole). Selected
elution fractions were dialyzed against 3 l buﬀer CB (50 mM Tris/HCl, pH 8.0, 150 mM
KCl, 10% (v/v) glycerol) overnight. To cleave oﬀ the His6 -SUMO tag, the protein was
incubated with His6 -Ulp1 protease at a molar ratio of 1000:1 and 1 mM DTT for 2 h at 4 °C.
After centrifugation at 13,000x g and 4 °C for 30 min, the cleavage reaction was applied
onto a HisTrap HP 5 ml column equilibrated with buﬀer CB. The native FtsZ protein
could be found in the ﬂow-through fraction, whereas the His6 -SUMO tag and the His6 Ulp1 protease are bound to the column. FtsZ was ﬁnally dialyzed against 3 l buﬀer A4
(50 mM HEPES/NaOH, pH 7.2, 50 mM KCl, 0.1 mM EDTA, 10% (v/v) glycerol) overnight,
concentrated where necessary, snap-frozen in liquid nitrogen and stored at -80 °C until
further use. For puriﬁcation of FtsZ-His6 , plasmid pSE33 was transferred into E. coli
Rosetta™ (DE3)/pLysS. Cells were grown in 4x 750 ml LB medium supplemented with the
corresponding antibiotics to an OD600 of 1 at 37 °C. Expression was induced with 0.5 mM
IPTG. After incubation for 3 h at 37 °C, cells were harvested by centrifugation (7,500x g,
10 min, 4 °C) and washed twice in buﬀer B1 (50 mM NaH2 PO4 , 300 mM NaCl, 10 mM
imidazole, pH 8.0). After resuspension in buﬀer B2 (50mM NaH2 PO4 , 300 mM NaCl,
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10 mM imidazole, 1 mM β-mercaptoethanol, pH 8.0) supplemented with 100 μg/ml
PMSF and 10 U/ml DNase I, cells were lysed by 2-3 passages in a French press (16,000 psi).
Cell debris was removed by centrifugation at 30,000x g and 4 °C for 30 min. The cleared
lysate was applied onto a HisTrap HP 5 ml column (GE Healthcare, UK) that had been
equilibrated with 5 volumes buﬀer B3 (50 mM NaH2 PO4 , 300 mM NaCl, 20 mM imidazole,
1 mM β-mercaptoethanol, pH 8.0). The column was washed with 5 volumes buﬀer B3.
Subsequently, proteins were eluted with 10 volumes of a linear imidazole gradient (20250 mM imidazole) using buﬀer B3 and B4 (50 mM NaH2 PO4 , 300 mM NaCl, 250 mM
imidazole, pH 8.0). Selected elution fractions were dialyzed against 3 l buﬀer B6 (50 mM
HEPES/NaOH, pH 7.2, 50 mM NaCl, 5 mM MgCl2 , 0.1 mM EDTA, 10% glycerol, 1 mM
β-mercaptoethanol) overnight, snap-frozen, and stored at -80 °C until further use.
To purify His6 -FtsKΔ1-180 , plasmid pSE56 was transferred into E. coli Rosetta™
(DE3)pLysS and proceeded as described for FtsZ-His6 .
For antibody production, puriﬁed proteins were sent to Eurogentec (Belgium).

4.5.4 Crosslinking, Co-IP and mass spectrometry
For co-immunoprecipitation of FtsZ-HA, strains SE144 (Pzn ::Pzn -ftsZ-HA) and the
H. neptunium wild type were grown in 500 ml MB medium. Expression of FtsZ-HA was
induced with 0.5 mM ZnSO4 for 3 h. Proteins were crosslinked by addition of 0.6% paraformaldehyde (in 1x PBS) for 20 min at 37 °C. The reaction was stopped with 125 mM
glycine (in ddH2 O) for 5 min at RT. Cells were harvested by centrifugation (8,600x g,
10 min, 4 °C) and washed twice with 250 ml wash buﬀer 1 (50 mM NaPO4 , pH 7.4, 5 mM
MgCl2 ) and once with 25 ml wash buﬀer 1. Cell pellets (∼1 g) were snap-frozen in liquid
nitrogen and stored at -80 °C. Pellets were thawed on ice, washed with 100 ml Co-IP
buﬀer (20 mM HEPES/NaOH, pH 7.4, 100 mM NaCl, 20% glycerol, 0.5% Triton X-100),
and resuspended ﬁnally in 15 ml Co-IP buﬀer. After addition of 10 mM MgCl2 , 5 μg/ml
DNase I, 100 μg/ml PMSF, and 10 mg/ml lysozyme, the cell suspension was incubated
on ice for 30 min, followed by 3-4 passages in a French press (16,000 psi). Cell debris
was removed by centrifugation (30,000x g, 10 min, 4 °C). 2 ml of the cleared lysate were
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mixed with 100 μl Ezview™ Red anti-HA aﬃnity gel (Sigma-Aldrich, Germany), which
had been equilibrated two times with Co-IP buﬀer before. The mixture was incubated
for 2 h at 4 °C on a rotary shaker. After centrifugation (5,900x g, 2 min, 4 °C), the aﬃnity
gel-sample complexes were washed once with 750 μl Co-IP buﬀer, once with 750 μl wash
buﬀer 2 (50 mM Tris/HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100), and
once with 750 μl wash buﬀer 3 (100 mM Tris/HCl, pH 8.0, 750 mM NaCl, 1 mM EDTA,
0.05% Triton X-100). Precipitated proteins were eluted with 100 μl SDS sample buﬀer
without DTT and submitted to mass spectrometry analysis, performed in collaboration
with Jörg Kahnt (Department of Ecophysiology, MPI Marburg).

4.5.5 Non-radioactive GTPase assay
The GTPase activity of puriﬁed proteins was measured by a phosphate assay based on
ammonium molybdate [234]. Brieﬂy, FtsZ proteins were pre-incubated for 10 min at
30 °C in buﬀer P (50 mM HEPES/NaOH, pH 7.2, 50 mM KCl, 10 mM MgCl2 ). The reaction
was started by addition of GTP (Jena Bioscience, Germany) to a ﬁnal concentration of
2 mM. At the indicated time points, 150 μl samples were taken and mixed with 450 μl SolD.
This solution is instable and has to be prepared freshly from 2 volumes SolA (12% (w/v)
ascorbic acid dissolved in 1 M HCl) and 1 volume SolB (2% (w/v) ammonium molybdate
tetrahydrate dissolved in H2 O). The mixture was incubated for 5 min at RT. After addition
of 450 μl SolF (2% (w/v) sodium citrate, 2% (v/v) acetic acid dissolved in H2 O), the solution
was incubated for 15 min at RT and ﬁnally measured spectrophotometrically at 655 nm.
The amount of phosphate in the solution was calculated from a standard curve obtained
with diﬀerent concentrations of KH2 PO4 .

4.5.6 Polymerization assay
In order to evaluate the capability of puriﬁed FtsZ to form polymers, the protein was
incubated with or without 2 mM GTP in buﬀer P (50 mM HEPES/NaOH, pH 7.2, 50 mM
KCl, 10 mM MgCl2 ) at 25 °C for 20 min. Afterwards, the solution was ultra-centrifuged
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at 254,000x g and 25 °C for 15 min and the supernatant was removed. To visualize the
polymers, pellet fractions were applied onto a SDS gel and stained with Coomassie blue.

4.5.7 Right angle light scattering
Experiments were performed at 25 °C with 10 μM FtsZHNE or 10 μM FtsZCC , in buﬀer P
(50 mM HEPES/NaOH, pH 7.2, 50 mM KCl, 10 mM MgCl2 ). The excitation and emission
wavelength of the temperature-controlled ISS PC1 spectroﬂuorometer (ISS Inc., USA)
were set to 350 nm. The ﬁlamentation was started after 100 s by addition of 2 mM GTP
and followed for 500 s.

4.5.8 Bioinformatic and statistical methods
All H. neptunium nucleotide and amino acid sequences were obtained
from NCBI (http://www.ncbi.nlm.nih.gov/). Homologous proteins were identiﬁed
using the NCBI Blastp algorithm. Conserved protein domains were identiﬁed with the
help of the SMART (http://smart.embl-heidelberg.de/) or Pfam (http://pfam.xfam.
org/search) search. Transmembrane domains and signal sequences were predicted
using TMHMM and SignalP (both on http://expasy.org). Protein sequence alignments
were generated with ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/) and
processed with Jalview 2.8 [235]. For statistical analyses Origin 6.1 (OriginLab, USA) and
Boxplot Webtool (http://boxplot.tyerslab.com/) was used. Demographs were generated by measuring the ﬂuorescence intensity proﬁles with ImageJ 1.47v. The data were
then processed in R (version 3.1.1.) using the cell proﬁles script (http://github.com/tacameron/Cell-Profiles) [180]. Immunoblots were analyzed with Image Lab 5.0 (BioRad, USA).
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Table 5.1: Homologs of C. crescentus cell division proteins identiﬁed in H. neptunium by BLAST
analysis
Protein

H. neptunium

C. crescentus

FtsZ

HNE_0390

CCNA_02623

MipZ

HNE_1128

CCNA_02246

FzlA

HNE_3104

CCNA_03754

FzlC

HNE_3371

CCNA_00099

ZapA

HNE_3457

CCNA_03356

FtsA

HNE_0391

CCNA_02624

FtsE

HNE_3390

CCNA_02299

FtsX

HNE_3391

CCNA_02300

FtsK

HNE_3541

CCNA_03819

FtsQ

HNE_0392

CCNA_02625

FtsL

HNE_3031

CCNA_02644

FtsB

HNE_1978

CCNA_01797

FtsI

HNE_3030

CCNA_02643

FtsW

HNE_3025

CCNA_02635

FtsN

HNE_2049

CCNA_02086

TolA

HNE_0153

CCNA_03339

TolQ

HNE_0151

CCNA_03341

TolR

HNE_0152

CCNA_03340

TolB

HNE_0154

CCNA_03338

Pal

HNE_0155

CCNA_03337

AmiC

HNE_0674

CCNA_01952

DipM

-

CCNA_02075
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Table 5.2: Used strains
Strain

Genotype

Reference/Construction

ATCC15444

H. neptunium wild type strain

American Type Culture Collection

WS14

ATCC15444 ΔhfsB

[179]

CB15N

synchronizable derivative of wild type

[236]

C. crescentus
TOP10

F-

mcrA

Δ(mrr-hsdRMS-mcrBC)

Invitrogen

φ80lacZ ΔM15 ΔlacX74 nupG recA1
araD139 Δ(ara-leu)7697 galE15 galK16
rpsL(StrR ) endA1 λWM3064

thrB1004

pro

thi

lacZ ΔM15

RP4-1360

rpsL

hsdS

W. Metcalf, University of Illinois

Δ(araBAD)567

ΔdapA1341::[erm pir (wt)]
Rosetta™

F ompT hsdSB(rB- mB-) gal dcm (DE3)

Novagen

(CamR

(DE3) pLysS

pLysSRARE2

AR46

ATCC15444 ΔHNE0708

[185]

EC205

ATCC15444 ΔbacAB

E. Cserti (unpublished)

WS09

ATCC15444 ftsK ::ftsK-venus

[179]

JZ13

ATCC15444 Pzn ::Pzn -venus-tolQ

[237]

JZ28

ATCC15444 ftsQ::ftsQ-mCherry

[237]

JZ29

ATCC15444 ftsE::venus-ftsE

[237]

JZ49

ATCC15444 ftsA::venus-ftsA

J. Zimmer (this study)
Replacement of ftsA with venus-ftsA
in ATCC15444 using pJZ26
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Table 5.2: used strains: continued
Strain

Genotype

Reference/Construction

JZ50

ATCC15444 fzlA::venus-fzlA

J. Zimmer (this study)
Replacement of fzlA with venus-fzlA
in ATCC15444 using pJZ28

JZ51

ATCC15444 ftsW ::venus-ftsW

J. Zimmer (this study)
Replacement of ftsW with venusftsW in ATCC15444 using pJZ27

SE38

WS14 Pzn ::Pzn -gfp-zapA

[238]

SE71

ATCC15444 Pzn ::Pzn -venus-ftsK

this study
Integration of pSE23 in ATCC15444

SE74

ATCC15444 Pzn ::Pzn -ftsZ-venus

[238]

SE76

ATCC15444 Pzn ::Pzn -gfp-ftsA [238]

[238]

SE77

ATCC15444 Pzn ::Pzn -venus-ftsN

[238]

SE89

Rosetta™ (DE3) pLysS carrying pSE33

[238]

SE94

ATCC15444 Pzn ::Pzn -ftsZ

[238]

SE96

ATCC15444 Pzn ::Pzn -ftsN

[238]

SE97

ATCC15444 ΔftsZ Pzn ::Pzn -ftsZ

this study
Deletion of ftsZ in SE94 using pSE38

SE99

ATCC15444 ΔftsN Pzn ::Pzn -ftsN

this study
Deletion of ftsN in SE96 using
pSE40

SE104

ATCC15444 Pzn ::Pzn -ftsA-venus

this study
Integration of pSE24 in ATCC15444

SE106

ATCC15444 Pzn ::Pzn -mipZ-venus

this study
Integration of pSE44 in ATCC15444
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Table 5.2: used strains: continued
Strain

Genotype

Reference/Construction

SE113

ATCC15444 ΔmipZ Pzn ::Pzn -ftsZ-venus

this study
Integration of pSE14 in SE124

SE124

ATCC15444 ΔmipZ

this study
Deletion of mipZ in ATCC15444 using pAR24

SE133

Rosetta™ (DE3) pLysS carrying pSE56

this study

SE141

ATCC15444 ΔftsN Pzn ::Pzn -ftsN Pcu ::Pcu -

this study

ftsZ-venus

Integration of pSE58 in SE97

ATCC15444 Pzn ::Pzn -ftsZ -HA

this study

SE144

Integration of pSE63 in ATCC15444
SE147

SE148

SE150

ATCC15444 ΔftsZ Pzn ::Pzn -ftsZ Pcu ::Pcu -

this study

ftsK-venus

Integration of pSE59 in SE97

ATCC15444 ΔftsN Pzn ::Pzn -ftsN Pcu ::Pcu -

this study

ftsK-venus

Integration of pSE59 in SE99

ATCC15444 Pzn ::Pzn -ftsK aa1-185 -venus

this study
Integration of pSE57 in ATCC15444

SE151

ATCC15444 Pzn ::Pzn -ftsK-venus

this study
Integration of pSE54 in ATCC15444

SE152

ATCC15444 Pzn ::Pzn -venus-fzlC

this study
Integration of pSE64 in ATCC15444

SE156

ATCC15444 Pzn ::Pzn -ftsK K487A

this study
Integration of pSE67 in ATCC15444

SE157

ATCC15444 Pzn ::Pzn -ftsZ‘ -venus-’ftsZ

this study
Integration of pSE69 in ATCC15444
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Table 5.2: used strains: continued
Strain

Genotype

Reference/Construction

SE158

ATCC15444 ΔHNE0708 Pzn ::Pzn -ftsZ -

this study

venus

Integration of pSE14 in AR46

ATCC15444 ΔHNE0708 Pzn ::Pzn -ftsK -

this study

venus

Integration of pSE54 in AR46

ATCC15444 ftsI ::venus-ftsI

this study

SE159

SE161

Replacement of ftsI with venus-ftsI
in ATCC15444 using pSE68
SE170

ATCC15444 ΔmipZ Pzn ::Pzn -mipZ D62A

this study
Integration of pSE75 in SE124

SE174

ATCC15444 ΔbacAB Pzn ::Pzn -ftsZ -venus

this study
Integration of pSE14 in EC205

SE175

ATCC15444 ΔbacAB Pzn ::Pzn -ftsK -venus

this study
Integration of pSE54 in EC205

SE181

ATCC15444 fzlC::venus-fzlC

this study Replacement of fzlC with
venus-fzlC in ATCC15444 using
pSE76

SE194

Rosetta™ (DE3) pLysS carrying pSE91

this study

SE195

CB15N Pxyl ::Pxyl -ftsK -venus

this study
Integration of pSE93 in CB15N

SE197

ATCC15444 Pzn ::Pzn -TALE ftsK

this study
Integration of pSE94 in ATCC15444

SE203

ATCC15444 ftsN ::venus-ftsN

this study
Replacement of ftsN with venusftsN in ATCC15444 using pSE96
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Table 5.3: Used plasmids
Plasmid

Genotype/description

Reference/Source

pCCHYC-2

pXCHYC-2-based, integrating vector for construct-

[192]

ing C-terminal fusions to mCherry under the control of Pcu , KanR
pET21a(+)

Vector for overexpression of C-terminally His6 -

Novagen

tagged proteins, AmpR
pET28a(+)

Vector for overexpression of N-terminally His6 tagged proteins,

pNPTS138

pXCHYC-2

Novagen

KanR

sacB-containing suicide vector for double homol-

M. R. K. Alley,

ogous recombination

unpublished

Integrating plasmid for constructing C-terminal

[239]

fusions to mCherry under the control of Pxyl , KanR
pXCHYN-2

Integrating plasmid for constructing N-terminal
fusions to mCherry under the control of Pxyl ,

pXCFPC-2

[239]

KanR

Integrating plasmid for constructing C-terminal

[239]

fusions to CFP under the control of Pxyl , KanR
pXCFPN-2

Integrating plasmid for constructing N-terminal

[239]

fusions to CFP under the control of Pxyl , KanR
pXGFPC-2

Integrating plasmid for constructing C-terminal
fusions to GFP under the control of Pxyl ,

pXGFPN-2

[239]

KanR

Integrating plasmid for constructing N-terminal

[239]

fusions to GFP under the control of Pxyl , KanR
pXVENC-2

Integrating plasmid for constructing C-terminal

[239]

fusions to Venus under the control of Pxyl , KanR
pXVENN-2

Integrating plasmid for constructing N-terminal
fusions to Venus under the control of Pxyl ,

KanR

[239]
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Table 5.3: used plasmids: continued
Strain

Genotype/description

Reference/Source

14AEDVYC

plasmid carrying TALE FtsK

Life Technologies, USA

pAR24

pNPTS138 derivative for generating an in-frame

[185]

deletion in mipZ
pTB146

Vector for overexpression of N-terminally His6 -

[240]

SUMO-tagged proteins, AmpR
pKH8

Integrating vector for constructing C-terminal fu-

[241]

sions to mCherry under the control of Pzn , RifR
pJZ07

pSE51 derivative carrying ftsE

[237]

pJZ09

pSE51 derivative carrying tolQ

[237]

pJZ16

pNPTS138 derivative for replacing native ftsQ with

[237]

ftsQ-mCherry
pJZ17

pNPTS138 derivative for replacing native ftsE with

[237]

venus-ftsE
pJZ26

pNPTS138 derivative for replacing native ftsA with

J. Zimmer (this study)

venus-ftsA
pJZ27

pNPTS138 derivative for replacing native ftsW with

J. Zimmer (this study)

venus-ftsW
pJZ28

pNPTS138 derivative for replacing native fzlA with

J. Zimmer (this study)

venus-fzlA
pSE04

pXGFPC-2-based, integrating vector for construct-

(pZGFPC-2)

ing C-terminal fusions to GFP under the control of

[178]

Pzn , KanR
pSE14

pSE31 derivative carrying ftsZ -venus

[238]
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Table 5.3: used plasmids: continued
Strain

Genotype/description

Reference/Source

pSE16

pXGFPN-2-based, integrating vector for construct-

[238]

ing N-terminal fusions to GFP under the control
of Pzn (2), KanR
pSE23

pSE32 derivative carrying venus-ftsK

this study

pSE24

pSE31 derivative carrying ftsA-venus

this study

pSE25

pSE32 derivative carrying venus-ftsI

[238]

pSE26

pSE32 derivative carrying venus-ftsN

[238]

pSE27

pXGFPN-2-based, integrating vector for construct-

[178]

(pZGFPN-2)

ing N-terminal fusions to GFP under the control
of Pzn , KanR

pSE28

pXCHYC-2-based, integrating vector for construct-

(pZCHYC-2)

ing C-terminal fusions to mCherry unter the con-

[178]

trol of Pzn , KanR
pSE31

pXVENC-2 -based, integrating vector for construct-

[238]

ing C-terminal fusion to Venus under the control
of Pzn (2), KanR
pSE32

pXVENN-2 -based, integrating vector for construct-

[238]

ing N-terminal fusion to Venus under the control
of Pzn (2), KanR
pSE33

pET21a(+) derivative carrying ftsZ

[238]

pSE35

pKH8 derivative carrying ftsZ

[238]

pSE37

pKH8 derivative carrying ftsN

[238]

pSE38

pNPTS138 derivative for generating an in-frame

[238]

deletion in ftsZ
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Table 5.3: used plasmids: continued
Strain

Genotype/description

Reference/Source

pSE40

pNPTS138 derivative for generating an in-frame

[238]

deletion in ftsN
pSE44

pSE31 derivative carrying mipZ -venus

this study

pSE49

pXCHYN-2-based, integrating vector for construct-

[178]

(pZCHYN-2)

ing N-terminal fusions to mCherry under the control of Pzn , KanR

pSE50

pXVENC-2-based, integrating vector for construct-

(pZVENC-2)

ing C-terminal fusions to Venus under the control

[178]

of Pzn , KanR
pSE51

pXVENN-2-based, integrating vector for construct-

(pZVENN-2)

ing N-terminal fusions to Venus under the control

[178]

of Pzn , KanR
pSE52

pXCFPC-2-based, integrating vector for construct-

(pZCFPC-2)

ing C-terminal fusions to CFP under the control of

[178]

Pzn , KanR
pSE53

pXCFPN-2-based, integrating vector for construct-

(pZCFPN-2)

ing N-terminal fusions to CFP under the control of

[178]

Pzn , KanR
pSE54

pSE50 derivative carrying ftsK

this study

pSE56

pET28a(+) derivative carrying ftsK aa1-180

this study

pSE57

pSE50 derivative carrying ftsK Δaa186-837

this study

pSE58

pCCHYC-2 derivative carrying ftsZ-venus

this study

pSE59

pCCHYC-2 derivative carrying ftsK-venus

this study

pSE63

pSE50 derivative carrying ftsZ-HA

this study
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Table 5.3: used plasmids: continued
Strain

Genotype/description

Reference/Source

pSE64

pSE32 derivative carrying venus-fzlC

this study

pSE67

pSE50 derivative carrying ftsK K487A

this study

pSE68

pNPTS138 derivative for replacing native ftsI with

this study

venus-ftsI
pSE69

pSE50 derivative carrying the ftsZ sandwich fusion

this study

pSE75

pSE52 derivative carrying mipZ D62A

this study

pSE76

pNPTS138 derivative for replacing native fzlC with

this study

venus-fzlC
pSE84

pET21a(+) derivative carrying ftsZ (with stop

this study

codon)
pSE91

pTB146 derivative carrying ftsZ

this study

pSE93

pXVENC-2 derivative carrying ftsK

this study

pSE94

pSE53 derivative carrying TALE ftsK

this study

pSE96

pNPTS138 derivative for replacing native ftsN with

this study

venus-ftsN

Table 5.4: Used oligonucleotides
Name

Sequence (5’ - 3’)

RecUni-1

atgccgtttgtgatggcttccatgtcg

M13for

gccagggttttcccagtcacga

M13rev

gagcggataacaatttcacacagg

eGYC-down

gctgctgcccgacaaccactacctgag

eGYC-up

cttgccgtaggtggcatcgccctcg

mCherry-up

ctcgccctcgccctcgatctcgaac

mCherry-down

ggcgcctacaacgtcaacatcaagttgg
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Table 5.4: used oligonucleotides: continued
Name

Sequence (5’ - 3’)

REV-uni

ggggatgtgctgcaaggcgattaagttg

pET-for

cacgatgcgtccggcgtagaggatc

pET-rev

cctttcagcaaaaaacccctcaagacccg

RecZn-2

aggcaaccagcacgaacgccagc

P2372_check_fwd

cgcgggcgatgttgaggaagttctg

pCop1486_out_for

cgaagtccgccgtggccgag

pCop1486_check_for

ccccttatcatccagaccagctacg

pCop1486_check_rev

ggcttttgattttttgacgtcgag

Pxyl -for

tgtcggcggcttctagcatggaccg

oAR188

gcggcatatgcccgctgacggcgtcgctcat

oAR189

aggtaccgaagtcgatgctggcgccggcaagc

oJZ48

atggatccgccattgagaaagaccgaaacagcg

oJZ59

gtttgccatggtaccatgcatattaattaaggcgcc

oJZ60

gcgcacctgatggtgagcaagggcgaggagctg

oJZ61

catggtaccatggcaaacctctcggcaaaacgc

oJZ62

gctcaccatcaggtgcgctcaccggcggg

oJZ63

ataagcttctggatgggcgggtcgatgtc

oJZ64

ataagcttgccaaggggccgcaaaaggtg

oJZ65

gctcaccatgcggtcaccttgaggctcgcc

oJZ66

atagctcacggtaccatgcatattaattaaggcgcc

oJZ67

ggtgaccgcatggtgagcaagggcgaggagctg

oJZ68

catggtaccgtgagctatacggccaacgcaccg

oJZ69

atggatccgtcgagctggtagctgtcgagtggc

oJZ70

ataagcttcgccctggacaataaggtcgcc

oJZ71

gctcaccatgaattatactgtggataacatgcg

oJZ72

tcgcagcatggtaccatgcatattaattaaggcgcc

oJZ73

gtataattcatggtgagcaagggcgaggagctg

oJZ74

catggtaccatgctgcgactgtatcactggcccc

oJZ75

atggatccccgttcttttagccgggctgcg

oKH34

atttccactggatgggcagcaaaac

oSE15

cgcgggcgatgttgaggaagttctg

oSE16

aattaacatatgacccaagaactcagacccaaaatcg
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Table 5.4: used oligonucleotides: continued
Name

Sequence (5’ - 3’)

oSE17

atgagctccgttattggcggaccggcgcag

oSE18

aattaacatatgacagattacgccagccgcgacac

oSE19

atgagctccagctgcgctggccttgccgttg

oSE28

caccggcatcggcctctattgcg

oSE29

ttccttgatgcggccacggatgc

oSE30

ccttgccggcgaccagcatcagg

oSE37

aacaccatgtgggcgccttcaagatggaggc

oSE38

ggcgcccacatggtgttcatcgccgcgggcatg

oSE39

atgagctcgcatgacagattacgccagccgcgacac

oSE40

aattagctagcttaagctgcgctggccttgccgttg

pSE41

aattaacatatggcaaacctctcggcaaaacgcctcg

pSE42

atgagctccgaaattttccttcagccagcgcagcg

oSE47

atggtacctcagttattggcggaccggcg

oSE48

aattaacatatgagccgatcggacatggcaggcc

oSE49

atggtaccttatcccgtcaccacgatgcaatttg

oSE50

atgagctcttaagctgcgctggccttgccgttg

oSE51

aattctgcaggtggccagcatgtcaccgcagacc

oSE52

gaaggcgggaacgacgattttgggtctgagttc

oSE53

atcgtcgttcccgccttcctgcgccggtccg

oSE54

atggatccgcttggggccgtcaataacttcaac

oSE55

aattctgcaggaagcccaggtcgccgcgctctc

oSE56

tgccccggagttttcgcggcctgccatgtcc

oSE57

cgcgaaaactccggggcaaattgcatcgtggt

oSE58

atggatcctcatgaccttggagaccgtggcg

oSE63

cgggccttggcacgctgatcgag

oSE64

tgggaaaccctcgaaggcctcgtc

oSE66

gcaacacatcgcagcccgccacg

oSE67

gcaacacatcgcagcccgccacg

oSE73

aattaacatatgggccgccgcgatgcccagctg

oSE74

atggatccttaagctgcgctggccttgccgttg

oSE75

atgagctccctgggcatcgcggcggccaaag

oSE77

atgagctcttaagcgtagtctgggacgtcgtatgggtagttattggcggaccggcgcag
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Table 5.4: used oligonucleotides: continued
Name

Sequence (5’ - 3’)

oSE78

atggtaccttggccgagagcgagtctgatttc

oSE79

atgagctctcaggcgggcgtttcgcggatg

oSE82

cggttcgggtgcatcggtcggcgtcaacg

oSE83

gccgaccgatgcacccgaaccggtggt

oSE84

caccatgctcgatccgctctcggcgcgcgagcgggcgagg

oSE85

gccgagagcggatcgagcatggtgagcaagggcgaggagc

oSE86

ctgcatacccggtgcaccagacttgtacagctcgtccatgccg

oSE87

tacaagtctggtgcaccgggtatgcagctccagcttggccttg

oSE88

aattaaaagcttgcagagcgcatattgaagcccggc

oSE89

cttgctcaccatctgggcgcctccgcagg

oSE90

ggcgcccagatggtgagcaagggcgaggagctg

oSE91

atggatccaggcgtatcgctggcgcggttgg

oSE92

ggccgtatccgcgtctccgtggtg

oSE93

gcggcggttgtcgaggaagctgt

oSE94

ggggctggccgacctgaaaccg

oSE95

tcattgatctcgcagtccgccagcgctc

oSE96

gcgctggcggactgcgagatcaatgac

oSE97

atggtacctcagaagtcgatgctggcgccggca

oSE98

aattaaaagctttatttcgctttagggagaggggatg

oSE99

cttgctcaccatggctggacctatccccgaactctg

oSE100

ggtccagccatggtgagcaagggcgaggagctg

oSE101

atggatccggccgccatcgggcaggatctg

oSE102

gcggaaaattcccataccggacag

oSE108

atgagctctcagttattggcggaccggcg

oSE116

atggatcctcagttattggcggaccggcg

oSE117

atgctcttcaggtatgacccaagaactcagacccaaaatc

oSE118

aattaacatatggacctgagaacactgggatattc

oSE119

atggtaccttactgcagaatcctatcccatctc

oSE120

gacaggagcccctctgaacc

oSE121

gacagctgggccacaatgct

oSE122

gttcagaggggctcctgtcaggg

oSE124

aattaaaagcttcgaccagttcgccggcccagaag
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Table 5.4: used oligonucleotides: continued
Name

Sequence (5’ - 3’)

oSE125

gctcaccatggaagaactccttggaatcaatcac

oSE126

agttcttccatggtgagcaagggcgaggagctg

oSE127

atggatccacgcggagacggtagaagacacc

oSE128

ccatcaggatcacgccccacgga

Table 5.5: Construction of plasmids
Plasmid

Construction

pJZ26

Ampliﬁcation of ∼700 bp upstream of ftsA from ATCC15444 chrom. DNA using
oligos oJZ62 and oJZ63. Ampliﬁcation of venus from pJZ07 using oligos oJZ59
and oJZ60. Ampliﬁcation of the ﬁrst ∼700 bp of ftsA from ATCC15444 chrom.
DNA using oligos oJZ61 and oJZ48. Fusion of the three PCR-products by overlapextension PCR,restriction with HindIII BamHI, and ligation into pNPTS138 cut
with HindIII BamHI.

pJZ27

Ampliﬁcation of ∼700 bp upstream of ftsW from ATCC15444 chrom. DNA using
oligos oJZ64 and oJZ65. Ampliﬁcation of venus from pJZ07 using oligos oJZ66
and oJZ67. Ampliﬁcation of the ﬁrst ∼700 bp of ftsW from ATCC15444 chrom.
DNA using oligos oJZ68 and oJZ69. Fusion of the three PCR-products by overlapextension PCR, restriction with HindIII BamHI, and ligation into pNPTS138 cut
with HindIII BamHI.

pJZ28

Ampliﬁcation of ∼700 bp upstream of fzlA from ATCC15444 chrom. DNA using
oligos oJZ70 and oJZ71. Ampliﬁcation of venus from pJZ07 using oligos oJZ72
and oJZ73. Ampliﬁcation of the ﬁrst ∼700 bp of fzlA from ATCC15444 chrom.
DNA using oligos oJZ74 and oJZ75. Fusion of the three PCR-products by overlapextension PCR, restriction with HindIII BamHI, and ligation into pNPTS138 cut
with HindIII BamHI.

pSE23

Ampliﬁcation of ftsK from ATCC15444 chrom. DNA using oligos oSE39 and oSE40,
restriction with SacI NheI, and ligation into pSE32 cut with SacI NheI.
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Table 5.5: construction of plasmids: continued
Plasmid

Construction

pSE24

Ampliﬁcation of ftsA from ATCC15444 chrom. DNA using oligos oSE41 and oSE42,
restriction with SacI NheI, and ligation into pSE31 cut with SacI NheI.

pSE44

Ampliﬁcation of mipZ from ATCC15444 chrom. DNA using oligos oAR188 and
oAR189, restriction with NdeI KpnI, and ligation into pSE31 cut with NdeI KpnI.

pSE54

Ampliﬁcation of ftsK from ATCC15444 chrom. DNA using oligos oSE18 and oSE19,
digestion with NdeI SacI, and ligation into pSE50 cut with NdeI SacI.

pSE56

Ampliﬁcation of ftsK aa181-837 from ATCC15444 chrom. DNA using oligos oSE73
and oSE74, digestion with NdeI BamHI, and ligation into pET28a(+) cut with
NdeI BamHI.

pSE57

Ampliﬁcation of ftsK aa1-185 from ATCC15444 chrom. DNA using oligos oSE18 and
oSE75, digestion with NdeI SacI, and ligation into pSE50 cut with NdeI SacI.

pSE58

Restriction of pSE14 with NdeI NheI and isolation of the ftsZ -venus fragment.
Restriction of pCCHYC-2 with NdeI NheI, isolation of the vector backbone, and
ligation with ftsZ -venus.

pSE59

Restriction of pSE54 with NdeI NheI and isolation of the ftsK -venus fragment.
Restriction of pCCHYC-2 with NdeI NheI, isolation of the vector backbone, and
ligation with ftsK -venus.

pSE63

Ampliﬁcation of ftsZ-HA from pSE14 plasmid DNA using oligos oSE16 and oSE77,
digestion with NdeI SacI, and ligation into pSE50 cut with NdeI SacI.

pSE64

Ampliﬁcation of fzlC from ATCC15444 chrom. DNA using oligos oSE78 and oSE79,
digestion with KpnI SacI, and ligation into pSE32 cut with KpnI SacI.

pSE67

Ampliﬁcation of the 5’ part of ftsK from ATCC15444 chrom. DNA using oligos
oSE18 and oSE83 (carries mutation). Ampliﬁcation of the 3’ part of ftsK from
ATCC15444 chrom. DNA using oligos oSE82 (carries mutation) and oSE50. Fusion
of the two ftsK parts by overlap-extension PCR, restriction with NdeI SacI, and
ligation into pSE50 cut with NdeI SacI.
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Table 5.5: construction of plasmids: continued
Plasmid

Construction

pSE68

Ampliﬁcation of ∼700 bp upstream of ftsI from ATCC15444 chrom. DNA using oligos oSE88 and oSE89. Ampliﬁcation of venus-ftsI‘ from pSE25 plasmid DNA using
oligos oSE90 and oSE91. Fusion of the two PCR-products by overlap-extension
PCR, digestion with HindIII BamHI, and ligation into pNPTS138 cut with HindIII
BamHI.

pSE69

Ampliﬁcation of the 5’ part of ftsZ aa1-51 from pSE35 plasmid DNA using oligos
oSE16 and oSE84. Ampliﬁcation of venus from pSE50 using oligos oSE85 and
oSE86. Ampliﬁcation of 3’ part of ftsZ aa52-xy from pSE35 plasmid DNA using
oligos oSE87 and oSE47. Fusion of the three PCR-products by overlap-extension
PCR, restriction with NdeI KpnI, and ligation into pSE50 cut with NdeI KpnI.

pSE75

Ampliﬁcation of the 5’ part of mipZ from pSE44 plasmid DNA using oligos oAR188
and oSE96 (carries mutation). Ampliﬁcation of the 3’ part of mipZ from pSE44
plasmid DNA using oligos oSE95 (carries mutation) and oSE97. Fusion of the two
mipZ parts by overlap-extension PCR, restriction with NdeI KpnI, and ligation
into pSE52 cut with NdeI KpnI.

pSE76

Ampliﬁcation of ∼700 bp upstream of fzlC from ATCC15444 chrom. DNA using
oligos oSE98 and oSE99. Ampliﬁcation of venus-fzlC‘ from pSE64 plasmid DNA
using oligos oSE100 and oSE101. Fusion of the two PCR-products by overlapextension PCR, digestion with HindIII BamHI, and ligation into pNPTS138 cut
with HindIII BamHI.

pSE84

Ampliﬁcation of ftsZ from pSE58 plasmid DNA using oligos oSE16 and oSE108,
restriction with NdeI SacI, and ligation into pET21a(+) cut with NdeI SacI.

pSE91

Ampliﬁcation of ftsZ from pSE84 plasmid DNA using oligos oSE117 and oSE116,
digestion with SapI BamHI, and ligation into pTB146 cut with SapI BamHI.

pSE93

Restriction of pSE54 with NdeI NheI and isolation of the ftsK -venus fragment.
Restriction of pXVENC-2 with NdeI NheI, isolation of the vector backbone, and
ligation with ftsK -venus.
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Table 5.5: construction of plasmids: continued
Plasmid

Construction

pSE94

Ampliﬁcation of TALE ftsK from 14AEDVYC plasmid DNA using oligos oSE118 and
oSE119, restriction with NdeI KpnI, and ligation into pSE53 cut with NdeI KpnI.

pSE96

Ampliﬁcation of ∼700 bp upstream of ftsN from ATCC15444 chrom. DNA using
oligos oSE124 and oSE125. Ampliﬁcation of venus-ftsN’ from pSE26 plasmid DNA
using oligos oSE126 and oSE127. Fusion of the two PCR-products by overlapextension PCR, digestion with HindIII BamHI, and ligation into pNPTS138 cut
with HindIII BamHI.
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