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Abstract

Abstract
The bacterial actin-like cell division protein FtsA forms antiparallel double
filaments upon binding FtsN
Tim Nierhaus
Cell division is essential for the propagation of all living organisms. In the vast majority
of bacteria, cell division is carried out by the divisome, a multiprotein machine
spanning the cell envelope. The divisome performs membrane invagination,
peptidoglycan synthesis and remodelling, and eventually cell separation. Filaments of
the tubulin homologue FtsZ form the scaffold for divisome assembly in the cytoplasm,
the Z-ring. Actin-like FtsA tethers FtsZ to the inner membrane and facilitates
recruitment of downstream divisome components. The late divisome component FtsN
is a bitopic membrane protein that activates peptidoglycan synthesis. Recent genetic
studies have suggested that the interaction of FtsA and FtsN is crucial for divisome
integrity and function. So far biochemical and structural evidence for the FtsA-FtsN
interaction have remained scarce or absent, and we have no mechanistic
understanding of its putative signalling function.
In this study, I show that Escherichia coli FtsA, upon binding the short, cytoplasmic
part of FtsN, forms antiparallel double filaments on lipid monolayers. My
complementary X-ray crystallography studies provide a near-atomic resolution
structure of the FtsA double filament and a first insight into the putative FtsA-FtsN
binding site. FtsA filaments resemble the antiparallel double filaments formed by the
actin homologue MreB involved in cell elongation. MreB filaments sense curvature and
serve as a rudder in the cell elongation complex, ensuring oriented insertion of
peptidoglycan around the cell circumference. Following from that I propose that
curvature sensing is conserved in FtsA double filaments and, together with
treadmilling FtsZ filaments, provides a guiding mechanism for membrane constriction
and septal peptidoglycan synthesis during cell division.
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Introduction

1.1

The prokaryotic cytoskeleton

Spatiotemporal organisation of subcellular components is vital in all living cells. The
organising protein components are called cytoskeletons. They were first identified in
eukaryotes and there they are divided into three families: actins, tubulins and
intermediate filaments (IFs). Together cytoskeletal proteins organise a plethora of
fundamental processes in the cell, such as cell shape, cell motility, DNA segregation
and cell division (Cabeen and Jacobs-Wagner, 2010; Wagstaff and Löwe, 2018).
To provide long-range organisation of subcellular components, cytoskeletons have to
overcome the discrepancy in scale between a monomeric protein (typically 5-10 nm)
and the cell (typically 1-5 µm for prokaryotes and 10-100 µm for eukaryotes). To do
so all cytoskeletal proteins self-associate to form filaments – regular, linear polymers
(Wagstaff and Löwe, 2018). In case of actins and tubulins, filament stability is further
coupled to nucleotide state which makes actin and tubulin filaments dynamic. This
property allows the filaments to exert force, needed to push or pull cargos into position.
It has been proposed to name those dynamic filaments ‘cytomotive’ (Löwe and Amos,
2009; Wagstaff and Löwe, 2018); in contrast to the rather static ‘cytoskeletal’ filament
systems that predominantly provide scaffolding functions.
The hypothesis that prokaryotes, much like their eukaryotic counterparts, possess a
cytoskeleton was first supported by the discovery of cell division protein FtsZ and its
role in cytokinesis almost 30 years ago (Bi and Lutkenhaus, 1991; den Blaauwen et
al., 2017). FtsZ exhibits GTPase activity and forms single protofilaments and sheets
in vitro (Bramhill and Thompson, 1994; de Boer et al., 1992; Erickson et al., 1996;
Mukherjee et al., 1993; Mukherjee and Lutkenhaus, 1994; RayChaudhuri and Park,
1992). In cells, FtsZ filaments are organised into the cytokinetic ring during cell division.
FtsZ seemed to be homologous to eukaryotic tubulins but only shares about 20-30%
sequence identity with tubulins, leaving some uncertainty about their relationship. The
structures of αβ-tubulin and FtsZ from Sus scrofa and the archaeon Methanococcus
jannaschii, respectively, confirmed that prokaryotic FtsZ and eukaryotic tubulins are
indeed structural homologues (Löwe and Amos, 1998; Nogales et al., 1998a; Nogales
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et al., 1998b). The first crystal structure of an eukaryotic actin was solved in 1990
(Kabsch et al., 1990). In a seminal study, Bork and colleagues showed that the actin,
hexokinase and Hsp70 protein families share an ancient fold (Bork et al., 1992). They
predicted prokaryotic proteins MreB and FtsA to have an actin-like fold. MreB is
involved in cell shape maintenance and cell elongation (Jones et al., 2001), whereas
FtsA is essential for cell division (Pichoff and Lutkenhaus, 2002). X-ray crystallography
studies confirmed that both MreB and FtsA are actin homologues (van den Ent and
Löwe, 2000; van den Ent et al., 2001). Conserved structure and function between FtsZ
and MreB and their respective eukaryotic counterparts provided strong evidence for a
prokaryotic origin of the cytoskeleton. Since, many more actins, tubulins and coiled
coil filaments – some similar to IFs – have been discovered in prokaryotes
[comprehensively reviewed in (Löwe and Amos, 2017)]. The most promising candidate
of an IF-like protein in bacteria is crescentin: a coiled coil protein that forms filaments
and gives Caulobacter crescentus its crescent shape (Ausmees et al., 2003). High
resolution structural information on crescentin is missing.
A few archaea were found to use homologues of the ESCRT-III system for cell division.
(Lindas et al., 2008; Makarova et al., 2010). While euryarchaea mostly use FtsZ for
cell division, several crenarchaea, such as Sulfolobus spp., lost the ancient FtsZ and
rely on the ESCRT-related Cdv proteins for division. More recently, progress has been
made in identifying and characterising prokaryotic cytoskeletons with no apparent
eukaryotic counterparts. Unlike most cytoskeletal proteins, CrvA filaments form in the
periplasm (Bartlett et al., 2017). The filaments determine the curved shape of Vibrio
ssp. which supports motility and virulence of the bacteria. Bactofilins are β-helical
proteins with high polymerisation propensity (Deng et al., 2019). Bactofilin filaments
bind membranes and appear to have scaffolding function, for example in stalk
formation in Caulobacter crescentus (Kuhn et al., 2010).
The large number and variety of cytoskeletons found in bacteria and archaea to date
demonstrates the usefulness of protein filaments as well as their prokaryotic origins.
However, no cytomotive filaments have been identified outside the actin and tubulin
superfamilies. Bacteria are lacking molecular motor proteins (no kinesins, dyneins or
myosins) and, to a large extent also, the numerous regulatory proteins of actin and
tubulin polymerisation found in eukaryotes. Hence, actin and tubulin homologues are
2
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fundamentally important in bacteria, as their filaments directly enable subcellular
organisation through processive movement and mechanical work.
1.1.1 Prokaryotic actins and tubulins – cytomotive protein filaments
Actins and tubulins are ubiquitous throughout all domains of life. Currently, they are
the only protein families known to form cytomotive filaments. This enables them to
perform vital tasks in subcellular organisation and motility (Wagstaff and Löwe, 2018).
Most, if not all, actins and tubulins have ATPase or GTPase activity, respectively. In
cells, monomers of actin and tubulin are mostly bound to nucleotide triphosphates
(NTPs). Nucleotide state is coupled to filament stability such that nucleotide hydrolysis
catalysed by subunits within the filament destabilises the polymer. Thus, actin and
tubulin filaments can be highly dynamic and exert force. Most members within the actin
and tubulin superfamilies only share 20-30 % sequence identity. However,
three-dimensional fold and, to some extent, longitudinal protofilament contacts are
strictly conserved within each protein family (Figure 1; Figure 3).
The globular domain of tubulins is comprised of a N-terminal GTPase domain and a
C-terminal activation domain. The two domains are linked by the central helix 7
(Nogales et al., 1998a). For eukaryotic tubulins and their close homologues, the
activation domain can further be subdivided into an intermediate and C-terminal
subdomain. Ancient tubulins such as FtsZ lack the two helices composing the
C-terminal subdomain (Figure 1). Many tubulin monomers interact head-to-tail to form
a protofilament, a linear polymer one subunit wide. Hence, tubulin protofilaments are
polar, meaning their ends are different. The polymerisation interface is formed of the
GTPase domain of a GTP-bound monomer and the activation domain of the adjacent
subunit, which completes the catalytic site. Subsequent nucleotide hydrolysis
weakens the interface between subunits and destabilises the filament. Because of this
coupling between nucleotide state and filament stability, polymers formed by members
of the tubulin superfamily can be highly dynamic.
The most prominent example is dynamic instability of microtubules, hollow tubes
formed by typically 13 laterally-associated protofilaments (Evans et al., 1985).
Microtubules undergo periods of growth and rapid shrinkage that vary stochastically
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(Desai and Mitchison, 1997). Dynamic instability is conserved in BtubAB from
Prosthecobacter ssp. (Deng et al., 2017) and PhuZ from a bacteriophage of
Pseudomonas chlororaphis (Erb et al., 2014). Dynamically unstable tubulin polymers
can search three-dimensional space for potential binding partners more effectively
than filament systems limited to equilibrium polymerisation. Another hallmark of
microtubules is the seam (Kikkawa et al., 1994; Song and Mandelkow, 1993), which
originates from the fact that microtubules are composed of extremely stable αβ-tubulin
dimers (Caplow and Fee, 2002). For 13-protofilament microtubules this leads to a
unique interface, the seam, where α- and β-tubulin monomers interact laterally
(instead of α-α and β-β for the rest of the microtubule). Because of its structural
properties microtubule-binding proteins can be specifically attracted to or excluded
from the seam (Fourniol et al., 2010; Sandblad et al., 2006). FtsZ and TubZ are limited
to a different dynamic behaviour named treadmilling (Bisson-Filho et al., 2017; Fink
and Löwe, 2015; Yang et al., 2017). It describes the simultaneous growth and
shrinkage of a filament at opposite ends, resulting in directed motion of the filament
while single subunits remain stationary. The plasmid segregation protein TubZ has an
extended C-terminal helix important for filament formation and dynamics. It assembles
into a 4-stranded, helical filament that is different to a microtubule (Montabana and
Agard, 2014). Together those structural features ensure long-range filament stability
and allow coupling of structural and kinetic polarity needed for treadmilling. However,
it is difficult to see how a single, ‘plain’ protofilament of FtsZ fulfils that requirement.
X-ray crystallography studies revealed distinct conformations of monomeric and
filamentous FtsZ from Staphylococcus aureus (Matsui et al., 2012; Matsui et al., 2014;
Wagstaff et al., 2017). Upon polymerisation, FtsZ switches from the closed to the open
conformation which involves the downward shift of the central helix 7 by roughly one
helical turn alongside the downward rotation of the activation domain by ~27° with
respect to the GTPase domain (Wagstaff et al., 2017). The existence of distinct
monomer and filament conformations allows on and off rates to differ at the different
filament ends although the reactions are energetically equivalent (closed conformation
activation domain and open conformation GTPase domain versus open conformation
activation domain and closed conformation GTPase domain). The conformational
switch therefore allows coupling between structural and kinetic polarity in a
single-stranded FtsZ protofilament, enabling robust treadmilling.
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Figure 1: Overview of the tubulin superfamily.
A, Pairs of monomers are shown in cartoon representation. Bottom subunits are
coloured blue to red from N- to C-terminus. Nucleotides are represented as spheres
and are coloured purple. B, High-resolution structures of the diverse filaments formed
by tubulins are shown in surface representation. A single protofilament in each
structure is highlighted in darker colour. For αβ-tubulin and BtubAB, α/A and β/B
subunits are coloured blue and green, respectively. The CetZ filament structure is not
known. PDB entries: αβ-tubulin (5SYF), BtubAB (5O09), FtsZ (3VOA), TubZ (3J4S),
PhuZ (3J5V), CetZ (4B45). [modified from (Wagstaff and Löwe, 2018)].
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The actin fold is ancient and shared between the actin, hexokinase and Hsp70 protein
families (Figure 2) (Anderson et al., 1978; Bork et al., 1992; Flaherty et al., 1990;
Kabsch et al., 1990). Whereas members of the actin family consistently form filaments
via conserved longitudinal contacts (Figure 3, A-B), hexokinases and Hsp70 proteins
are non-polymerising or show stark deviation from canonical filament contacts
(Stoddard et al., 2020). Hence, filament-forming actins are believed to be
monophyletic (Figure 3, C). The globular domain of actins is U-shaped and composed
of four subdomains: IA, IB, IIA and IIB (Figure 2; Figure 3, A). The two halves (IA-B
and IIA-B) are connected via the IA and IIA domains. The nucleotide-binding pocket
is formed at the centre of the molecule by subdomains IA, IIA and IIB. Actins typically
use adenosine nucleotides but have also been reported to show GTPase activity
(Popp et al., 2008; Popp et al., 2010). Whereas subdomains IA, IIA and IIB are highly
conserved within the actin family, the IB domain varies in size and fold; yet, it
consistently contributes to the polymerisation interface (Figure 3, A). Longitudinal
contacts in actins are formed between the B domains of one monomer and the
A domains of the adjacent subunit. Hence, actin protofilaments are polar with the
pointed (or minus) end formed by free B domains and the barbed (or plus) end formed
by free A domains. Exceptions are the plasmid-segregation protein AlfA and cell
division protein FtsA. AlfA lacks a IIB domain but remains able to form left-handed,
helical and staggered filaments by adapting new filament contacts (Szewczak-Harris
and Löwe, 2018). FtsA’s IB domain is replaced by a unique IC domain, which is located
at the opposite side of the molecule (Figure 3, A) (van den Ent and Löwe, 2000). FtsA
can still form actin-like filaments because the relative position of the IC domain in the
FtsA filament corresponds to the position of the IB domain in the canonical actin
protofilament (the IC domain being part of the adjacent subunit though) (Szwedziak et
al., 2012). The ends of FtsA protofilaments however are very different, having a IIB or
IC domain protruding.
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Figure 2: The actin, Hsp70 and hexokinase protein families share an ancient fold.
Cartoon representation of the structures of actin, Hsc70 ATPase domain and
hexokinase B. Monomers are coloured blue to red from N- to C-terminus. Nucleotides
or, in case of hexokinase B, o-toluoylglucosamine (OTG) are represented as spheres
and are coloured purple. For reference, actin is shown with the pointed (or minus) end
facing upwards. PDB identifiers are given in parentheses.
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The smallest functional unit of actins in vivo appears to be a double filament. Two
actin-like protofilaments can associate in various different ways: parallel or antiparallel,
juxtaposed or staggered and left-/right-handed helical or straight (Figure 3, B). Each
doublet arrangement provides a specific set of structural features that facilitate
filament dynamics and are tailored to its function. Eukaryotic actin forms right-handed
helical, polar and staggered double filaments which provide uniform rigidity in all
directions and distinct ends to support treadmilling behaviour (Bugyi and Carlier, 2010;
Dominguez and Holmes, 2011). Actin filaments play critical roles in many dynamic
processes such as cell motility, cell shape maintenance, muscle contraction and
cytokinesis (Bugyi and Carlier, 2010; Cheffings et al., 2016). Crenarchaeal crenactin
doublets follow closely the actin filament architecture and may indicate a crenarchaeal
origin of eukaryotic actin filaments (Izoré et al., 2016). Crenactin might act in cell
division but its function is not yet fully resolved (Ettema et al., 2011). Plasmidsegregation proteins ParM and AlfA (albeit lacking a IIB domain) form left-handed,
polar and staggered double filaments (Gayathri et al., 2012; Szewczak-Harris and
Löwe, 2018). ParM filaments exhibit dynamic instability (Garner et al., 2004). A pair of
highly dynamic ParM double filaments can associate via their pointed ends to form a
bipolar spindle composed of 4 protofilaments (Bharat et al., 2015; Gayathri et al.,
2012). This interaction stabilises the filaments which then extend in opposite directions
via their barbed ends. The adaptor protein ParR binds both the barbed end of ParM
and the parC region on the plasmid, allowing the ParMRC system to segregate
plasmid copies into each daughter cell. MamK forms right-handed, polar but
juxtaposed doublets. MamK filaments are involved in magnetosome alignment in
magnetotactic bacteria, which use the iron-containing organelles for directional
movement (Löwe et al., 2016).
The filaments formed by the membrane-binding proteins MreB and FtsA differ
substantially from the helical and polar architecture of other actin filaments (Figure 3,
B). MreB filaments are straight, juxtaposed and most importantly antiparallel (van den
Ent et al., 2014). The latter implies that they are non-polar and, therefore, cannot
undergo treadmilling (as a double filament). MreB doublets curve along their
longitudinal axis on liposomes, causing indentations with diameters of ~200 nm (van
den Ent et al., 2014). This property allows MreB filaments to sense curvature and
orient themselves along the axis of greatest principal curvature in the cell (Hussain et
8

Introduction
al., 2018; Wong et al., 2019). The cell elongation complex uses MreB double filaments
as rudders to ensure oriented insertion of new peptidoglycan around the cell
circumference. The oriented peptidoglycan reinforces rod shape (Dion et al., 2019;
Hussain et al., 2018). For FtsA, high-resolution information only exists for single
protofilaments. Several studies provided hints that FtsA might be able to form double
filaments (Schoenemann et al., 2018; Szwedziak et al., 2012). High-resolution
structures will be needed to confirm whether and how FtsA could form double filaments,
given its unique IC subdomain.
Similar to the structural switch in FtsZ (Wagstaff et al., 2017), members of the actin
superfamily undergo a distinct conformational change (propeller twist) upon
polymerisation. Subdomain IB rotates towards subdomain IIB which closes the
nucleotide-binding cleft and flattens the molecule (Figure 4, B, red arrows). This
movement has been described in actin (Dominguez and Holmes, 2011; Oda et al.,
2009), MreB (Colavin et al., 2014; van den Ent et al., 2014), MamK (Löwe et al., 2016)
and ParM (Gayathri et al., 2013). In Caulobacter crescentus MreB for example, the
conformational change enables coordination of the water molecule required for
nucleophilic attack on the γ-phosphate of ATP (van den Ent et al., 2014). Facilitating
nucleotide hydrolysis in the polymer is fundamental to the dynamic behaviour of actin
filaments, as is in the tubulin superfamily. However, the interplay between nucleotide
state and conformation remains incompletely understood.
A recent comprehensive analysis of actin and tubulin structures across different
domains of life addresses this point (Wagstaff, 2020). Principal component analysis
(PCA) shows that the structures of actins separate by monomer and filament
conformation along the axis of greatest structural variance, PC1 (Figure 4, C). PC1
explains at least 60% of the total structural variance in each set of structures (Figure
4, A) and describes a trajectory that basically coincides with the propeller twist
movement (narrowing of nucleotide-binding cleft and flattening of the molecule)
(Figure 4, B, red arrows). Importantly, PCA did not separate actin structures by
nucleotide state (Wagstaff, 2020); i.e. an actin in monomer conformation can be bound
to either ADP or ATP and same holds true for the filament conformation. These
observations also apply to tubulins, with PC1 describing the downwards rotation of the

9

Introduction

Figure 3: Overview of the actin superfamily.
A, Pairs of monomers are shown in cartoon representation. Bottom subunits are
coloured blue to red from N- to C-terminus. Nucleotides are represented as spheres
and are coloured purple. B, High-resolution structures of the diverse filaments formed
by actins are shown in surface representation. Protofilaments in each structure are
coloured individually. Cartoons indicate polarity and arrangement (staggered or
juxtaposed) of protofilaments. For reference, actin is shown with the pointed (or minus)
end facing upwards. C, Current consensus on distribution and inferred phylogeny of
actins across the three domains of life. PDB entries: actin (5JLH), crenactin (5LY4),
ParM (5AEY), MamK (5LJV), MreB (4CZJ), FtsA (4A2B). [modified from (Wagstaff and
Löwe, 2018)].
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activation domain with respect to the GTPase domain. Equally, nucleotide state in
tubulins did not correlate with conformation (again, meaning tubulin structures in
monomer conformation bound to GDP and GTP exist, and same for the filament
conformation). Hence, Wagstaff argues that, generally, the difference between
monomer and filament is the protein conformation and not the nucleotide state (as has
long been assumed). Further a polymerisation-associated conformational switch
allows coupling of structural and kinetic polarity even in single-stranded protofilaments,
enabling them to perform processive directional movement. The conformational switch,
termed the cytomotive switch, might therefore be the defining characteristic of
cytomotive protein filaments, with the actin and tubulin superfamilies the only filaments
known to operate in this way and to enable sophisticated filaments dynamics. As this
theory now answers how actin and tubulin filament can function as one-dimensional
motors, would they be sufficient to enable subcellular organisation at the length scales
of prokaryotes? In other words, are bacteria in need of actin- and tubulin-associated
motor proteins as they are found in eukaryotes?
MreB is the exception in the actin superfamily. Its monomer and filament structures do
not separate along PC1 (Figure 4, C). At the same time, MreB filaments are non-polar
and, thereby, not cytomotive. They instead function as rudders in the cell elongation
complex (Hussain et al., 2018). For FtsA, it is unclear what the physiologically active
filament arrangement is. Longitudinal contacts are important for FtsA function but
evidence for a potential double filament remains scarce in vitro and absent in vivo
(Schoenemann et al., 2018; Szwedziak et al., 2012). For this reason, FtsA was not
included in the PCA analysis.
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Figure 4: Principal component analysis of actin superfamily structures.
A, Proportion of variance explained by the first five principal components is shown for
each subfamily. B, PC1 component vectors (red arrows) are plotted on the mean
structure (black) for each subfamily. For reference, actin is shown with the pointed (or
minus) end facing upwards. IB domains are not represented. C, PC2 is plotted against
PC1 for each subfamily. Individual structures are represented as dots and coloured
blue if in a filament and red if monomeric. Grey dots represent structures for which a
clear distinction cannot be made. [modified from (Wagstaff, 2020)].
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1.1.2 Archaeal tubulin homologues
Sequences encoding archaeal tubulins, or ‘artubulins’, have been identified in a
search for archaeal homologues of eukaryotic tubulins using PSI-BLAST (Figure 5)
(Yutin and Koonin, 2012). Coding sequences of artubulins are present in the genomes
of two thaumarchaea, Candidatus Nitrosoarchaeum koreensis [now called
Nitrosoarchaeum koreense (Jung et al., 2018)] (Kim et al., 2011) and limnia (Blainey
et al., 2011). Thaumarchaeota, also referred to as ‘mesophilic Crenarchaeota’, are
part of the TACK superphylum which is closely related to eukaryotes (BrochierArmanet et al., 2008; Guy and Ettema, 2011). Multiple sequence alignment (MSA)
showed that artubulins are more similar to eukaryotic tubulins than FtsZ proteins (Yutin
and Koonin, 2012). Artubulins form a sister group to all eukaryotic tubulins and the
BtubAB protein family in a maximum likelihood (ML) phylogenetic tree calculated from
the MSA and rooted with FtsZs (Figure 6, A). The presence of ancient FtsZs in the two
Nitrosoarchaea positions artubulins as potential ancestors of eukaryotic tubulins. This
notion is strengthened by the fact that BtubAB proteins do not group next to artubulins
but within eukaryotic tubulins. BtubAB are close homologues of αβ-tubulins only
present in Prosthecobacter spp. (Jenkins et al., 2002). Btubs contain characteristic
elements of both α- and β-tubulin and are able to from four-stranded microtubule-like
filaments (Deng et al., 2017; Martin-Galiano et al., 2011; Schlieper et al., 2005). They
are agreed to originate from a horizontal gene transfer (HGT) from an early eukaryotic
ancestor to the Prosthecobacter genus, likely before duplication into α/β-tubulins
occurred (Jekely, 2014; Schlieper et al., 2005; Yutin and Koonin, 2012).
Sequence-wise artubulins resemble γ-tubulins the most. γ-tubulin is an essential
component of the γ-tubulin ring complex (γTuRC), the template structure for
microtubule nucleation in vivo (Aldaz et al., 2005; Kollman et al., 2011).
A BLAST-based clustering of tubulin sequences supported the similarity between
artubulins and eukaryotic tubulins, especially γ-tubulins (Jekely, 2014). In the cluster
map artubulins locate to the periphery of eukaryotic tubulins (Figure 6, B). The narrow
taxonomic distribution of artubulins and their similarity to γ-tubulins, themselves a
derived tubulin class, indicate that artubulins are not the ancestors of eukaryotic
tubulins but also originated from a HGT (Jekely, 2014). A later study provided the
contrasting view that artubulins are more closely related to TubZ and FtsZ proteins
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(Findeisen et al., 2014). Artubulins and TubZs, which were not included in the aforementioned studies, formed a sister group to FtsZs (Figure 6, D), positioning artubulins
distant to eukaryotic tubulins.
Recently, tubulin sequences with greater similarity to eukaryotic αβ-tubulins have
been identified in Odinarchaeota of the Asgard superphylum (Zaremba-Niedzwiedzka
et al., 2017). These results further question whether artubulins are indeed direct
ancestors to the eukaryotic tubulin family (Figure 6, C). In general, the newly
discovered archaeal phyla remain sparsely populated and are based on sequencing
data only. Complementary structural and functional studies of artubulins and Odin
tubulins are needed to clarify their phylogeny.
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Figure 5: MSA of conserved sequence blocks in the tubulin superfamily.
Conserved sequence blocks in the tubulin superfamily are found in the GTPase
domain. Asterisks indicate amino acid residues that are conserved in the majority of
tubulins including artubulins but not in the majority of the FtsZ sequences. Yellow
background indicates conserved hydrophobic residues (ACFILMVWY), red letters
indicate conserved polar residues (DEHKNQR), and green background indicates
conserved small residues (ACGNPSTV). The conserved sequence blocks are
separated by numbers which indicate the length of less well conserved sequence
segments in between which are omitted for clarity. Each sequence is denoted by a
taxon abbreviation, a species abbreviation and its GenBank Identification number.
[modified from (Yutin and Koonin, 2012)].
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Figure 6: Phylogenetic relationship of artubulins in the tubulin superfamily.
A, Artubulins (red) form a sister group to eukaryotic tubulins in a ML tree rooted with
FtsZs [modified from (Yutin and Koonin, 2012)]. B, BLAST-based clustering of tubulins
across the three domains of life. Artubulins appear at the periphery of eukaryotic
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tubulins [modified from (Jekely, 2014)]. C, ML tree rooted with thaumarchaeal
artubulins identifies tubulin homologues in Odinarchaeota. Odin tubulins are closer
related to eukaryotic tubulins than artubulins are. [modified from (ZarembaNiedzwiedzka et al., 2017)]. D, Unrooted ML tree of the tubulin superfamily. Artubulins
group to FtsZ-like TubZ proteins, which have not been included in the other trees
[modified from (Findeisen et al., 2014)].

17

Introduction
1.2

Bacterial cell growth and division

The shape of almost all bacterial cells is determined by their peptidoglycan (PG)
sacculus, a meshwork of peptide-linked glycan chains enveloping the cell (Holtje, 1998;
Typas et al., 2011). One of the key functions of the PG layer is to protect the bacterium
against rupture from internal turgor pressure. Both cell growth and division require
coordinated PG synthesis and remodelling. Hence, the underlying protein complexes
share common features (Figure 7; Figure 10) (Szwedziak and Löwe, 2013).
The divisome orchestrates cell division in the vast majority of bacteria but varies in
composition across the bacterial domain (Löwe and Amos, 2017). The elongasome
(or Rod complex) is only present in non-spherical, mostly rod-shaped, bacteria and
promotes lateral insertion of PG along the long axis of the cell (Dion et al., 2019; Shi
et al., 2018). Both multiprotein machines are organised, controlled and positioned from
within the cytoplasm and span the entire cell envelope, encompassing the inner
membrane, PG layer and, in Gram-negative bacteria, the outer membrane. In E. coli,
the cytosolic, membrane-associated proteins FtsA and MreB form the scaffold of the
complexes (Szwedziak and Löwe, 2013). They recruit MraY and MurG, two enzymes
essential in the synthesis pathway of the PG precursor Lipid II (Favini-Stabile et al.,
2013; Mohammadi et al., 2007; White et al., 2010). Lipid II is transported across the
inner membrane by the flippase MurJ (Meeske et al., 2015). Lipid II is incorporated
into the PG sacculus by penicillin-binding proteins (PBPs) (Typas et al., 2011). The
divisome and elongasome use either the same or a closely-related set of these integral
membrane proteins (Szwedziak and Löwe, 2013). PBPs are recruited to the FtsA or
MreB scaffold via associated membrane proteins which account for most of the
divergence between the divisome and elongasome (Figure 7; Figure 10).
1.2.1 The E. coli divisome
The majority of bacteria divide by binary fission, an intricate process of coordinated
membrane invagination, PG synthesis and PG remodelling across the cell envelope
(Haeusser and Margolin, 2016; McQuillen and Xiao, 2020). In Gram-negative E. coli,
the divisome combines more than 30 different proteins, approximately 13 of which
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make up the essential core (Figure 7). Divisome formation in E. coli occurs in two steps
separated by a lag phase of 10-20 min (Aarsman et al., 2005).
First, the proto-ring (or inner divisome) formed by actin homologue FtsA and
tubulin-like FtsZ assembles at midcell (Bi and Lutkenhaus, 1991; Haeusser and
Margolin, 2016). FtsA tethers filaments of FtsZ, the Z-ring, to the membrane. In E. coli,
ZipA functions as an alternative membrane anchor for FtsZ, binding to the same
C-terminal peptide as FtsA, yet being ascribed only a minor role in division under
normal conditions (Geissler et al., 2003; Pichoff and Lutkenhaus, 2002, 2005, 2007).
Z-ring localisation is regulated by three partially redundant systems. The Min system
prevents assembly of proto-rings at the cell poles. It comprises MinC, a FtsZ inhibitor,
its membrane tether MinD and a regulator named MinE which detaches MinD from the
membrane (Hale et al., 2001; Hu and Lutkenhaus, 1999; Ramm et al., 2019; Shen and
Lutkenhaus, 2009). Together they form an oscillating system between the cell poles,
averaging to low MinC concentrations at midcell. SlmA (or Noc in B. subtilis) is the
effector of the nucleoid occlusion system (Bernhardt and de Boer, 2005; Wu and
Errington, 2004). SlmA is recruited to specific sequences on the chromosomal DNA
and interferes with FtsZ polymerisation, preventing a constricting Z-ring guillotining the
chromosome (Cho et al., 2011; Tonthat et al., 2011). In contrast to the Min and
nucleoid occlusion system, the MatP system is a positive positioning system that
narrows Z-ring width (Buss et al., 2015; Espeli et al., 2012; Mercier et al., 2008). MatP
binds the ter region of the chromosome and, via ZapB, the FtsZ bundling factor ZapA
(Low et al., 2004). The membrane-FtsA-FtsZ-ZapA-ZapB-MatP-chromosome linkage
could provide a mechanism to coordinate cell wall constriction and chromosome
segregation (Buss et al., 2015; Coltharp et al., 2016; Espeli et al., 2012).
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Figure 7: Key components of the E. coli divisome.
The E. coli divisome consists of approximately 13 different, essential core components.
ZipA, FtsA (both red) and filaments of FtsZ (blue) form the proto-ring at midcell. The
remaining divisome components are recruited onto the proto-ring scaffold in an
interdependent manner. The majority of FtsN (pink) is recruited last. FtsN recruitment
signals divisome completion and initiates PG synthesis. Recent studies provided
strong evidence for a FtsA-N interaction which results in early recruitment of small
amounts of FtsN. B: FtsB, IM: inner membrane, L: FtsL, PG: peptidoglycan. Flexible
linker regions have been shortened or partially omitted for clarity.
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Our knowledge of Z-ring architecture and function has been transformed by the recent
discovery of FtsZ treadmilling (Bisson-Filho et al., 2017; Ramirez-Diaz et al., 2018;
Wagstaff et al., 2017; Yang et al., 2017), replacing the Z-centric force generation
model (Erickson et al., 2010) with a treadmilling and PG distribution model (McQuillen
and Xiao, 2020).
Initially, studies focussed on investigating isolated FtsZ filaments in vitro, showing a
diverse set of bent FtsZ filaments: ‘mini-rings’ (23°/subunit, 24 nm diameter),
intermediately curved filaments (2.5°/subunit, 100-300 nm diameter) and straight
filaments (Erickson et al., 2010). Reports on filament curvature remained contradictory
and could not be unified with the nucleotide hydrolysis cycle into a single consistent
theory. Hence, in vitro reconstitution studies of membrane-tethered FtsZ were
harnessed (Cabre et al., 2013; Osawa et al., 2008; Osawa and Erickson, 2013). Most
notably, Osawa and Erickson showed that fluorescently-tagged FtsZ and FtsA*
(FtsAR286W), a hypermorphic variant of FtsA (Geissler et al., 2003; Geissler et al., 2007),
fully constrict unilamellar liposomes (Osawa and Erickson, 2013). It was proposed that
the Z-ring provides the force for membrane constriction during cell division (Z-centric
model), suggesting that the isolated, differently curved FtsZ filaments represent
intermediates of a constricting Z-ring. An electron cryo-tomography (cryo-ET) study
found proto-rings formed of Thermotoga maritima (Tm) FtsA and FtsZ to constrict, or
at least deform, liposomes (Szwedziak et al., 2014). Rings were continuous and
several individual filaments wide (Figure 8, A). Filaments overlapped and were 6.5 nm
apart, possibly allowing lateral interactions via FtsZ’s C-terminal linker (Cohan et al.,
2018; Huecas et al., 2017). In agreement with complementary in vivo experiments,
FtsA and FtsZ were approximately 6 nm and 12 nm away from the membrane
(Szwedziak et al., 2014). Force generation was proposed to result from a subunit
repeat mismatch between FtsZ filaments and their membrane tether FtsA.
The Z-centric model has been challenged by an early cryo-ET study (Li et al., 2007)
and, more recently, a number of super-resolution fluorescence microscopy studies
(Holden et al., 2014; Lyu et al., 2016; Strauss et al., 2012). Li and co-workers reported
a scattered, discontinuous Z-ring consisting of ~100 nm long filaments in
C. crescentus (Li et al., 2007). Super-resolution microscopy studies consistently
reported discontinuous, non-uniform Z-rings in cells, with axial and radial thickness in
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the order of 80 nm and 40 nm, respectively (Figure 8, B) (Holden et al., 2014; Lyu et
al., 2016; Strauss et al., 2012). It is questionable whether a discontinuous proto-ring
can efficiently provide a uniform force for membrane invagination and constriction; for
example, a filament gliding mechanism based on lateral interactions disqualifies. A
fundamental weakness of the Z-centric model is that it fails to explain how the
proto-ring exerts enough force to overcome the cell’s turgor pressure, or in other words
how it would be able to deform the PG sacculus (McQuillen and Xiao, 2020). It is also
unclear in what way Z-ring constriction and PG remodelling are linked and coordinated
as potentially these are separate processes.
The treadmilling and PG distribution model is providing a new perspective on these
problems (McQuillen and Xiao, 2020). FtsZ treadmilling has first been observed on
supported lipid bilayers using total internal reflection fluorescence (TIRF) microscopy
(Loose and Mitchison, 2014). Two single molecule fluorescence microscopy studies
have recently demonstrated treadmilling of FtsZ in E. coli (Figure 8, C) (Yang et al.,
2017) and B. subtilis (Bisson-Filho et al., 2017). Most intriguingly, the transpeptidases
(TPases) FtsI/PBP3 (E. coli) and PBP2b (B. subtilis) showed directed motion driven
by FtsZ dynamics. Inhibition of PG synthases on the other hand had no effect on FtsZ
dynamics in the proto-ring [the opposite is true for MreB (Garner et al., 2011)].
Likewise, FtsW shows FtsZ-dependent processive movement (Yang et al., 2019). In
S. aureus, cell constriction can continue independent of FtsZ treadmilling in partially
constricted cells (Monteiro et al., 2018). Constriction onset however remains
dependent on dynamic movement of FtsZ filaments. We now understand the Z-ring
as an ensemble of scattered, treadmilling FtsZ filaments that ensure even
spatiotemporal incorporation of septal PG by distributing PG synthesis complexes
(McCausland et al., 2019; Yang et al., 2019). This system still requires a force that
drives synthesis of new PG inwards (Nguyen et al., 2019). While it is unlikely that the
Z-ring can provide the sole force needed for constriction, it remains conceivable that
it at least contributes a small force needed for local membrane invagination to allow
PG synthesis to move inwards. Alternatively, it has been suggested that FtsZ provides
the force for initial membrane invagination and constriction before PG synthesis takes
over as the driving force for cell constriction (Monteiro et al., 2018). In which way onset
of constriction and septal PG synthesis are coordinated is yet unknown.
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Figure 8: Architecture and dynamics of the proto-ring.
A, Tomogram of a proto-ring of TmFtsA and TmFtsZ (both purple) inside a liposome
(blue). View along the short axis shows individually resolved filaments. The ring is
continuous and has a diameter of 90 nm. [modified from (Szwedziak et al., 2014)]. B,
2D projections of 3D PALM images of FtsZ-mEos3.2 in E. coli. Z-rings are
discontinuous. Scale bars, 200 nm. [modified from (Lyu et al., 2016; McQuillen and
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Xiao, 2020)]. C, Top, Structured illumination microscopy maximum intensity projection
(left) and time-lapse images of treadmilling Z-rings in E. coli. FtsZ filaments are
treadmilling counterclockwise. Bottom, Kymograph along the cell circumference
shows directed motion of FtsZ filaments in the proto-ring. Scale bars, 0.5 µm.
[modified from (Yang et al., 2017)].
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After the proto-ring is assembled, the outer divisome components are recruited
(Aarsman et al., 2005). These components are mostly integral membrane proteins
with largely periplasmic domains (Figure 7). Historically, the divisome recruitment
pathway was understood to follow a linear hierarchy in the order of FtsZ, FtsA/ZipA,
FtsEX, FtsK, FtsQLB, FtsWI and FtsN (Buddelmeijer and Beckwith, 2002; Du et al.,
2016). Premature targeting studies using protein fusions (Goehring et al., 2006),
deletion studies in combination with suppressor screens (Pichoff et al., 2018; Weiss,
2015) and further interaction studies (Busiek and Margolin, 2014; Egan and Vollmer,
2013; Karimova et al., 2005) have now shaped the image of an interdependent,
partially redundant recruitment network (Du and Lutkenhaus, 2017; Goehring and
Beckwith, 2005). Ultimately, a more complete biochemical and structural picture of the
entire divisome will be needed to fully understand these interdependencies.
The FtsEX complex is homologous to ABC transporters and localises to the proto-ring
(Schmidt et al., 2004). FtsEX regulates divisome assembly through interaction with
FtsA, possibly by antagonising FtsA polymerisation and exposing binding sites on the
FtsA monomer (Du et al., 2016; Du et al., 2019). The FtsEX complex further mediates
binding of the amidase activator EnvC and modulates its activity (Yang et al., 2011).
Amidases are involved in PG remodelling by cleaving the peptide crosslinkers
between glycan strands (Peters et al., 2011). While recruitment of outer divisome
components does not require ATP hydrolysis, ATPase activity of FtsE is needed to
regulate constriction onset (Arends et al., 2009; Du et al., 2016). ftsEX null mutants
are however viable at high salt concentrations or low temperate and are suppressed
by mutations in various other divisome proteins (Du et al., 2016; Reddy, 2007; Schmidt
et al., 2004).
The DNA translocase FtsK follows next. The C-terminal translocase domain of FtsK is
required for chromosome dimer resolution (Aussel et al., 2002; Männik et al., 2017;
Steiner et al., 1999) whereas its N-terminal transmembrane domain functions in
divisome recruitment (Chen and Beckwith, 2001; Draper et al., 1998). The function of
FtsK’s membrane domain can be compensated for by FtsA* or overexpression of
FtsQAZ and, to a lesser extent, FtsN (Geissler and Margolin, 2005). Most recently,
FtsAG50E has been reported to suppress deletion of the N-terminal domain of FtsK
(Berezuk et al., 2020).
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The FtsQLB complex is recruited after FtsK. The complex forms independently of
recruitment to midcell and serves as the central interaction hub of the outer divisome
(Karimova et al., 2005; Masson et al., 2009). FtsQ is comprised of a membraneproximal α domain, implied in interaction with FtsK, and a β domain which binds FtsB
and FtsL (Kureisaite-Ciziene et al., 2018; van den Ent et al., 2008). FtsB contains a
leucine zipper dimerisation motif suggesting FtsQLB could function as a dimer
(Kureisaite-Ciziene et al., 2018; Robichon et al., 2011). Mutations in ftsB and ftsL have
been shown to facilitate division in cells lacking, otherwise essential, FtsN (Liu et al.,
2015; Tsang and Bernhardt, 2015). A mechanism was proposed by which FtsN
binding to FtsQLB leads to activation of the PG synthesis complex FtsWI.
FtsWI associates as a preformed complex on top of FtsQLB (Fraipont et al., 2011;
Karimova et al., 2005; Mercer and Weiss, 2002). In a series of seminal studies, FtsW
was shown to be a member of the shape, elongation, division and sporulation (SEDS)
protein family, and to function as a glycosyltransferase (GTase) in complex with its
cognate TPase FtsI/PBP3, a class B PBP (bPBP) (Cho et al., 2016; Meeske et al.,
2016; Sjodt et al., 2018; Sjodt et al., 2020; Taguchi et al., 2019). It was further shown
that FtsW, much like FtsI and PBP2 (Bisson-Filho et al., 2017; Yang et al., 2017),
exhibits FtsZ-dependent fast processive movement (Yang et al., 2019). However, slow
directed movement was also observed. It was demonstrated that the slow movement
corresponded to PG synthesis activity which was stimulated by FtsN. It was suggested
that inactive FtsWI complexes get distributed by tracking the depolymerising end of
treadmilling filaments (McCausland et al., 2019; McQuillen and Xiao, 2020; Yang et
al., 2019). They then get activated by FtsN, dissociate from FtsZ tracks and drive
septal PG synthesis locally. PBP1b is a class A PBP (aPBP), meaning it has both
GTase and TPase activity (Bertsche et al., 2005). It interacts with FtsI (Bertsche et al.,
2006), is activated by FtsN (Boes et al., 2019; Müller et al., 2007; Pazos et al., 2018)
and seems to be inhibited by FtsQLB (Boes et al., 2019). ZipA and FtsN stimulate
PBP1b during pre-septal PG synthesis (Pazos et al., 2018).
The bitopic membrane protein FtsN assembles last on the divisome, signalling
divisome completion and initiating septation (Gerding et al., 2009; Goehring and
Beckwith, 2005). FtsN is conserved in Proteobacteria, especially Gammaproteobacteria (Figure 9, C) (Möll and Thanbichler, 2009). The N-terminal, cytoplasmic tail
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of FtsN (FtsNcyto) is a short peptide (32 AA in E. coli) that binds to FtsA (Figure 9, A)
(Busiek et al., 2012). The periplasmic part is comprised of a 3 helix region, which
contains the essential, PG synthesis-activating motif of FtsN (Gerding et al., 2009; Liu
et al., 2015), followed by a Q-rich linker and the septal PG-binding sporulation-related
repeat (SPOR) domain (Yahashiri et al., 2017; Yang et al., 2004). The SPOR domain
is suggested to support a positive feedback mechanism for FtsN recruitment to the
division site (Gerding et al., 2009). As mentioned before, FtsN interacts with and
activates FtsI and PBP1b, initiating synthesis of septal PG (Boes et al., 2019;
Karimova et al., 2005; Müller et al., 2007). However, it was unclear how FtsN could
localise to midcell without septal PG present as its SPOR domain is required for
localisation (Gerding et al., 2009).
Small amounts of FtsN were shown to be recruited early to the divisome via interaction
with actin-like FtsA in the cytoplasm (Figure 9, D) (Busiek et al., 2012; Busiek and
Margolin, 2014). The interaction site was suggested to be part of FtsA’s IC domain
(Busiek et al., 2012). This was further supported by a suppressor mutation (E124A) in
the IC domain of E. coli FtsA rescuing an ftsN null phenotype (Bernard et al., 2007)
and the binding of PilN peptide in the homologous cleft of PilM, a structural homologue
of FtsA (Karuppiah and Derrick, 2011). A second mutation (I143L), which was
identified to compensate for loss of FtsN function, is located in FtsA’s IC domain, too
(Liu et al., 2015). Together, current evidence locates the binding site for the FtsNcyto
peptide in the cleft between the IA and IC domain of FtsA (see also Figure 3, A).
Mutagenesis implied a basic stretch in FtsN (16RRKK19 in E. coli) in binding to FtsA’s
IA-IC cleft which has negative electrostatic surface potential (Figure 9, B, MSA
positions 17-20) (Baranova et al., 2020; Busiek et al., 2012). Contrarily, the basic
amino acid stretch was not required for FtsA-FtsN interaction in vivo (a zipA null
background was used in which the FtsA-N interaction becomes essential). Instead the
conserved amino acid D5 (and Y6) proved important, with a D5N mutation abrogating
binding (Pichoff et al., 2015). A sophisticated TIRF microscopy study tried to
recapitulate the in vivo conditions by using treadmilling FtsA-Z filaments on a
supported lipid bilayer spiked with Ni-NTA lipids (Baranova et al., 2020). This allows
binding of hexahistidine-tagged cytoplasmic peptides of E. coli FtsQ, FtsL, FtsI and
FtsN in a constrained manner, mimicking attachment to the transmembrane helix
(TMH). The authors demonstrated FtsA-Z filaments to organise FtsN and, to lesser
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extent, FtsQ peptides by a diffusion-and-capture mechanism which is based on weak,
temporary interactions (Figure 9, E). Such a mechanism allows for very dynamic
re-distribution since it eliminates the requirement for disassembly of stable
subcomplexes. The study showed that the FtsA-N interaction is ionic and depends on
the basic stretch in FtsN but not D5. It remains unclear what causes the discrepancy
between FtsA-N binding motifs in vitro and in vivo.
The FtsA-N interaction has recently been shown to become essential in a plethora of
suppression conditions of divisome proteins (compensating loss of ZipA, FtsEX or
FtsK functionality in different ways) (Pichoff et al., 2018). It illustrates that the FtsA-N
axis is substantial to divisome integrity and, moreover, points towards a regulatory role
of FtsN across the inner membrane. It remains to be seen how the dynamic patches
of treadmilling FtsZ filaments are organised into the Z-ring, and how the proto-ring is
afterwards linked to the outer divisome, possibly via FtsN.
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Figure 9: The bitopic membrane protein FtsN.
A, Schematic overview of FtsN domain organisation (linker regions not to scale).
Numbers indicate amino acid positions of domain boundaries in E. coli FtsN. cyto:
cytoplasmic tail, MB: inner membrane, PG: peptidoglycan, TMH: transmembrane helix.
B, Top, Selected sequences of the cytoplasmic part of FtsN from a MSA of 200
closely-related Gammaproteobacteria. Acidic (red) and basic amino acids (blue) and
tyrosines (green) are highlighted. Bottom, Sequence logo showing amino acid
probabilities based on alignment of 200 closely-related FtsNs. Amino acids are
coloured based on chemical properties. Created using WebLogo 3.7.4 (Crooks et al.,
2004). C, Phylogenetic tree of GTDB taxonomy version 89.0 (Parks et al., 2018)
showing distribution of FtsN [TIGR02223 (Haft et al., 2001)] across classes in the
bacterial domain. Downloaded from AnnoTree webserver (Mendler et al., 2019). D,
GFP-FtsNctyo-TM (FtsN1-55) localises to midcell (right). Scale bar, 4 µm. [modified from
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(Busiek and Margolin, 2014)]. E, After addition of FtsA and FtsZ (t = 0 min), CF488FtsNcyto-6H (magenta) colocalises with Cy5-FtsZ filaments (cyan) into rotating swirls
on a supported lipid bilayer. [modified from (Baranova et al., 2020)].
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1.2.2 The E. coli elongasome
The elongasome, also called the Rod complex, organises cell growth in rod-shaped
bacteria. Its organisation has many parallels to that of the divisome (Figure 10)
(Szwedziak and Löwe, 2013). The mreBCD operon is critical for cell shape
maintenance in non-spherical bacteria, and its gene products form the core of the
elongasome (Levin et al., 1992; Wachi et al., 1987; Wachi et al., 1989): actin-like MreB,
bitopic membrane protein MreC and integral membrane protein MreD.
MreB is the archetypal actin homologue in bacteria (van den Ent et al., 2014). It forms
antiparallel double filaments upon membrane binding in vitro and in vivo (Salje et al.,
2011; van den Ent et al., 2014). Double filament formation is mediated via a two-fold
symmetrical contact formed by a protruding helix in the IA domain of each monomer
(van den Ent et al., 2014). In E. coli, membrane binding involves both a N-terminal
amphipathic helix and a membrane insertion loop (Salje et al., 2011). MreB filaments
show directed motion around the cell circumference that depends on PG synthesis
activity of the elongasome (Garner et al., 2011). They have also been implied in
organisation of lipid microdomains in the cell membrane (Strahl et al., 2014). MreB
double filaments build the cytoplasmic scaffold the elongasome is attached to, very
much like FtsA does in the divisome (Figure 7; Figure 10) (Szwedziak and Löwe, 2013).
Rescued by an oversupply of FtsZ, RodZ is a bitopic membrane protein that co-occurs
with MreB in most bacteria (Alyahya et al., 2009; Bendezu et al., 2009; Shiomi et al.,
2008). RodZ interacts with MreB in the cytoplasm (van den Ent et al., 2010) and links
it to the PG synthesis machine in the periplasm (Morgenstein et al., 2015; Shiomi et
al., 2013). RodZ seems to reinforce curvature preference of MreB filaments and,
therefore, their orientation along the short axis of the cell (Bratton et al., 2018; Colavin
et al., 2018). MreC and MreD form a complex with MreB at the membrane (Kruse et
al., 2005). MreC also interacts with RodZ (Bendezu et al., 2009) and the TGase PBP2
(Contreras-Martel et al., 2017; Liu et al., 2019; van den Ent et al., 2006). Evidence
suggests that MreCD regulate the activity of the RodA-PBP2 PG synthesis complex
(Contreras-Martel et al., 2017; Liu et al., 2019; Sjodt et al., 2020).
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Figure 10: Key components of the E. coli elongasome (Rod complex).
The core components of the E. coli elongasome (also called Rod complex) are shown.
MreB (red) forms membrane-bound, antiparallel double filaments which orient parallel
to the short axis of the cell. MreB filaments serve as a rudder for the associated PG
synthases (light purple), ensuring oriented insertion of peptidoglycan around the cell
circumference. IM: inner membrane, PG: peptidoglycan.
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It has recently been demonstrated that RodA and PBP2 form the essential PG
synthase complex of the elongasome (Cho et al., 2016; Sjodt et al., 2020). RodA was
shown to belong to the SEDS protein family and has GTase activity (Cho et al., 2016;
Meeske et al., 2016; Sjodt et al., 2018). Together with its cognate bPBP, RodA forms
a bifunctional GTase-TGase PG synthesis complex which laterally inserts hoops of
PG along the cell circumference (Cho et al., 2016; Sjodt et al., 2020). RodA and PBP2
are structural homologues of the divisome proteins FtsW and FtsI, respectively.
PBP1a does not seem to be part of the elongasome core complex but rather functions
as a complementary PG synthase that incorporates PG isotropically (Cho et al., 2016;
Dion et al., 2019).
Building on the earlier observation that MreB filaments orient along the short axis of
the cell (Garner et al., 2011), significant progress has been made in our understanding
of the mechanism by which MreB filaments can robustly find the short axis of cell and
how this links to rod shape (Dion et al., 2019; Hussain et al., 2018). By confining
B. subtilis protoplasts (cells stripped of their cell wall) into agar crosses (Figure 11, A,
top), Hussain et al. could show that preference for oriented motion of MreB filaments
along the short axis is reduced or lost in wider and spherical cells, respectively (Figure
11, A, bottom). They postulated that double filaments of MreB sense curvatures within
the cell which, eventually, allows them to orient along the axis of highest principal
curvature.
Such a curvature sensing mechanism might arise from an intrinsic curvature of the
filament itself, i.e. the lowest energy state of the filament adopts a curved conformation
(Figure 11, B, 1). The discrepancy between the intrinsic curvature of the filament and
the curvature of surfaces in the cell then allows for curvature sensing (Figure 11, B,
2-3) and/or force generation (Figure 11, B, 4) (Erickson et al., 2010; Hussain et al.,
2018).
The underlying principle can be illustrated by comparing binding of an intrinsically
curved filament, for example MreB, along the two axes of a rod-shaped cell. MreB
filaments are short [100-200 nm (van den Ent et al., 2014)] compared to the long axis
of the cell (≥ 2 µm). Thus, the inner membrane along this axis appears straight to the
filament (Figure 11, B, 2). Upon binding to the membrane, hydrophobic residues along
33

Introduction
the filament are buried and energy is released (−ΔEbind). The inner membrane can be
assumed rigid as it is connected to the load-bearing PG layer (it is however not entirely
clear how the periplasm in between is maintained at near constant width). Therefore,
the filament has to accommodate the shape of the membrane. Since the filament
bends away from its preferred curvature, this process requires energy (+ΔEbend, 1). If
the filament orients along the short cell axis (0.5-1 µm), it will encounter a curved
membrane (Figure 11, B, 3). It will straighten out less by binding to the curved
membrane, meaning it requires less energy for this process (+ΔEbend, 2). Because
ΔEbend, 1 > ΔEbend, 2, the lowest energy state of the system dictates the filament to orient
along the short axis of the cell. To summarise, the filament positions itself in the region
that matches its intrinsic curvature closest as this represents the lowest energy state
in the system. In similar ways, intrinsically curved filaments can generate force.
Filament binding to a membrane will generate an inward-facing force on the
membrane as the filament prefers to bend towards its preferred curvature (Figure 11,
B, 4). If the membrane is deformable (for example an unsupported liposome), it will
follow along with the filament. Measuring the preferred curvature of a filament such as
MreB is experimentally challenging.
Although a curvature sensing mechanism of MreB filaments explains how rod shape
can be maintained, it has been unclear whether it would also be sufficient to establish
rod shape in spherical cells. Hussain and co-workers imaged cells reverting back from
spheres to rods upon re-inducing TagO (required for synthesis of wall teichoic acids)
or PBP2a expression in previously depleted cells. They observed MreB filaments to
be attracted to small outward bulges that appeared to form locally and randomly
(Hussain et al., 2018). These bulges have the highest degree of curvature in the cell
and, therefore, attract MreB filaments. The rod shape is afterwards re-established by
outgrowth of these bulges into cylindrical cells. Theoretical models and calculations
support the fact that highest principle curvature sensing represents a robust
mechanism to orient and enrich MreB filaments in certain regions of the cell (Wong et
al., 2019). Recently, it has also been established that the Rod complex and PBP1a
have opposing functions in regulating cell width (Dion et al., 2019). While RodA-PBP2
uses MreB filaments as rudder to incorporate new PG in an ordered manner, PBP1a
adds new PG isotropically to the sacculus. The radially inserted hoops along the cell
circumference mechanically limit expansion along the width of the cell and, hence,
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facilitate cell growth along the long axis. Consequently, the Rod complex has a
thinning function. PBP1a counteracts the orientation bias of PG strands in the sacculus.
It therefore allows a more uniform cell expansion along length and width. PBP1a might
predominantly be required to fill gaps in the sacculus left by RodA-PBP2.
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Figure 11: MreB filaments possess a curvature sensing mechanism.
A, Top, B. subtilis protoplasts were confined to agar crosses, forcing them to grow in
different shapes. Bottom, MreB filaments preferably align along the short axis of the
cell (2 µm). Orientation preference is reduced in wider cells (5 µm) and lost in spherical
cells (spheres). Scale bars, 2 µm. [modified from (Hussain et al., 2018)]. B, A model
describing how an intrinsically curved filament (1) might sense curvature or generate
force. Curved filaments binding to a rigid membrane adapt to the predefined
membrane curvature (2-3). In rod-shaped cells principal curvatures along the cell axes
differ. The filament deforms less when orienting along the short axis (high curvature,
3), as compared to the long cell axis (low curvature, 2). Thus, orientation along the
short axis is energetically preferable. Filaments binding to deformable membranes
exert a pulling force on the membrane. The membrane bends inward to accommodate
the preferred curvature of the filament (4). Membrane (black), filament (red). Initial
(light colours) and resulting states (dark colours) are depicted for comparison. [see
also (Hussain et al., 2018)].
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1.2.3 FtsA and MreB in comparison
FtsA and MreB are the only members of the actin superfamily known to directly bind
lipid membranes (Löwe and Amos, 2017; Pichoff and Lutkenhaus, 2005; Salje et al.,
2011; Wagstaff and Löwe, 2018). They moreover form the organisational scaffolds for
the division and elongation machines in the cytoplasm (Hussain et al., 2018; Pichoff
et al., 2018). The two multiprotein complexes use the same Lipid II synthesis cascade
as well as structural and regulatory membrane proteins to link their actin filament
scaffolds to the PG synthesis enzymes in the periplasm (Szwedziak and Löwe, 2013).
PG synthases of the divisome and elongasome are homologues and split into two
complementary PG synthesis complexes, a GTase/TPase complex (FtsW/I or
RodA/PBP2) and a bifunctional aPBP (PBP1b or PBP1a) (Cho et al., 2016; Dion et
al., 2019; Meeske et al., 2016; Sjodt et al., 2020; Taguchi et al., 2019; Yang et al.,
2019). Interestingly, FtsZ overexpression can rescue loss of RodZ function (Bendezu
and de Boer, 2008) and chlamydia, one of the few bacteria lacking FtsZ, are believed
to use MreB for organising division (Jacquier et al., 2015; Ranjit et al., 2020). These
are further indications that the divisome and elongasome share functionalities and,
possibly, have a common evolutionary origin (Szwedziak and Löwe, 2013). A
functional equivalent of treadmilling FtsZ filaments is missing in the elongasome as
MreB movement is driven by PG synthesis (Bisson-Filho et al., 2017; Garner et al.,
2011; Yang et al., 2017).
A common origin of cell division and elongation machines points towards a conserved
or at least very similar mechanism of function for MreB and FtsA. However, MreB’s
function as a rudder in the elongasome depends on its double filament organisation
(Hussain et al., 2018; van den Ent et al., 2014). FtsA is mostly known to form single
filaments (Fujita et al., 2014; Szwedziak et al., 2012), though has been reported to
have a tendency for doublet formation (Schoenemann et al., 2018; Szwedziak et al.,
2012). It seems unlikely that FtsA could form MreB-like double filaments due to its
unique IC domain architecture. Whereas ATP turnover by MreB is slow (Nurse and
Marians, 2013), reports on FtsA’s ATPase activity remain controversial [discussed in
(Fujita et al., 2014; Szwedziak et al., 2012)]. Recent evidence suggests that
membrane binding is required for ATPase activity of FtsA, but needs to be verified by
further studies given the long controversy (Conti et al., 2018). Altogether, a closer look
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into FtsA’s function in the divisome will be required to elucidate functional similarities
and differences between FtsA and MreB as well as the divisome and elongasome.
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1.3

Objectives and Scope

The actin and tubulin folds are highly conserved and ubiquitous in all three domains
of life (Wagstaff and Löwe, 2018). Actins and tubulins are unique in their ability to form
cytomotive filaments, enabling them to function as molecular motors in subcellular
organisation (Wagstaff, 2020). They perform essential tasks in DNA segregation, cell
motility and cell division (Cabeen and Jacobs-Wagner, 2010; Wagstaff and Löwe,
2018).
With the discoveries of the TACK and Asgard superphyla (Brochier-Armanet et al.,
2008; Guy and Ettema, 2011; Spang et al., 2015; Zaremba-Niedzwiedzka et al., 2017),
we are continuously improving our understanding of the putative last common
prokaryotic ancestor of the Eukaryota. Studying these archaea might reveal how the
evolutionary transition from homopolymeric FtsZ to microtubule-forming eukaryotic
αβ-tubulin occurred. One candidate is thaumarchaeal artubulin (Yutin and Koonin,
2012). As many of the TACK and Asgard archaea are currently uncultivated, I limited
my studies to in vitro characterisation of recombinantly-expressed artubulin from
Nitrosoarchaeum koreense MY1. In this work, I describe the first X-ray crystallography
structure of artubulin and provide first insights into polymer formation.
FtsA, an essential assembly hub in the divisome, is not yet well understood on the
molecular level. Evidence for an FtsA-FtsN interaction (Baranova et al., 2020; Pichoff
et al., 2018; Weiss, 2015) alongside the recently discovered curvature sensing
mechanism of MreB double filaments (Hussain et al., 2018) offer interesting new
perspectives on FtsA’s function in the divisome. E. coli FtsA has proven difficult to
handle in vitro until recently (Baranova and Loose, 2017; Martos et al., 2012). There
are no FtsA structures from Proteobacteria reported. We decided to revisit biochemical
and structural characterisation of E. coli FtsA regarding its interaction with FtsN.
I will first describe unexpected double filament formation of FtsA upon binding to the
cytoplasmic tail of FtsN. I then outline biochemical characterisation of the FtsA-FtsN
interaction. X-ray crystallography studies provide structures of E. coli FtsA, the FtsA
double filament from closely-related Vibrio maritimus and a first view of the
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VmFtsA-FtsN interaction site. Finally, I develop a working hypothesis describing the
function of FtsA double filaments in the divisome and our attempts to study it in vivo.
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Materials and Methods

2.1

General methods

All reagents were purchased from Sigma-Aldrich (now part of Merck KGaA) or Fisher
Scientific unless stated otherwise. Adobe Illustrator (Adobe), UCSF Chimera
(Pettersen et al., 2004), Fiji/ImageJ (Abràmoff et al., 2004; Schindelin et al., 2012) and
Pymol (Schrödinger) were used for data analysis and/or visualisation.
2.1.1 Preparation of electrocompetent cells
Cells were grown in 2xTY at 37°C to OD600=0.4-0.6, cooled on ice for 1-2 hours and
centrifuged at 2800x g for 20 min at 4°C. The supernatant was discarded, and cells
were gently resuspended in cold MilliQ-filtered water (MPW). Centrifugation and
resuspension were repeated a second time. Afterwards, the supernatant was
discarded, and cells were resuspended in cold, sterile 10% glycerol and centrifuged
one more time. The supernatant was discarded, and cells were resuspended in an
equal volume of 10% glycerol. Cells were aliquoted, flash-frozen in liquid nitrogen and
stored at -80°C.
2.1.2 Transformation of electrocompetent cells
Electrocompetent E. coli DH5α or C41(DE3) cells (Lucigen or Sigma) were thawed on
ice and mixed with 100-200 μl of ice-cold 10% glycerol. 0.5-2 μl of isothermal
assembly product or purified plasmid were added. Cells were electroporated in 0.2 cm
electroporation cuvettes (Flowgen Bioscience) at 2500 V using an Eppendorf Eporator.
100-200 μl SOB were added and cells incubated for 30-60 min at RT. Cells were
plated on TYE plates with appropriate antibiotics and incubated overnight at 37°C.
2.1.3 Cloning procedures
All plasmids used in this study are listed in Table 2. All synthetic, codon-optimised
cDNA sequences, which were used as polymerase chain reaction (PCR) templates,
are given in Table S 3. Cloning was done in E. coli DH5α cells (Table 1). Q5
High-Fidelity 2X Master Mix (NEB) was used for all PCRs. Appropriate
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oligonucleotides were synthesised by Sigma-Aldrich. Reactions were set up on ice
and typically contained:
Component

Amount / Concentration

Plasmid / template DNA

2-50 pg

Primers (each)

500 nM

Q5 High-Fidelity 2X Master Mix

12.5 µl

MPW

ad 25 µl

PCR reactions were run on a Mastercycler Nexus Gradient (Eppendorf) or Veriti 96Well Thermal Cycler (Applied Biosystems) as follows:
Reaction step

Temperature (°C)

Duration (s)

Cycles

Initial denaturation

98

30

1x

Denaturation

98

8-10

25-30x

Primer Annealing

50-70

20

25-30x

Elongation

72

25/kb

25-30x

Final Elongation

72

50/kb

1x

Hold

4

∞

1x

PCR products were assembled into plasmids by isothermal assembly, also known as
Gibson Assembly (Gibson et al., 2009; Gibson, 2011) using Gibson Assembly Master
Mix (NEB) or NEBuilder HiFi DNA Assembly (NEB). Reactions were carried out
according to the manufacturer’s instructions.
If applicable, site-directed mutagenesis was done using the Q5 Site-Directed
Mutagenesis Kit (NEB) according to the manufacturer’s instructions. Reactions were
purified using the QIAquick PCR Purification Kit before electroporation.
Plasmids were purified using the QIAprep Spin Miniprep Kit according to the
manufacturer’s instructions. DNA concentration and purity were assessed using an
ND-1000 spectrophotometer (NanoDrop Technologies). Coding regions on all
plasmids were sequenced by GATC Biotech (now Eurofins Genomics). Appropriate
sequencing primers were selected or, if necessary, synthesised by GATC Biotech.
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2.1.4 Agarose gel electrophoresis
PCR products were analysed by agarose gel electrophoresis. Agarose gels were
made by dissolving 1% w/v agarose (Bio Gene Ltd) in 0.5x tris-borate-EDTA (TBE)
buffer with 1:1000 SYBR Safe DNA Gel Stain (Invitrogen). Samples were mixed with
6x DNA loading dye before loading onto the agarose gel. 1 Kb Plus DNA Ladder
(Invitrogen) was used as a size standard. Agarose gels were run at 90 V for 20-60 min
depending on the PCR products analysed. Gels were imaged using a Molecular
Imager Gel DocTM XR+ System (Bio-Rad).
2.1.5 SDS-PAGE
Protein samples were analysed by SDS-PAGE (Laemmli, 1970). Samples were mixed
with 2x protein loading dye and loaded on a 4-20% Criterion TGX Precast Midi Protein
Gel (Bio-Rad). Gels were typically run at 300 V for 25-30 min in 1x SDS-PAGE buffer
before staining in Quick Coomassie stain (Generon). PageRuler Prestained Protein
Ladder 10 to 180 kDa (ThermoFisher Scientific) was used as a size standard. Gels
were imaged using a Molecular Imager Gel DocTM XR+ System (Bio-Rad).
2.1.6 Quantitative protein analysis
Concentration of proteins was determined using a ND-1000 spectrophotometer
(NanoDrop

Technologies).

For

surface

plasmon

resonance

experiments,

concentration of FtsNcyto peptides was verified using a Direct Detect Infrared
Spectrometer (Merck Millipore).
2.1.7 Electrospray ionisation mass spectrometry
Each protein batch was analysed by electrospray ionisation time-of-flight (ESI-TOF)
mass spectrometry to confirm expected molecular weights (accuracy 1 in 10,000 Da),
using a Micromass LCT mass spectrometer (Waters). A NaTFA calibration mix was
used for calibration of the instrument (Moini et al., 1998). Samples were prepared by
methanol/chloroform precipitation (Whitelegge et al., 1999). 10 μl of protein at 5 mg/ml
were mixed successively with 90 μl MPW, 300 μl methanol, 100 μl chloroform and
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another 200 μl MPW. The solution was mixed vigorously and centrifuged at 10,000x g
for 2 min. The layer above the precipitated protein was carefully removed. 300 μl
methanol were added. After centrifugation at 16,000 x g for 1 min, the supernatant
was discarded. The pellet was air-dried for 5 min at RT. Samples were resuspended
in 200 μl 50% v/v acetonitrile and 1% v/v formic acid. Samples were centrifuged shortly
before injection into the mass spectrometer. M/z spectra were processed in MassLynx.
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2.2

Strains and plasmids

Table 1: Bacterial strains
Strain

Genotype

Manufacturer

E. coli

F – ompT hsdSB (rB- mB-) gal dcm

Lucigen Corporation and/or

C41(DE3)

(DE3); BL21(DE3) derivative

Sigma-Aldrich; see also
(Miroux and Walker, 1996)

E. coli MAX

F- φ80lacZΔM15 Δ(lacZYA-argF)

Efficiency

U169 recA1 endA1 hsdR17 (rk-, mk+)

DH5α

phoA supE44 λ- thi-1 gyrA96 relA1

ThermoFisher Scientific

Table 2: Plasmids
Plasmid

Backbone

Features

Source

pOPINS

/

T7 promotor, kanr, 6H-SUMO-

OPPF-UK

POI
pTXB1
pTXB1(C12H)

/
/

T7 promotor, ampr, POI-Mxe

IMPACT Kit

intein-CBD

(NEB)

T7 promotor, ampr, POI-Mxe

This work

intein-CBD-GSSGG-12H
pGEX_SENP1

pGEX-6p-1

pTN_NKA_001 pOPINS

tac promotor, ampr, expression

Lab collection

of GST-SENP1 (C-terminal

(van den Ent et

catalytic domain only)

al., 2014)

Expression of 6H-SUMO-

This work

artubulin
pTN_NKA_002 pOPINS

Expression of 6H-artubulin

This work

Expression of EcFtsA-intein-

Lab collection,

CBD

Piotr Szwedziak

Expression of 6H-SUMO-

Lab collection,

EcFtsA

Piotr Szwedziak

pTXB1

Expression of EcFtsA-intein-

This work

(C12H)

CBD-12H

(SUMO tag
removed)
pSZ72
pSZ119
pTN_AN_001

pTXB1
pOPINS
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pTN_AN_022

pOPINS

Expression of 6H-SUMO-

This work

EcFtsA1-405
pTN_AN_050

pOPINS

Expression of 6H-SUMO-

This work

XpFtsA1-396
pTN_AN_052

pOPINS

Expression of 6H-SUMO-

This work

VmFtsA1-396
pTN_AN_057
pTN_AN_059
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Expression of VmFtsA-intein-

(C12H)

CBD-12H

pTXB1

Expression of EcFtsAM96E,R153D-

(C12H)

intein-CBD-12H

This work
This work
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Growth Media and Standard solutions

All growth media were prepared using MPW and autoclaved before use.
Buffer / Medium / Solution

Composition

1x SDS running buffer

25 mM Tris, 192 mM glycine, 0.1% w/v SDS, pH not
adjusted

TYE agar plate

15 g/L agar, 10 g/L tryptone, 5 g/L yeast extract, 8 g/L
NaCl, pH 7.0±0.2 (Formedium TYEA09L premix);
antibiotics added after autoclaving at ~55 °C if needed
(100 µg/ml Amp, 50 µg/ml Kan)

2xTY

16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl,
pH 7.4 (Formedium YBD20L premix)

10x TBE

108 g/L Tris, 9.3 g/L EDTA, 55 g/L boric acid, pH not
adjusted

2x Protein loading dye

100 mM Tris/HCl, 20% w/v sucrose, 4% w/v SDS,
5 mM EDTA, 100 mM DTT, pH 6.8

6x DNA loading dye

40% w/v sucrose, 0.5% w/v bromophenol blue, in 0.5x
TBE

SOB

28 g/L SOB ready mix, pH 7.0 (VWR)
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2.4

Protein expression and purification

All purification steps were carried out on ice or in a cold room at 4-6°C unless stated
otherwise. Chromatography steps were performed on an Äkta purifier system (GE
Healthcare). Buffers were prepared in MPW, pH-adjusted at room temperature and
filtered through a 0.2 μm PES filter.
2.4.1 Purification of SUMO protease
GST-SENP1 (pGEX_SENP1) was expressed in C41 cells. Cells were grown in 2xTY,
supplemented with 100 µg/ml ampicillin, at 37°C. Expression was induced at
OD600=0.6-0.8 by adding 0.5 mM IPTG. After induction cells were grown over night at
18°C. The next day, cells were harvested by centrifugation at 10°C. Cells were lysed
in buffer SA (50 mM Tris/HCl, 150 mM NaCl, 2 mM TCEP, 1 mM EDTA, 5% Glycerol,
pH 8.5), supplemented with DNase, RNase and cOmplete EDTA-free Protease
Inhibitor Cocktail (Roche), using a cell disruptor at 25 kpsi (Constant Systems). The
lysate was cleared by ultracentrifugation at 100,000x g for 30 min at 4°C (Ti45 rotor,
Beckman Coulter). The supernatant was added to pre-washed Glutathione Sepharose
4B beads (equivalent of 5-7 ml slurry, GE Healthcare) and incubated for 2h at 4°C,
with gentle stirring. The sample was passed through an Econo gravity flow column
(Bio-Rad) and washed 5x with 50 ml buffer SA, followed by 2x 50 ml buffer SB
(buffer SA with 500 mM NaCl) and 2x 50 ml buffer SA. The protein was eluted in 5x
5 ml buffer SA supplemented with 10 mM reduced glutathione. Peak fractions were
pooled and concentrated with a Vivaspin 20 concentrator (30 kDa MWCO, Sartorius).
The protein was further purified by size exclusion chromatography on a HiLoad 26/600
Superdex 200 pg column (GE Healthcare), equilibrated in buffer SEC-S (50 mM
Tris/HCl, 50 mM NaCl, 5 mM TCEP, 1 mM EDTA, 1 mM NaN3, 5% Glycerol, pH 8.0).
Peak fractions were analysed by SDS-PAGE, pooled and concentrated to ≥15 mg/ml
using Vivaspin 20 concentrators (30 kDa MWCO, Sartorius). Small aliquots were
flash-frozen in liquid nitrogen and stored at -80°C.
2.4.2 Purification of artubulin
6H-SUMO-artubulin

(pTN_NKA_001)

or

6H-artubulin

(pTN_NKA_002)

were

expressed in C41 cells. Cells were grown in 2xTY, supplemented with 30 µg/ml
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kanamycin, at 37°C. Expression was induced at OD600=0.6-0.8 by adding 0.5 mM
IPTG. Cells were harvested by centrifugation 3h later. Cells were lysed in buffer LB1
(50 mM Tris/HCl, 50 mM KCl, 1 mM TCEP, 1 mM NaN3, pH 8.0), supplemented with
DNase, RNase and cOmplete EDTA-free Protease Inhibitor Cocktail (Roche), using a
cell disruptor at 25 kpsi (Constant Systems). The lysate was cleared by
ultracentrifugation at 100,000x g for 30 min at 4°C (Ti45 rotor, Beckman Coulter).
20 mM imidazole was added to the supernatant before loading onto a HisTrap HP
5 ml column (GE Healthcare). The column was washed with buffer LB1 supplemented
with 20 mM imidazole. The protein was eluted in buffer LB1 with increasing amounts
of imidazole (50/100/150/200 mM steps). Most of the protein eluted in 100 mM (6HSUMO-artubulin) or 150 mM (6H-artubulin) imidazole.
In case of 6H-SUMO-artubulin, the protein was incubated with GST-SENP1 (final
concentration ~0.01 mg/ml) over night. The next day, pre-washed Glutathione
Sepharose 4B (GE Healthcare) and Ni-NTA Agarose (Qiagen) (equivalent to 1 ml
slurry each) were added. The protein was incubated for 2h at 4°C, with gentle stirring.
The sample was passed through an Econo gravity flow column (Bio-Rad).
Cleaved artubulin or 6H-artubulin were concentrated using Vivaspin20 concentrators
(30 kDa MWCO, Sartorius). Samples were applied to a HiLoad 26/600 Superdex 75
pg column (GE Healthcare), equilibrated in buffer SEC1 (50 mM CHES/NaOH,
200 mM NaCl, 1 mM EDTA, 1 mM TCEP, 1 mM NaN3, pH 9.0). Peak fractions were
analysed by SDS-PAGE, pooled and concentrated to ≥10 mg/ml using Vivaspin 20
concentrators (30 kDa MWCO, Sartorius). Small aliquots were flash-frozen in liquid
nitrogen and stored at -80°C. Protein mass for each batch was verified by ESI-TOF
mass spectrometry (Section 2.1.7).
2.4.3 Purification of full-length FtsAs
C-terminal intein-CBD-12H fusions of EcFtsA (pTN_AN_001), VmFtsA (pTN_AN_057)
or EcFtsAM96E,R153D (pTN_AN_059) were expressed in C41 cells. Cells were grown in
2xTY, supplemented with 100 µg/ml ampicillin, at 37°C. Expression was induced at
OD600=0.8-1.0 by adding 0.5 mM IPTG. After induction cells were grown over night at
18°C. The next day, cells were harvested by centrifugation at 10°C. Cells were lysed
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in buffer LB2 (50 mM Tris/HCl, 500 mM NaCl, 5 mM TCEP, 10 mM MgCl2, 1 mM NaN3,
pH 8.0), supplemented with DNase, RNase and cOmplete EDTA-free Protease
Inhibitor Cocktail (Roche), using a cell disruptor at 25 kpsi (Constant Systems). The
lysate was cleared by ultracentrifugation at 100,000x g for 30 min at 4°C (Ti45 rotor,
Beckman Coulter). 50 mM imidazole was added to the supernatant before loading
onto a HisTrap HP 5 ml column (GE Healthcare). After the sample was loaded, the
column was washed with buffer SEC2 (50 mM CHES/KOH, 500 mM KCl, 5 mM TCEP,
10 mM MgCl2, 5% Glycerol, 1 mM NaN3, pH 9.0) supplemented with 100 mM
imidazole. The protein was eluted in buffer SEC2 with increasing amounts of imidazole
(200/300/500 mM steps). Most of the protein eluted in 200 mM imidazole. Peak
fractions were pooled and loaded onto chitin resin (NEB) packed in a XK 50/20 column
(GE Healthcare) (bed volume ~50 ml). The column was thoroughly washed with
buffer CHIT2 (50 mM CHES/KOH, 500 mM KCl, 5 mM TCEP, 10 mM MgCl2, 5%
Glycerol, 1 mM EGTA, 1 mM NaN3, pH 9.0), followed by 2 CV of buffer CHIT2 +
50 mM β-mercaptoethanol. Afterwards, the flow was stopped, and the column
incubated over night at 4°C, allowing for intein cleavage. Cleaved FtsA was eluted
with 2 CV of buffer CHIT2 + 50 mM β-mercaptoethanol followed by 2 CV of
buffer CHIT2. The protein was concentrated with Vivaspin 20 concentrators (30 kDa
MWCO, Sartorius). Concentrated protein was further purified by size exclusion
chromatography on a HiLoad 16/600 Superdex 200 pg column (GE Healthcare),
equilibrated in buffer SEC2. Peak fractions were analysed by SDS-PAGE, pooled and
concentrated to 7-8 mg/ml using Vivaspin 20 concentrators (30 kDa MWCO,
Sartorius). Small aliquots were flash-frozen in liquid nitrogen and stored at -80°C.
Protein mass for each batch was verified by ESI-TOF mass spectrometry (Section
2.1.7).
2.4.4 Purification of C-terminally truncated FtsAs
N-terminal 6H-SUMO fusions of EcFtsAΔC (pTN_AN_022), XpFtsAΔC (pTN_AN_050)
or VmFtsAΔC (pTN_AN_052) were expressed in C41 cells. Cells were grown in 2xTY,
supplemented with 30 µg/ml ampicillin, at 37°C. Expression was induced at
OD600=0.8-1.0 by adding 0.5 mM IPTG. For XpFtsAΔC, cells were harvested by
centrifugation 5h later. Cells expressing 6H-SUMO-EcFtsAΔC or 6H-SUMO-VmFtsAΔC
were grown over night at 25°C and harvested the next day by centrifugation at 10°C.
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Cells were lysed in buffer LB2 (50 mM Tris/HCl, 500 mM NaCl, 5 mM TCEP, 10 mM
MgCl2, 1 mM NaN3, pH 8.0), supplemented with DNase, RNase and cOmplete
EDTA-free Protease Inhibitor Cocktail (Roche), using a cell disruptor at 25 kpsi
(Constant Systems). The lysate was cleared by ultracentrifugation at 100,000x g for
30 min at 4°C (Ti45 rotor, Beckman Coulter). 20 mM imidazole was added to the
supernatant before loading onto a HisTrap HP 5 ml column (GE Healthcare). After the
sample was loaded, the column was washed with buffer SEC2 (50 mM CHES/KOH,
500 mM KCl, 5 mM TCEP, 10 mM MgCl2, 5% Glycerol, 1 mM NaN3, pH 9.0)
supplemented with 20 mM imidazole. The protein was eluted in buffer SEC2 with
increasing amounts of imidazole (100/300/500 mM steps). Most of the protein eluted
in 100 mM imidazole. Peak fractions were pooled and mixed with pre-washed
Glutathione Sepharose 4B beads (equivalent of 1 ml slurry, GE Healthcare) and
GST-SENP1 (final concentration ~0.01 mg/ml). The sample was incubated over night
at 4°C, with gentle stirring. The next day, the sample was passed through an Econo
gravity flow column (Bio-Rad). The flow-through was concentrated with Vivaspin 20
concentrators (30 kDa MWCO, Sartorius). Concentrated protein was further purified
by size exclusion chromatography on a HiLoad 26/600 Superdex 200 pg column (GE
Healthcare), equilibrated in buffer SEC2 in case of EcFtsAΔC or crystallisation buffer
(20 mM CHES/KOH, 100 mM KCl, 5 mM TCEP, 5 mM MgCl2, 5% Glycerol, 1 mM
NaN3, pH 9.0) in case of XpFtsAΔC and VmFtsAΔC. Peak fractions were analysed by
SDS-PAGE, pooled and concentrated to 12-19 mg/ml using Vivaspin 20 concentrators
(30 kDa MWCO, Sartorius). Small aliquots were flash-frozen in liquid nitrogen and
stored at -80°C. Protein mass for each batch was verified by ESI-TOF mass
spectrometry (Section 2.1.7).
2.4.5 FtsN peptides
All FtsN peptides were chemically synthesised by Generon (Custom Peptide
Synthesis Service). Purity of all peptides was ≥ 95% (HPLC) and molecular mass was
verified by mass spectrometry. Lyophilised peptides were resuspended in binding
buffer (50 mM HEPES/KOH, 100 mM KAc, 5 mM MgAc2). Concentrations were
determined using an ND-1000 spectrophotometer (NanoDrop Technologies) or, if the
peptide did not contain any tyrosines or tryptophans, a Direct Detect Infrared

51

Materials and Methods
Spectrometer (Merck Millipore). Concentrations of resuspended peptides were in the
range of 20-70 mM. Peptide sequences are given below:
Peptide

Sequence

MW (Da)

EcFtsNcyto1-12

MAQRD YVRRS QPAPS RRKKS TSRKK QRNLP AV

1506.70

EcFtsNcyto1-22

MAQRD YVRRS QPAPS RRKKS TSRKK QRNLP AV

2605.96

EcFtsNcyto11-32

MAQRD YVRRS QPAPS RRKKS TSRKK QRNLP AV

2533.97

EcFtsNcyto4-26

MAQRD YVRRS QPAPS RRKKS TSRKK QRNLP AV

2816.23

EcFtsNcyto

MAQRD YVRRS QPAPS RRKKS TSRKK QRNLP AV

3797.41

EcFtsNcytoD5N

MAQRN YVRRS QPAPS RRKKS TSRKK QRNLP AV

3796.42

EcFtsNcytoΔRK1

MAQRD YVAAS QPAPS RRKKS TSRKK QRNLP AV

3627.19

EcFtsNcytoΔRK2

MAQRD YVRRS QPAPS AASAS TSRKK QRNLP AV

3529.00

EcFtsNcytoΔRK3

MAQRD YVRRS QPAPS RRKKS TSASA QRNLP AV

3614.11

EcFtsNcytoΔRK2,3 MAQRD YVRRS QPAPS AASAS TSASA QRNLP AV

3345.70

VmFtsNcyto1-13

MANRD YVRRG KGTSR RPAKK KTSGK KPWR

1523.73

VmFtsNcyto14-29

MANRD YVRRG KGTSR RPAKK KTSGK KPWR

1911.29

VmFtsNcyto

MANRD YVRRG KGTSR RPAKK KTSGK KPWR

3417.00
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2.5

Biochemistry and Biophysics

2.5.1 Nano differential scanning fluorimetry (nanoDSF)
Protein stability was assessed by nanoDSF using a Prometheus NT.48 (NanoTemper
Technologies), which monitors changes in fluorescence of intrinsic tyrosines and
tryptophans. 6H-artubulin was diluted into buffer SEC1 (50 mM CHES/NaOH, 200 mM
NaCl, 1 mM EDTA, 1 mM TCEP, 1 mM NaN3, pH 9.0) to a final concentration of 10 μM.
If indicated, 10 mM GDP or GTP were added. Sample temperature was increased by
1.5°C/minute from 20°C to 95°C. Duplicate runs were performed and averaged for
representation using Prism (GraphPad Software).
2.5.2 Co-pelleting assay
For the initial pelleting assay (Figure 16, B), full-length EcFtsA at 7 mg/ml (154 µM)
was mixed with 3-, 6- or 10-fold molar excess of EcFtsNcyto in buffer SEC2 (50 mM
CHES/KOH, 500 mM KCl, 5 mM TCEP, 10 mM MgCl2, 5% Glycerol, 1 mM NaN3, pH
9.0). Samples were incubated on ice for 10-15 min. Samples were centrifuged at
20,000x g for 10 min at 4°C. Supernatant and pellet fractions were separated carefully
and analysed by SDS-PAGE. For the other two co-pelleting assays, EcFtsA at 1 mg/ml
(22 µM) was mixed with FtsNcyto or the different FtsNcyto peptides (Figure 18, B) at
10-fold molar excess (220 µM) in binding buffer (50 mM HEPES/KOH, 100 mM KAc,
5 mM MgAc2). If indicated, binding buffer containing 100/200/300/400/500 mM KAc
was used instead (Figure 17, A). Samples were incubated for 10-15 min at RT, before
being centrifuged at 20,000x g for 10 min at 20°C. Supernatant and pellet fractions
were separated carefully and analysed by SDS-PAGE.
2.5.3 Surface plasmon resonance (SPR)
Surface plasmon resonance (SPR) was performed using a Biacore T200 (GE
Healthcare). CM5 sensor chips (GE Healthcare) were used. Both reference and
control channel were equilibrated in binding buffer (50 mM HEPES/KOH, 100 mM KAc,
5 mM MgAc2) at 20°C. Full-length EcFtsA, EcFtsAΔC or VmFtsAΔC were immobilized
onto the CM5 ship surface through amide coupling using the supplied kit according to
the manufacturer’s instructions. SPR runs were performed in binding buffer at 20°C. If
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indicated, binding buffer supplemented with 5 mM ATP was used as running buffer.
To test salt dependency of the FtsA-Ncyto interaction, binding buffer with increasing
salt concentration (100/200/300/400/500 mM KAc) was used. For VmFtsAΔC, SPR
runs were performed in both binding buffer and crystallisation buffer (20 mM
CHES/KOH, 100 mM KCl, 5 mM TCEP, 5 mM MgCl2, 5% Glycerol, 1 mM NaN3, pH
9.0). If applicable, instrument and chip were thoroughly equilibrated in new buffers
before each run. Analytes were injected for 120-150 s, followed by a dissociation
period of 250-280 s. Analytes were injected in a 1:2 dilution series with initial
concentrations of 10 µM for EcFtsNcyto and EcFtsNcytoD5N or 20 µM for other FtsNcyto
peptide variants. For the salt dependency study, an initial concentration of 20 µM
EcFtsNcyto was used. V. maritimus FtsNcyto peptides were injected in a 1:2 dilution
series with initial concentrations of 60 µM. The surface was regenerated with 2 M NaCl
for 60 s between individual runs. After reference and buffer signal correction,
sensogram data were fitted to a single site model using KaleidaGraph (Synergy
Software) and Prism (GraphPad Software).
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2.6

Electron microscopy

2.6.1 Electron cryo-microscopy of artubulin
1 mM GTP and 1 mM MgCl2 were premixed and added to 1 mg/ml artubulin in buffer
H100 (40 mM HEPES/KOH, 100 mM KCl, 1 mM EGTA, 1 mM MgCl2). The sample
was incubated for ~20 min at RT. 3 µl sample was applied to a freshly glow-discharged
Quantifoil Cu/Rh R2/2 300 mesh holey carbon grid (Quantifoil Micro Tools). The grid
was plunge-frozen using a Vitrobot Mark III (FEI Company, now ThermoFisher
Scientific) into liquid ethane maintained at −180°C using a cryostat (Russo et al., 2016).
The Vitrobot chamber was kept at 20°C and 100% humidity.
Micrographs were collected manually on a Tecnai F20 electron microscope
(ThermoFisher Scientific) equipped with a Falcon II direct electron detector at 2.08 Å
pixel size. The defocus was −2 to −3 µm and the approximate dose between
40-50 e−/Å2. Exposure time per micrograph was 2 s (single micrographs and no
movies were collected). Images were processed using GCTF (Zhang, 2016) and
RELION-2 (Scheres, 2012, 2016). Presented 2D classes correspond to a total of
~14,000 individual particles.
2.6.2 Lipid monolayer assay
Two-dimensional lipid monolayers were prepared from E. coli Polar Lipid Extract
(Avanti Polar Lipids) (Ford et al., 2001; Levy et al., 1999). Wells of a custom-made
teflon block (Mechanical workshop, MRC LMB) were filled with 60 µl binding buffer
(50 mM HEPES/KOH, 100 mM KAc, 5 mM MgAc2). 20 µg of lipids, dissolved in
chloroform, were applied on top of the buffer and incubated 2-3 min to allow
evaporation of chloroform. Next, baked (60°C, overnight) carbon-coated EM grids
(CF300-Cu-UL, Electron Microscopy Sciences) were placed on top of the wells
(carbon side down). Grids were incubated for 20-60 min to allow formation and
attachment of the lipid monolayer to the grid. In the meantime, EcFtsA at 0.1 mg/ml,
EcFtsAM96E,R153D at 0.2 mg/ml or VmFtsA at 0.2 mg/ml was mixed with 1 mM ATP and
indicated FtsNcyto peptides at 10-fold molar excess in binding buffer. For studies on
salt dependency, binding buffer containing 100/200/300/400/500 mM KAc was used
instead (Figure 17, C). Samples were incubated for 10 min at RT. EM grids were
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carefully lifted of the buffer and blotted from the side using Whatman No1 filter paper.
4 µl sample were applied on the carbon side of an EM grid and incubated for 30 s
before staining with 2% w/v uranyl formate. Grids were imaged on a Tecnai Spirit
electron microscope (ThermoFisher Scientific) equipped with a Gatan Orius SC200W
camera at 120 kV.
2.6.3 Electron cryo-microscopy of FtsA-Ncyto double filaments
Lipid monolayers were prepared as described in Section 2.6.2, with the exception that
Quantifoil Au R0.6/1 grids (Quantifoil Micro Tools) were used. EcFtsA at 0.1 mg/ml
was mixed with 1 mM ATP and EcFtsNcyto at 10-fold molar excess in binding buffer
(50 mM HEPES/KOH, 100 mM KAc, 5 mM MgAc2), and incubated for 20 min at RT.
Grids were blotted from the side using Whatman No1 filter paper and inserted into a
Vitrobot Mark III (ThermoFisher Scientific) set to 20°C and 100% humidity. 3 µl of
sample were applied to the carbon side of the grid and incubated for 30 s before
plunge-freezing into liquid ethane maintained at −180°C using a cryostat (Russo et al.,
2016). Occasionally, liposomes form during lipid monolayer preparation, as shown in
Figure 15, E.
Grids were screened on a Tecnai F20 electron microscope (ThermoFisher Scientific)
equipped with a Falcon III direct electron detector. Images were acquired at a pixel
size of 2.02 Å, with −4 µm defocus, 2 s exposure time and a total dose of 50-55 e−/Å2.
A dataset was collected using a Tecnai G2 Polara microscope (ThermoFisher
Scientific) operating at 300 kV. Movies were collected on a Falcon III direct electron
detector at a pixel size of 1.38 Å, −3.3 to −4 µm defocus and a total dose of 100 e−/Å2
using EPU (ThermoFisher Scientific) for automated acquisition. Data were processed
using MotionCor2 (Zheng et al., 2017), CTFFIND4 (Rohou and Grigorieff, 2015) and
RELION-3 (Scheres, 2016; Zivanov et al., 2018). A total of 104,660 particles were
automatically picked and extracted, with the presented 2D class average
corresponding to 14,602 particles (Figure 15, D).
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2.6.4 Room temperature electron tomography
4 µl of Protein A-Gold (colloidal, 20 nm diameter) were applied to the carbon side of a
freshly glow-discharged EM grid with a shaped carbon film. After 30 s, the grid was
washed with MPW twice, blotted from the side using Whatman No1 filter paper and
air-dried. Tomographic data was collected on a Tecnai Spirit electron microscope
(ThermoFisher Scientific) operated at 120 kV. Data were acquired, using SerialEM
(Mastronarde, 2005), on a Gatan Orius SC200W camera at 12.06 Å pixel size. The tilt
series was acquired from −42° to +42°with 1° tilt increment at −5 µm defocus. Tilt
series alignment and tomogram reconstruction were done using the IMOD package
(Kremer et al., 1996).
2.6.5 Monolayer assay of TmMreB on Shaped carbon supports
Lipid monolayers were prepared as described in Section 2.6.2, with the exception that
EM grids with shaped carbon films were used (Section 2.8). TmMreB (a gift from
Fusinita van den Ent, MRC LMB) at 0.017 mg/ml was mixed with 2 mM ATP and 4 mM
MgCl2 in assembly buffer (50 mM HEPES-Na/HCl, 100 mM NaCl, pH 7.0). After mixing,
4 µl of sample were immediately applied on top of a carbon grid covered with a lipid
monolayer. The sample was incubated for 20 min in a humidity chamber before
staining with 2% w/v uranyl formate. Grids were imaged on a Tecnai Spirit electron
microscope (ThermoFisher Scientific) equipped with a Gatan Orius SC200W camera
at 120 kV.

57

Materials and Methods
2.7

X-ray crystallography

2.7.1 Crystallisation of artubulin
Crystallisation conditions were screened using MRC LMB’s in-house high-throughput
crystallisation facility (Gorrec and Löwe, 2018). Purified N. koreense artubulin at
10 mg/ml was mixed with 2 mM GMPCPP (Jena Bioscience GmbH) and 4 mM MgCl2
and incubated 5-10 min at RT. 100 nl protein solution and 100 nl of different
crystallisation conditions were mixed in MRC sitting drop crystallisation plates for
vapour diffusion. Plates were incubated at 21°C. Initial conditions that yielded crystals
were further optimised using LMB’s 4-corner optimisation protocols and/or additive
screens (Gorrec and Löwe, 2018). 1-2 µl of cryoprotectant solution were added to
crystals shortly before mounting. Single crystals were mounted in CryoLoops
(Hampton Research) and flash-frozen in liquid nitrogen. For mercury derivatisation,
artubulin crystals were soaked in soaking solution (21 % w/v PEG 4K, 0.086 M
(NH4)Ac, 0.1 M sodium citrate dihydrate/HCl pH 5.6, 0.2 M NaCl, 5 mM TCEP, 2 mM
EMTS) for 4h. The majority of soaking solution was removed and replaced by
cryoprotectant

solution

before

mounting.

Conditions

yielding

crystals

and

cryoprotectant solutions are listed in Table S 2.
2.7.2 Crystallisation of FtsAs and FtsA-Ncyto
Crystallisation conditions were screened using MRC LMB’s in-house high-throughput
crystallisation facility (Gorrec and Löwe, 2018). EcFtsAΔC at 7 mg/ml, XpFtsAΔC at
7 mg/ml or VmFtsAΔC at 5 mg/ml was mixed with 2 mM ATP. For co-crystallisation,
VmFtsAΔC at 3 mg/ml was mixed 2 mM ATP and 0.353 mM VmFtsNcyto (5x molar
excess). All protein solutions were incubated 5-10 min at RT after mixing. For
EcFtsAΔC and XpFtsAΔC, 100 nl protein solution and 100 nl of different crystallisation
conditions were mixed in MRC sitting drop crystallisation plates for vapour diffusion.
500 nl protein solution and 500 nl of crystallisation conditions were used to obtain
optimised co-crystals of VmFtsAΔC with VmFtsNcyto. Optimisation for VmFtsAΔC
followed the idea of an anticipated optimisation approach (Gorrec, 2019). 250 nl of
protein solution were mixed with 200 nl of initial crystallisation condition (31.545 % v/v
PEG 400, 0.212 M MgCl2, 0.1 M Tris/HCl pH 8.5) and 50 nl of follow-up crystallisation
condition (10 % v/v 2-propanol, 0.2 M CaAc2, 0.1 M MES/NaOH pH 6.0). When
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completed, drops were pipetted up and down 5x by the Mosquito robot (TTP Labtech)
to minimise diffusion effects. Plates were incubated at 21°C. 1-2 µl of cryoprotectant
solution were added to crystals shortly before mounting. Single crystals were mounted
in CryoLoops (Hampton Research) and flash-frozen in liquid nitrogen. E. coli FtsA
(eca2) and VmFtsAΔC-Ncyto1-29 co-crystals (vman) were incubated in cryoprotectant
solution for 24h and 1h, respectively. Conditions yielding crystals and cryoprotectant
solutions are listed in Table S 2.
2.7.3 Data collection and structure determination of artubulin
Diffraction data was collected on single crystals at 100 K at Diamond Light Source
(DLS), Harwell, UK, as indicated in Table S 1. XDS (Kabsch, 2010), POINTLESS and
SCALA (Evans, 2006) were used to process diffraction images. SAD data was further
processed using SHELXD (Sheldrick, 2010) and PHASER (McCoy et al., 2007; Read
and McCoy, 2011). PHENIX was used for NCS averaging of the three subunits in the
ASU (Adams et al., 2002; Afonine et al., 2018). Afterwards, PHASER was used to
place a γ-tubulin model (PDB: 1z5v) in the averaged density. Models were built
automatically using BUCCANEER (Cowtan, 2006) and manually using MAIN (Turk,
2013). REFMAC was used for refinement and phase extension (Murshudov et al.,
1997). For final stages of model building, REFMAC and PHENIX were used for
refinement alternately and iteratively. Models were rebuilt manually in MAIN.
Structures were validated using PROCHECK (Laskowski et al., 1993) and
MOLPROBITY (Williams et al., 2018) (see also Table S 1).
2.7.4 Data collection and structure determination of FtsAs
Diffraction data was collected on single crystals at 100 K at Diamond Light Source
(DLS), Harwell, UK, as indicated in Table S 2. XDS (Kabsch, 2010), POINTLESS and
SCALA (Evans, 2006) or DIALS (Winter et al., 2018) were used to process diffraction
images. Initial phases were obtained by molecular replacement using PHASER
(McCoy et al., 2007). The search models used are indicated in Table S 2. When helpful,
BUCCANEER (Cowtan, 2006) was used for automated model building during the
initial stages of structure determination. Models were rebuilt manually using MAIN
(Turk, 2013) and COOT (Emsley et al., 2010). Model building was alternated with

59

Materials and Methods
refinement using REFMAC (Murshudov et al., 1997) and/or PHENIX (Adams et al.,
2002; Afonine et al., 2018). Final models were validated using PROCHECK
(Laskowski et al., 1993) and MOLPROBITY (Williams et al., 2018) (see also Table S
2).
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2.8

Manufacturing of Shaped carbon supports

Polystyrene nanowires (length ~3-4 µm, diameter ~0.3 µm) were produced from
polystyrene beads (Sigma-Aldrich, 430102) by Michael Smith and Sohini Kar-Narayan
(Material Science Department, Cambridge) using template wetting (260°C, 100 N,
3 min, 13 mm, in 2-propanol) (Whiter et al., 2014). Nanowires were diluted in ethanol
and sonicated in a water bath sonicator for 5-10 minutes. Nanowires were pipetted on
a clean mica sheet (Agar Scientific) and air-dried. The mica sheet was placed on a hot
plate at 150°C for 30 s. The partially melted nanowires were sputter coated with
carbon using an Edwards E306A Carbon Evaporator. The thickness of the carbon film
was roughly estimated to ~8-10 nm. The carbon film and nanowires are floated off the
mica sheet on a water surface (Passmore and Russo, 2016). 3.05 mm EMS400-Cu
EM grids (Electron Microscopy Sciences) were placed on top of the carbon. Grids
were taken off the water surface and air-dried with the carbon side facing up.
Polystyerene nanowires were dissolved in dimethylformamide overnight. Grids were
placed on filter paper (Whatman No1) to dry.
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3

Results

3.1

Crystal structure of Nitrosoarchaeum koreense artubulin

Nitrosoarchaeum koreense MY1 artubulin, hereafter artubulin, was heterologously
expressed from codon-optimised cDNA in E. coli C41(DE3). First, purification of
hexahistidine-tagged artubulin (6H-artubulin) was performed (Figure 12, A). Protein
stability was characterised by nano differential scanning fluorimetry (nanoDSF),
monitoring changes in fluorescence of aromatic AA upon protein unfolding.
6H-artubulin is stabilised in the presence of both GDP and GTP, indicated by a 7°C
shift in unfolding temperature (Figure 12, B). Hence, purified artubulin is folded and
binds guanosine nucleotides.
Because a major contaminant was present in the 6H-artubulin purification (Figure 12,
A, 25 kDa), a construct with a N-terminal, cleavable 6H-SUMO tag was tried. Purity
and yield were improved using the SUMO construct (Figure 12, C, ‘purified’). Crystals
were obtained in the Hampton Crystal Screen Lite (LMB06b) (Gorrec and Löwe, 2018),
with GMPCPP and magnesium added to the protein (Figure 12, D, top). Crystals were
composed of multiple lattices. Optimisation yielded single crystals that diffracted to
2.9 Å (Figure 12, D-E; Table S 1). Elongated spots indicate high mosaicity of artubulin
crystals which likely limited diffraction quality (Figure 12, E).
Phasing by molecular replacement (MR) using different eukaryotic tubulin structures
provided no convincing solutions. Experimental phasing was achieved by mercury
single-wavelength anomalous dispersion (SAD). For that, artubulin crystals were
derivatised with 2 mM sodium ethylmercurithiosalicylate (EMTS) for 4 hours.
Diffraction data on a derivatised crystal was collected to 3.5 Å (Table S 1).
Non-crystallographic symmetry (NCS) averaging was used to improve map quality.
Artubulin crystallised as short, curved protofilaments with a total of three monomers
per asymmetric unit (ASU) (Figure 13, C). Map quality for chain C (monomer at the
top) was significantly worse than for the other two subunits.
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Figure 12: X-ray crystallography of artubulin.
A, Purified hexahistidine-tagged artubulin analysed by SDS-PAGE. B, Thermal
stability screening showed that artubulin is stabilised by guanosine nucleotides.
Samples were analysed in duplicates and averaged for depiction. C, Purified artubulin
from a 6H-SUMO construct was analysed by SDS-PAGE after tag cleavage (purified).
4-6 artubulin crystals were washed in reservoir solution and analysed by SDS-PAGE
(crystals). D, Artubulin crystals obtained from initial screening and after optimisation.
E, Diffraction pattern of a native artubulin crystal, showing reflections up to 3 Å.
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Artubulin closely follows the tubulin fold with its N-terminal GTPase domain separated
by helix 7 from the C-terminal activation domain (Figure 1; Figure 13, A). As is the
case for eukaryotic tubulins and BtubAB, artubulin’s activation domain is split into an
intermediate and a C-terminal subdomain (Figure 13, A-B). The C-terminal subdomain
is largely formed of two long α-helices that are important for motor protein binding in
eukaryotes since they form the outside of microtubules (Kikkawa et al., 2001; Redwine
et al., 2012). The helices are absent in the FtsZ and TubZ protein families (Figure 13,
B). This strongly opposes the grouping of artubulins with FtsZ and TubZ suggested by
Findeisen et al. (Findeisen et al., 2014).
The architecture of the nucleotide-binding pocket is mostly conserved in artubulin
compared to eukaryotic tubulins, especially the AA contacting the guanine base: Y259
(Y222 in S. cerevisiae β-tubulin) stacking against the pyrimidine ring, N263 (N226)
hydrogen-bonding to guanine and N224 (N204) interacting with the base and ribose
(Figure 13, A, 1). Backbone contacts of C20 (C12), T160 (T143) and G161 (G144) to
the phosphates are preserved but vary slightly in architecture. In contrast to almost all
structures of eukaryotic tubulins, there is no magnesium ion coordinated to the
GMPCPP in artubulin which goes along with a different arrangement of the β- and
γ-phosphate of the nucleotide. It is unlikely that artubulin will be able to hydrolyse
nucleotide in this conformation. Structural analysis of artubulin in its GDP and/or
GTP-bound state might give further insights. The T7 loop, which completes the
catalytic site of the adjacent subunit in the filament, is not engaged in the artubulin
structure (Figure 13, A, 2). For comparison, the T7 loop of pig α-tubulin in a
microtubule is shown. The T7 loop of tubulins contains a highly conserved GxxNxD
(244-249 in yeast, 246-251 in pig tubulin) motif (Löwe et al., 2001). This sequence is
completely diverged in artubulin (279RETEWD284). Further E254 in pig α-tubulin (K254
in pig β-tubulin) contacts the γ-phosphate and is essential for hydrolysis activity (Löwe
et al., 2001). This residue changed to asparagine and glycine in artubulin and
γ-tubulins, respectively. Whereas the T7 loop motif is preserved in BtubB it is more
diverged in BtubA. Ultimately, GTPase activity of artubulin in its monomeric and
polymeric form needs to be confirmed biochemically but is likely to be compromised
in comparison to other tubulins.
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The Taxol-binding pocket present in β-tubulins is largely occluded in artubulin (Figure
13, A, 3). Helix 1 is moved closer to the activation domain. A 15 AA insertion into the
loop between helixes 6 and 7 in artubulin, leads to an elongated and kinked helix 6
wrapped around the top part of helix 7 (Figure 13, A, 3 and also 4). Helix 6 and the
elongated loop are sterically blocking Taxol binding. Residues V23, H229 and P360
in bovine and pig β-tubulin interact with Taxol. They are not conserved in artubulin
(Figure 13, A, 3). The loop between sheet 7 and helix 9, known as M-loop, is involved
in both Taxol binding and lateral interaction in the microtubule lattice (Figure 13, A,
3-4) (Löwe et al., 2001). The M-loop (S310-N325) is disordered in the artubulin crystal
structure (Figure 13, A, 4), as is generally the case for isolated tubulin protofilament
structures. When engaged in a microtubule lattice, a bulky histidine or tyrosine in
α- and β-tubulin, respectively, is critical for lateral interaction. These residues are
substituted for glycine in artubulin. They are poorly conserved in γ-tubulins, too. BtubA
has a functional M-loop mediating lateral interactions in BtubAB mini microtubules
(Deng et al., 2017). Artubulin has a GG insertion in the T3 loop which is typically highly
conserved in γ-tubulins (Löwe et al., 2001).
The ASU of the artubulin crystal contains a short, curved ‘protofilament’ formed of
three monomers (Figure 13, C). Subunit interfaces are extremely loose longitudinally,
as is apparent from the large gaps between GTPase domains and unengaged
T7 loops (Figure 13, C, front view). The side view shows that the artubulin
‘protofilament’ is bent (Figure 13, C). Altogether, artubulin has propensity for
longitudinal polymerisation, yet shows poor conservation in structural features
important for microtubule formation and dynamics. In this regard, it seems to resemble
γ-tubulins more closely than αβ-tubulins. A clear distinction solely based on structural
features is probably not possible (Aldaz et al., 2005). Classification of artubulins will
require polymerisation studies and investigation of artubulin’s function in vivo.
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Figure 13: The crystal structure of artubulin.
A, Comparison between structural features of artubulin (centre) and eukaryotic
tubulins. While the nucleotide-binding pocket is mostly conserved (1), the
Taxol-binding pocket is occluded in artubulin (3). The T7 loop of artubulin is not
engaged (2) and its M-loop is disordered (4). B, Structural comparison between
members of the tubulin superfamily. Structures are aligned on artubulin (A). Artubulin
is more similar to eukaryotic tubulins and prokaryotic Btubs than prokaryotic TubZ and
FtsZ. C, The asymmetric unit of the artubulin crystal contains a short, curved
‘protofilament’. Longitudinal interfaces between subunits are loose. GTPase domain:
green, Helix 7: yellow, intermediate domain: red, C-terminal domain: dark red.
Nucleotides and divalent cations are shown as spheres and are coloured orange and
grey, respectively. PDB identifiers are given in parentheses.

68

Results
3.1.1 Polymer formation of Nitrosoarchaeum koreense artubulin
Since the crystal structure revealed that artubulin has some propensity for longitudinal
(intra-protofilament) interactions, I investigated filament formation by electron
microscopy (EM). Various buffer conditions similar to the standard tubulin
polymerisation buffers BRB80 (80 mM PIPES/KOH, 1 mM EGTA, 1 mM MgCl2, pH 6.9)
and H100 (40 mM HEPES/KOH, 100 mM KCl, 1 mM EGTA, 1 mM MgCl2, pH 7.6)
(Kollman et al., 2010) were screened.
Higher order structures were observed: short, bent isolated protofilaments and large
ring-shaped objects of approximately 37 nm diameter (Figure 14, A). Guanosine
nucleotides were also varied. Comparable higher order structures were observed with
GDP, GTP, GMPCPP and no added nucleotide. EM studies were therefore performed
in the presence of GTP. A small test dataset was collected by electron
cryo-microscopy (cryo-EM) on a 200 kV microscope. 2D classification was carried out
in RELION (Scheres, 2012, 2016). 2D classes show cross sections and top views of
the ring-shaped structures, suggesting these higher order structures are formed of 4-5
curved protofilaments (Figure 14, B). Extension of the protofilament found in the
asymmetric unit of the crystal structure yields a protofilament curving into a helix with
a diameter of ~34 nm (Figure 14, D, only top view shown). So-called tubulin rings were
observed in earlier studies when eukaryotic tubulins were polymerised with GDP
(Nicholson et al., 1999). Artubulin ‘rings’ seem to be an in vitro artefact rather than a
functionally relevant polymer. Raw micrographs and 2D class averages illustrate
sample heterogeneity (Figure 14, A-B). Shorter bundles that do not form complete
rings are clearly visible in raw images (Figure 14, A). 2D class averages do also not
show full rings. Given sample heterogeneity and polymer architecture, high-resolution
structure determination of artubulin ‘rings’ was abandoned.
When comparing longer protofilaments (formed by extension of asymmetric units), it
becomes apparent that the artubulin filament is much more curved than protofilaments
of eukaryotic tubulins that have been described in the microtubule context (Brouhard
and Rice, 2014). This confirms that the artubulin protofilament in the crystal is indeed
very loose, questioning how functionally relevant this protofilament arrangement is.
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More comprehensive in vitro and in vivo studies will be needed to clarify polymer
formation and function of artubulin.
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Figure 14: Higher order structures of artubulin.
A, Artubulin polymerised with GTP in buffer H100. Artubulin forms single, curved
protofilaments and higher order ring-shaped structures. B, 2D class averages of a
small test dataset (14 k particles). C, Filament formed by extending the asymmetric
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unit of the respective structures show that the artubulin filament is highly curved [see
also (Brouhard and Rice, 2014)]. D, Extension of the asymmetric unit of artubulin
results in a helix with a diameter of approximately 34 nm (top view shown). E, GDP
tubulin ring. [modified from (Nicholson et al., 1999)]. Where applicable, PDB identifiers
are displayed in the colour of the corresponding structure.
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3.2

FtsA forms antiparallel double filaments upon binding the cytoplasmic
tail of FtsN

Our understanding of FtsA’s molecular mechanism in the context of the divisome
remains limited. In my opinion, this can largely be ascribed to two problems. First, the
divisome is a highly complex multiprotein machine that spans the entire cell envelope.
Structural and biochemical information on the full divisome complex is (at best)
sporadic. Second, FtsA proteins from the two model organisms Escherichia coli and
Bacillus subtilis have been difficult to work with in vitro (Martos et al., 2012).
FtsA has long been understood to function as a membrane tether for FtsZ and as a
recruitment platform for some of the outer divisome components (Baranova et al.,
2020; Du and Lutkenhaus, 2019). This, static and very simplistic, view is slowly
changing. Putative ATPase activity of FtsA is still being debated (Conti et al., 2018;
Fujita et al., 2014; Szwedziak et al., 2012). The discovery of the FtsA-N interaction
and its importance for divisome integrity suggest that FtsA could also have an
important regulatory role in the divisome (Pichoff et al., 2018; Weiss, 2015).
Concurrently, double filaments of the closely-related actin homologue MreB have been
demonstrated to function as rudders in the cell elongation complex (Hussain et al.,
2018), asking whether FtsA fulfils the same function in the divisome; yet FtsA double
filaments have not been described convincingly (Schoenemann et al., 2018;
Szwedziak et al., 2012). Moreover, significant progress has been made on purification
of E. coli FtsA using a 6H-SUMO construct (Baranova and Loose, 2017). Hence, I
decided to revisit biochemical and structural investigation of E. coli FtsA and its
interaction with FtsN.
Based on the protocol described by the Loose group (Baranova and Loose, 2017), I
developed a revised purification protocol using a construct with a C-terminal
intein-chitin-binding domain (CBD)-12H tag (Chong et al., 1998). This strategy
improved expression levels in E. coli significantly over the 6H-SUMO construct used
by the Loose group (Baranova and Loose, 2017). It is likely that the C-terminal tag
interferes with membrane binding of FtsA in vivo and, therefore, counteracts toxicity
from FtsA overexpression (Pichoff and Lutkenhaus, 2005). Cleaved and purified
E. coli FtsA was confirmed to bind membranes and FtsZ (Figure S 1).
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EcFtsA was added to preformed lipid monolayers, prepared from E. coli Polar Lipid
Extract (Avanti Polar Lipids), in the presence of ATP and analysed by negative stain
EM. EcFtsA forms ‘mini-rings’ on flat lipid bilayers (Figure 15, A) which has been
observed before (Krupka et al., 2017). Mini-rings also formed with ADP added to
EcFtsA. However, no defined higher order structures of EcFtsA were observed in the
absence of nucleotide. I do not think that FtsA mini-rings play any physiological role,
or even exist, in cells. They rather indicate that FtsA filaments, like MreB and FtsZ
polymers (Erickson et al., 2010; Hussain et al., 2018), can be highly curved and, thus,
are likely to adopt a circular shape when isolated at high concentrations away from
their binding partners because the ring structures are stable entities. In addition, flat
membranes are an easily accessible but artificial system since they do not recapitulate
the concave surfaces present in cells. TmFtsA-Z for example form spirals on flat
monolayers that translate into three-dimensional proto-rings when encapsulated in
liposomes (Szwedziak et al., 2014). Section 3.7 addresses this point further.
Since FtsA is a cytoplasmic protein, binding to FtsN should solely require FtsN’s
cytoplasmic tail (32 AA in E. coli) and be independent of the rest of the protein. This
assumption is supported by the fact that, in E. coli cells, the globular domain of FtsA
was located ~6 nm away from the inner membrane (Szwedziak et al., 2014). A recent
single molecule fluorescence microscopy study has found FtsNcyto and FtsNcyto-TM, a
FtsN truncation also including the transmembrane helix, to show comparable binding
to FtsA-Z filaments on supported lipid bilayers (Baranova et al., 2020). FtsNcyto peptide
does not mirror the constraints of attachment to the TMH. However, FtsNcyto as a
soluble peptide, greatly simplifies handling and makes it amenable to in vitro peptide
synthesis. I opted to approximate FtsN by FtsNcyto peptide in this work. A putative
interaction between the TMH of FtsN and the amphipathic helix of FtsA could be
missed due to this choice.
When EcFtsNcyto is added to EcFtsA, FtsA forms short double filaments (Figure 15, B).
A few mini-rings or arcs are still observed. The transition from mini-rings to double
filaments is dependent on FtsNcyto concentration. 30-50 % of FtsA forms double
filaments at 3-fold molar excess of FtsNcyto over FtsA in the monolayer assay (data not
shown). At 7- (data not shown) to 10- fold molar excess (Figure 15, B) almost all FtsA
is present as double filaments. Local concentrations on the membrane may vary.
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FtsA-Ncyto double filaments resemble doublets of MreB on lipid monolayers (Figure 15,
C). FtsA-Ncyto filaments are wider (~10 nm) and shorter (mostly ≤50 nm) than the ones
formed by MreB (6.5 nm wide and ≤200 nm long). The arrangement of the FtsA-Ncyto
double filament was not apparent from the negative stain data. To address this issue,
I imaged FtsA-Ncyto double filaments on lipid monolayer by cryo-EM (Figure 15, D).
Contrast is reduced due to the lipid layer and a comparably thick ice film for single
particle cryo-EM (note that the image is taken at 200 kV) (Figure 15, D). The lipid layer
breaks in very thin ice. For data collection on a 300 kV microscope the defocus was
increased to obtain better contrast. Data was processed in RELION. 2D classification
revealed an antiparallel arrangement of the FtsA-Ncyto double filament (Figure 15, D,
top right corner). This demonstrates that, in vitro, antiparallel arrangement of double
filaments is at least superficially conserved between the two actins of the elongasome
and divisome, MreB and FtsA, respectively. Hence, MreB and FtsA are the only actins
known to form non-polar double filaments, further suggesting that rudder function may
be conserved in FtsA (Hussain et al., 2018; Szwedziak and Löwe, 2013). As MreB
does (Salje et al., 2011; van den Ent et al., 2014), FtsA-Ncyto doublets deform
liposomes when attached to their outside (Figure 15, E-F). Thus, the two actins have
similar intrinsic curvatures, and share a clear preference for concave surfaces.
That FtsA double filaments are wider than those formed by MreB indicates that
different inter-protofilament contacts may be used in FtsA doublets, as was likely due
to FtsA’s unique IC domain and altered protofilament structure (Szwedziak et al.,
2012). The remainder of this work will focus on biochemical and structural
characterisation of the FtsA-Ncyto double filament and the FtsA-Ncyto interaction.
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Figure 15: E. coli FtsA-Ncyto form double filaments on lipid monolayer.
A, Negative stain electron micrograph of EcFtsA ‘mini-rings’ on flat lipid monolayer.
The inset shows a single mini-ring with a diameter of ~20 nm. Scale bars, 50 nm and
20 nm (inset). B, When FtsNcyto is added in 10x molar excess, FtsA forms double
filaments. A few arcs are still present. The inset shows a single double filament.
Micrograph and inset are at the same scale as in A. C, C. crescentus MreB forms
double filaments on lipid monolayer that resemble the FtsA-Ncyto doublets in negative
stain EM. The inset shows a negative stain 2D class average of the CcMreB double
filament. Scale bars, 100 nm and 7 nm (inset) [modified from (van den Ent et al.,
2014)]. D, FtsA-Ncyto double filament on lipid monolayer by cryo-EM at 200 kV. The
inset shows a single doublet with a width of ~10 nm, comparable to the one by
negative stain EM. A 2D class average of a FtsA-Ncyto doublet from a dataset collected
at 300 kV shows antiparallel arrangement of the FtsA-Ncyto double filament (top right
corner). Scale bars, 50 nm, 10 nm (inset), 5 nm (2D class average). E, FtsA-Ncyto
double filaments deform liposomes. The indentations to liposomes suggest that
FtsA-Ncyto doublets prefer concave surfaces (inset). The lipid bilayer (MB) and
FtsA-Ncyto filament (arrowhead) are highlighted. FtsNcyto was in 3x molar excess. Scale
bars, 50 nm and 20 nm (inset). F, T. maritima MreB (arrowheads) shows the same
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behaviour as FtsA-Ncyto when added to the outside of liposomes. MB: membrane
bilayer. [modified from (Salje et al., 2011)].
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3.3

FtsNcyto binds FtsA with micromolar affinity via ionic interactions

All SPR experiments and subsequent data fitting were carried out by Stephen
McLaughlin (Biophysics facility, MRC LMB).
Binding affinity between EcFtsNcyto and EcFtsA was measured by surface plasmon
resonance (SPR). FtsA was attached to the surface of the flow cell. Afterwards,
FtsNcyto was flowed over immobilised FtsA in presence or absence of ATP. An
equilibrium dissociation constant (Keqd) of ~1 µM was obtained in both cases (Figure
16, A). Binding between FtsA and FtsNcyto was verified in solution using a pelleting
assay. Both proteins were incubated at RT and subsequently spun at 20,000 x g for
several minutes. If present, large filament bundles and/aggregates will sediment as a
pellet. Increasing amounts of FtsA and FtsNcyto entered the pellet fraction with
increasing molar ratio of FtsNcyto to FtsA (Figure 16, B). The assay demonstrates that
FtsNcyto induces formation of higher order FtsA structures (possibly filament bundles)
in a concentration-dependent manner.
Because FtsNcyto contains a large number of basic AA which have been implicated in
its interaction with FtsA (Figure 9, B) (Baranova et al., 2020; Busiek et al., 2012), I
tested the influence of salt concentration on double filament formation. First, a pelleting
assay with increasing salt concentration was performed. The amount of FtsA in the
pellet fraction was approximately halved upon doubling of salt concentration from 100
to 200 mM KAc (Figure 17, A). Salt concentrations of 300 mM or more abrogate
FtsNcyto binding to FtsA as confirmed by SPR. For that, FtsNcyto was run over
immobilised FtsA at increasing salt concentrations. Binding was decreased more than
2-fold and 10-fold in 200 and 300 mM KAc, respectively (Figure 17, B). Higher salt
concentrations showed no measurable interaction. Negative stain EM was performed
next. As expected, double filament formation was inhibited by high salt concentrations
(Figure 17, C). Whereas double filaments were predominant at 100 mM KAc (Figure
17, top, right), only a few double filaments formed at 200 mM salt (Figure 17, middle,
left, arrowheads). FtsA mini-rings, but no doublets, were found with 300, 400 and
500 mM salt (Figure 17, C). Trends were consistent across all three methods. I
conclude that FtsNcyto binds FtsA via an, at least partially, ionic interaction, in
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agreement with previous results (Baranova et al., 2020; Busiek et al., 2012). FtsA
double filaments are dependent on the FtsA-Ncyto interaction.
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Figure 16: E. coli FtsNcyto binds FtsA with micromolar affinity.
A, SPR measurements on a Biacore T200 yielded micromolar affinity for the FtsANcyto interaction. Addition of ATP to the running buffer did not influence binding. A 1:2
serial dilution of FtsNcyto starting from 10 μM was injected over FtsA attached to a CM5
chip in the absence or presence of 5 mM ATP at 20°C. Kinetic and equilibrium data
were fitted to a single site model. B, Pelleting assay shows co-sedimentation of FtsA
and FtsNcyto in a concentration-dependent manner. Ncyto:A: molar ratio of FtsNcyto:FtsA,
P/S: pellet/supernatant.
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Figure 17: E. coli FtsNcyto binds FtsA via electrostatic interaction.
A, FtsA-Ncyto co-pelleting decreased with higher salt concentration, indicating an
electrostatic interaction. Binding is abrogated in 300 mM KAc. FtsA alone does not
sediment in 500 mM salt (rightmost lane). P/S: pellet/supernatant. B, SPR
measurements show reduced FtsNcyto binding in high salt. A 1:2 serial dilution of
FtsNcyto starting from 20 μM was injected over FtsA attached to a CM5 chip at various
KAc concentrations. C, Representative negative stain electron micrographs of FtsA
and FtsA-Ncyto on lipid monolayer at different salt concentrations. Double filament
formation (white arrowheads) is reduced in 200 mM KAc. Double filaments do not form
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in 300 mM or more salt. Trends are consistent across all three methods. Scale bar,
50 nm.
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Previous studies implicated two regions in EcFtsNcyto in FtsA binding: D5 (and Y6)
(Pichoff et al., 2015) and

16

RRKK19 (Busiek et al., 2012). A later study found only

mutations in the RRKK stretch to reduce binding in vitro (Baranova et al., 2020). Given
that the globular domain of FtsA is expected to be ~6 nm away from the membrane
in vivo (Szwedziak et al., 2014), the FtsA interaction side would be expected in the
first half of FtsNcyto. This idea points more towards the D5 region as the interaction site,
which was identified as important for interaction in vivo (Pichoff et al., 2015).
To further narrow down the binding site on FtsNcyto, a set of mutated and truncated
peptides was obtained (Figure 18, B). Peptides were tested in the monolayer assay at
10-fold molar excess over FtsA (Figure 18, A). Double filaments were abundant when
FtsNcyto was used. Occasional doublets were observed for FtsNcyto4-26 and
FtsNcytoΔRK1. Interestingly, the D5N mutant disrupted FtsA mini-rings but did not lead
to double filament formation. Instead, aggregates of undefined shape and a few
mini-rings were present. Pelleting assays and SPR experiments were performed. The
results are summarised in Figure 18, B. Trends are consistent across methods and
show that FtsNcyto in its entirety is required for binding of FtsA and efficient double
filament formation. In agreement with previous reports, the RRKK stretch at position
16-19 seems to contribute to FtsA binding the most, as binding affinity drops ~200-fold
when mutated. Mutation of either of the other two basic stretches 8RR9 and

23

RKK25

results in a 10-fold and more than 50-fold reduction in binding affinity, respectively.
Even truncation of a few AA at both ends of the FtsNcyto peptide (FtsNcyto4-26) largely
impairs double filament formation. Although FtsNcytoD5N was able to pellet FtsA and
showed slightly stronger binding to FtsA, it did not form double filaments with FtsA.
This observation could explain the discrepancy of reported binding sites in vivo and in
vitro. Whereas the D5N region is essential for function, i.e. to facilitate double filament
formation of FtsA, its interaction with FtsA is very weak. The RRKK stretch however
provides an additional stronger binding interface. At least in vitro this second interface
seems to be required for efficient binding. In vivo, FtsN mutants of the RRKK stretch
complemented a thermosensitive FtsN depletion strain (Busiek et al., 2012; Pichoff et
al., 2015). It will need a better understanding of the FtsA-Ncyto interaction site (or sites)
to fully explain this difference.
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Figure 18: Mapping the interacting region of FtsNcyto.
A, Representative negative stain electron micrographs of FtsA incubated with different
FtsNcyto mutants and truncations on lipid monolayer. FtsNcyto4-26 and FtsNcytoΔRK1
samples show reduced numbers of double filaments compared to FtsNcyto.
FtsNcytoD5N shows fewer rings than FtsA alone but no doublets. Instead, aggregates
of undefined shape are present. The other FtsNcyto peptides do not disrupt FtsA
mini-rings. All peptides are at 10-fold molar excess over FtsA. Scale bar, 20 nm. B,
Summary of experiments on different FtsNcyto mutants and truncations. Acidic (red)
and basic (blue) AA are highlighted in the sequences. FtsA mixed with FtsNcyto and
FtsNcytoD5N pellets (+). Slightly elevated amounts of FtsA are found in the pellet
fraction when FtsNcyto4-26 or FtsNcytoΔRK1 are added (+/–). For the remaining FtsNcyto
variants no pelleting is observed (–). For SPR experiments, average Keqd and number
of individual experiments (in parentheses) are given. Keqd values marked with asterisks
are fitted with a fixed maximum response; hence, these values are only approximate.
The EM column states which FtsA-Ncyto higher order assemblies are predominant in
negative stain EM. Note that FtsNcytoD5N does not induce double filaments but does
disrupt FtsA mini-rings. Trends are consistent across all three methods.
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3.4

FtsA crystal structures from Escherichia coli and Xenorhabdus poinarii

To address the FtsA-Ncyto interaction on the molecular level, I used X-ray
crystallography experiments. For crystallisation, a FtsA variant lacking the C-terminal
amphipathic helix, FtsAΔC, was produced from an N-terminal 6H-SUMO fusion (Figure
19, A). Binding of FtsNcyto to EcFtsAΔC was confirmed by SPR [carried out by Stephen
McLaughlin (Biophysics facility, MRC LMB)]. A Keqd of 2.4 µM (n=2) was obtained
(data not shown). The binding constant for the full-length protein is of similar
magnitude (1.3 µM, n=7) (Figure 16, A; Figure 18, B). Crystallisation trials were varied
in protein concentration, molar ratio of peptide to protein and nucleotide.
Crystals were obtained in the Molecular Dimensions Clear Strategy Screen 2 (LMB12)
(Gorrec and Löwe, 2018) (Figure 19, B, initial). The crystals did form without FtsNcyto
and their growth was slowed by increasing concentrations of FtsNcyto. Optimisation
was performed against the Molecular Dimensions LMB crystallisation screen (LMB21)
as an additive screen (Figure 19, B, optimised), following the idea of an anticipated
optimisation approach (Gorrec, 2019). Diffraction data was collected and processed
to 2.7 Å (Figure 19, C; Table S 2). Data was phased by MR using S. aureus FtsA (PDB:
3wqt) (Fujita et al., 2014) as the search model. Domain IC was initially removed from
the search model and later placed manually.
EcFtsA follows the typical FtsA fold with a Cα-RMSD of 1.5-2 Å (over ~300 AA) to
known structures from S. aureus and T. maritima (Figure 19, D). EcFtsA forms loose
longitudinal dimers in the crystal (Figure 19, E). Comparison to the actin-like filament
formed by TmFtsA (Szwedziak et al., 2012) reveals that the contact between domains
IA and IC is preserved in the E. coli structure whereas domains IIB-IIA are detached
(Figure 19, E, arrowheads). Solvent-accessible surface area (SASA) is reduced:
1672 Å2 in the TmFtsA dimer (PDB: 4a2b) compared to 1044 Å2 in the EcFtsA dimer
(ID: eca1). Loose longitudinal contacts are also seen in other known FtsA structures
(PDB: 1e4g, 3wt0; to lesser extent: 3wqt, 3wqu, 4a2a). Tight longitudinal contacts are
found in 1e4f (T. maritima). The IC domain of FtsA is flexible, which is illustrated by
the E. coli FtsA crystal structure, the first from a proteobacterium (Figure 19, F).
EcFtsA shows a rotation of the IC domain towards the IIA domain by 18° and 12°
compared to SaFtsA (PDB: 3wqu) and TmFtsA (PDB: 4a2b), respectively, assessed
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by the angle between the centers of mass (COMs) of subdomains IIA-IA-IC (Figure
19, F). Interestingly, EcFtsAΔC crystallised in the presence of three nickel ions per
monomer, one of them mediating a lateral crystal contact between two monomers
(Figure 19, G, left). The nickel ion is coordinated by H144 in the IC domain of one
monomer and K8 of the IA domain of the other. A second EcFtsA crystal form was
obtained with ethylene glycol as an additive using the Molecular Dimensions
ANGSTROM Additive Screen (Table S 2, eca2). The monomer structures between
the two crystal forms are basically identical (overall Cα-RMSD=0.299 Å). The
arrangement of the nickel-mediated crystal contact is different, however.
Histidines 114 from both monomers are coordinating the nickel ion in the second
crystal form, resulting in a translation of the monomers against each other (Figure 19,
G, right). The involvement of the EcFtsA IC domain in nickel-mediated crystal contacts
could suggest that its conformational change compared to previously known structures
is due to crystal packing. Crystallisation was dependent on nickel ions. Affinity for
nickel of EcFtsA has previously been reported (Baranova and Loose, 2017).
Many additional co-crystallisation trials, peptide soaking, and fusions constructs of
EcFtsA and EcFtsNcyto did not yield any crystals containing the FtsNcyto peptide. New
FtsA-N candidate protein pairs from closely-related Gammaproteobacteria were
hence selected for crystallisation trials. Sequences for over 2000 proteobacterial
FtsA-N pairs [FtsA: TIGR01174, FtsN: TIGR02223 (Haft et al., 2001)] were
downloaded from the AnnoTree webserver (Mendler et al., 2019; Parks et al., 2018).
Sequence identities of FtsAs to EcFtsA were computed. Only FtsA-N pairs with a
sequence identity of 70-90% between FtsA were considered for further steps, leaving
200 FtsA-N pairs. Sequence identity for the cytoplasmic part of FtsNs compared to
EcFtsN ranged from 20-50%, with very few exceptions. A phylogenetic tree was
computed based on alignment of N-terminal FtsN sequences. Seven FtsA-N pairs
were manually selected over the range of phylogenetic placement of cytoplasmic FtsN
sequences and sequence identities of FtsA and FtsN to E. coli FtsA and FtsN. FtsAs
were truncated C-terminally based on the EcFtsA crystal structure to remove the
amphipathic helix that can impede crystallisation and handling. The FtsA-N pairs
tested and respective outcomes are listed in Table S 4.
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Figure 19: The crystal structure of FtsA from E. coli.
A, Purified EcFtsAΔC analysed by SDS-PAGE. B, E. coli FtsA crystals obtained from
initial screening and after optimisation. C, Diffraction pattern of an EcFtsA crystal
(eca1), showing reflections up to 2.7 Å. D, Cartoon representation of the EcFtsA
structure. E, Comparison between longitudinal contacts in dimers of E. coli and T.
maritima FtsA. Whereas TmFtsA shows an interaction between the IIB and IIA
domains, the EcFtsA dimer contact is loose (arrowheads). F, The IC domain of FtsA
is flexible. The IC domain of EcFtsA (blue) is rotated closer towards the IIA domain
than it is the case for SaFtsA (green) and TmFtsA (magenta). COMs for the IC
domains are shown as spheres. The structures are aligned by their IA, IIA and IIB
domains. G, Crystal contacts are in part mediated by nickel ions present in the
crystallisation condition. The nickel ion is coordinated by H114 in the IC domain and
K8 of the IA domain (eca1, lightblue). A second crystal form shows a very similar
arrangement with H114 from both molecules coordinating a nickel ion (eca2, grey).
PDB identifiers are given in parentheses, except for F where they are displayed in the
colour of the corresponding structure.
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Danguole Kureisaite-Ciziene (Löwe group, MRC LMB) assisted with protein
purifications and crystallisation trials in the following.
Truncated XpFtsA, XpFtsAΔC, was purified from a SUMO-tagged construct (Figure 20,
A). Crystals were obtained in the Hampton SaltRX Screen (LMB14) (Gorrec and Löwe,
2018), with ATP added to the protein solution (Figure 20, B). Crystals diffracted to
2.8 Å and the structure was solved by MR using E. coli FtsA as search model (Figure
20, C). XpFtsA has 90% sequence identity to EcFtsA and the structures superimpose
well with a Cα-RMSD of 0.742 Å (Figure 20, D). XpFtsA had ADP bound, although
2 mM ATP had been added to the protein before setting up crystallisation screens.
Crystals did not form when ADP was added to the protein. This could point to ATPase
activity of XpFtsA. However, the ADP could have been co-purified from the cell, as
reported for TmFtsA (Szwedziak et al., 2012). ATPase activity measurement will be
needed to clarify. XpFtsA dimers show the same loose longitudinal contacts as
observed earlier for E. coli FtsA (Figure 20, E).
XpFtsA forms an antiparallel double filament-like arrangement (Figure 20, F).
(Because of the loose longitudinal contacts, I would like to refrain from calling it a
(canonical) filament.) The lateral contacts are formed by the IC domain. This points
towards a tendency for self-dimerisation of the IC domain and this could be a possible
reason for why it diverged from the 1B domain in all other actins. When viewed along
the ‘filament’ axis, the XpFtsA ‘filament’ presents protruding IA domains towards the
inner membrane (Figure 20, G, top). This arrangement is very different from the flat,
membrane-proximal interface found in MreB double filaments (Figure 20, G, bottom)
(van den Ent et al., 2014). The XpFtsA polymer is 12.7 nm wide, whereas a MreB
filament only measures 7.2 nm (Figure 20, G). The EcFtsA-Ncyto filaments obtained on
lipid monolayers are 10 nm wide (Figure 15, D). Hence, the XpFtsA doublet-like
arrangement seen in the crystals is different from the EcFtsA-Ncyto, as supported by
comparison of 2D projections of the two double filaments (Figure 20, H). It is
questionable whether XpFtsA will be able to bind to XpFtsNcyto in this conformation. In
summary, the XpFtsA ‘filaments’ appear to result from crystallisation forces. It is most
likely not the functional filament form of FtsA. Nonetheless, the IC domain might still
mediate lateral contacts in the functional FtsA doublet. Crystallisation screens of
XpFtsA with XpFtsNcyto peptide did not yield any crystals.
89

Results

90

Results
Figure 20: The crystal structure of Xenorhabdus poinarii FtsA.
A, Purified XpFtsAΔC analysed by SDS-PAGE. B, A XpFtsAΔC crystal from an initial
screen mounted in a CryoLoop. C, Diffraction pattern of an XpFtsA crystal, showing
reflections up to 3.3 Å. D, Cartoon representation of the XpFtsA structure. E,
Comparison between longitudinal contacts in dimers of X. poinarii, E. coli and
T. maritima FtsA. Whereas TmFtsA shows an interaction between the IIB and IIA
domains, the Xp and EcFtsA dimer contacts are loose (arrowheads). F, Top view
(membrane-proximal side) of four XpFtsA monomers in an antiparallel arrangement.
IC domains are mediating lateral contacts. G, Comparison of XpFtsA and CcMreB
viewed along the filament axis. MreB filaments are narrower. They are also flat
towards the membrane. The IC domains (yellow) in XpFtsA do not superimpose with
the IB domains in the MreB filament. H, Left, 2D class average of an EcFtsA-Ncyto
doublet on lipid monolayer by cryo-EM (Figure 15, D). The segment shows antiparallel
arrangement of the FtsA-Ncyto double filaments. Right, Projection image of a simulated
density from the XpFtsA double filament structure. The two filament arrangements are
clearly different. EMAN2 e2pdb2mrc.py was used to create a simulated EM density.
Relion_project was used to create the 2D projection. Resolution was limited to 9.5 Å.
Same scale as the 2D class average to the right. PDB identifiers are given in
parentheses.
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3.5

Vibrio maritimus FtsA crystallises as antiparallel double filaments

All SPR experiments and subsequent data fitting were carried out by Stephen
McLaughlin (Biophysics facility, MRC LMB). Danguole Kureisaite-Ciziene (Löwe group,
MRC LMB) assisted with protein purifications and crystallisation trials.
Vibrio maritimus (Vm) FtsAΔC was purified using a cleavable 6H-SUMO construct
(Figure 21, A). Crystals were obtained in the Rigaku Wizard 1 screen (LMB2) (Gorrec
and Löwe, 2018) with ATP but no FtsNcyto peptide added (Figure 21, B). Protein
crystals were optimised using 4-corner optimisation (Gorrec and Löwe, 2018).
Diffraction data was collected to 3.3 Å and phased with the EcFtsA structure by MR
(Figure 21, C).
VmFtsA’s IC domain has a distinct orientation not seen in previously known FtsA
structures (Figure 21, D). Its IC domain is rotated 5° less towards the IIA domain than
it is the case for EcFtsA. It is still 13° and 7° further rotated than the IC domains in
SaFtsA (PDB: 3wqu) and TmFtsA (PDB: 4a2b), respectively (Figure 21, D, top). The
IC domain of SaFtsA is the only one moved upwards, bringing it closer to the IA domain
(Figure 21, D, bottom). VmFtsA forms longitudinal interfaces very similar the ones in
the TmFtsA protofilament (Figure 21, F, arrowheads) (Szwedziak et al., 2012). In
contrast to EcFtsA and XpFtsA (Figure 20, E), the IIB and IIA domains of VmFtsA
contact each other in the dimer (Figure 21, F). Hence, VmFtsA crystallised in the
canonical filament form.
Importantly, two VmFtsA protofilaments associate laterally via their IC domains,
forming a straight, juxtaposed and antiparallel FtsA double filament (Figure 21, E). A
2D projection of a simulated density from the VmFtsA double filament crystal structure
agrees well with the 2D class average of EcFtsA-Ncyto doublets on lipid monolayer
obtained by cryo-EM (Figure 21, G; also Figure 15, D). This suggests that both double
filaments have a very similar architecture. Each FtsA monomer in the VmFtsA double
filament contacts two lateral subunits via its IC domain, creating two interfaces with
local C2 symmetry: one at the top of the IC domain around aspartates 123 and a
second along the length of the IC domain (Figure 21, H, inset). The top interface is
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Figure 21: The crystal structure of the FtsA double filament from V. maritimus.
A, Purified VmFtsAΔC analysed by SDS-PAGE. B, Initial and optimised VmFtsAΔC
crystals. C, Diffraction pattern of a VmFtsA crystal, showing reflections up to 3.6 Å.

93

Results
D, Comparison between IC domain conformations of FtsAs from different organisms.
COMs for the IC domains are shown as spheres. The IC domain of VmFtsA (yellow)
is further away from the IIA domain as it is the case for EcFtsA (blue) (top). The
opening angle between the IA and IC domain is similar for Vm, Ec and TmFtsA
(magenta), whereas the IC domain of SaFtsA (green) is moved upwards in direction
of the IA subdomain (bottom). E, VmFtsA double filament viewed from the
membrane-facing side. 16 subunits are shown. Arrows indicate the directionality of
monomers in each protofilament. F, The VmFtsA longitudinal dimer shows tight
contacts between domains IIB-IIA (arrowheads) and IA-IC. Contacts are similar to the
ones found in the actin-like TmFtsA filament (4a2b). G, Projection image of a simulated
density from the VmFtsA crystal structure. EMAN2 e2pdb2mrc.py was used to create
a simulated EM density. Relion_project was used to create the 2D projection.
Resolution was limited to 9.5 Å. Same scale as the 2D class average to the right (see
also Figure 15, D). H, Top view of the VmFtsA double filament from the membraneproximal side. Four subunits are shown. Dimerisation is mediated by IC domains.
Important residues in the interface are shown as sticks and are labelled in the inset.
Local C2 symmetry axes at the two interfaces are marked by black ellipses. I, The
VmFtsA and CcMreB double filaments viewed along their filament axis. Both filaments
expose a flat surface towards the membrane. The VmFtsA filament is wider than the
MreB one. IC domains (yellow) in VmFtsA do not superimpose with IB domains in
MreB. PDB identifiers are given in parentheses, except for D where they are displayed
in the colour of the corresponding structure.
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formed of K120 binding to D166 (part of the IA domain) and acidic amino acids D123
and E124. A very negatively charged region formed by D123 and E124 seems unusual
as so much charge in one place might rather weaken the double filament. However,
only E124 is strongly conserved. EcFtsA and XpFtsA have an arginine at position 122
(G122 in VmFtsA). Charge could also be neutralised by cations or binding partners.
The second inter-protofilament interface is composed of a hydrophobic core formed
by M96-M96 interactions and hydrogen bonds between E93-R153 and R91-Y139.
R91 and Y139 are poorly conserved.
When viewed along the filament axis, the VmFtsA doublet is flat on its
membrane-facing side (Figure 21, I). The same is true for the MreB double filament.
The VmFtsA double filament is significantly wider than the MreB polymer, largely due
to positioning of IC domains towards the centre of the filament. It was already expected
that FtsA double filaments would differ from MreB filaments in their lateral interface
due to size and position of the IC domain in FtsA. It is however striking that the FtsA
double filament shares many features with the MreB double filament, most notably its
antiparallel protofilament arrangement.
The VmFtsA double filament is 9.9 nm wide which corresponds to the width of the
EcFtsA-Ncyto filaments on lipid monolayer (Figure 21, G+I). A simulated EM density
was created from the crystal structure using EMAN2’s e2pdb2mrc.py. The density was
filtered to a resolution of 9.5 Å and re-projected using RELION. The 2D class average
of the EcFtsA-Ncyto filaments superimposes well with the corresponding 2D projection
from the VmFtsA crystal structure (Figure 21, G). To validate that both double
filaments are most likely identical, I repeated SPR measurements and lipid monolayer
experiments for FtsA and FtsNcyto from V. maritimus. VmFtsNcyto is slighter shorter
than EcFtsNcyto (29 AA compared to 32 AA in E. coli). They share 44% sequence
identity and the stretches of basic AA are conserved (Figure 9, B). VmFtsNcyto binds
to VmFtsAΔC with a Keqd of 6.3 µM in binding buffer (pH 7.7) (Figure 22, A). For
comparison, EcFtsAΔC-Ncyto had an affinity of 2.4 µM as measured by SPR. Binding
affinity of V. maritimus FtsNcyto was reduced 3.5-fold in crystallisation buffer (pH 9.0)
(Figure 22, A). This is a further indication that the FtsA-N interaction is electrostatic.
VmFtsA forms mini-rings on supported lipid monolayers (Figure 22, B, left), as has
been observed for E. coli FtsA (Figure 9, A) (Krupka et al., 2017). Upon addition of
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VmFtsNcyto, VmFtsA assembles into double filaments (Figure 22, B, right). Based on
the VmFtsA double filament structure (Figure 21, H, inset), a lateral interaction mutant
was designed for E. coli, EcFtsAM96E,R153D. As expected, the interaction mutant formed
mini-rings on monolayer (Figure 22, C, left). When E. coli FtsNcyto peptide was added,
double filaments did not form (Figure 22, C, right). Instead, arcs and aggregates of
undefined shape were present, indicating that peptide binding occurred but the mutant
prevented association into double filaments. Mini-ring formation was disrupted in the
presence of peptide. Hence, EcFtsAM96E,R153D is specifically impaired in FtsN-induced
double filament formation.
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Figure 22: V. maritimus FtsA-Ncyto form double filaments on lipid monolayer.
A, SPR measurements on a Biacore T200 yielded micromolar affinity for the VmFtsANcyto interaction in binding buffer (pH 7.7). The interaction was 3.5-fold weaker in
crystallisation buffer (pH 9.0). A 1:2 serial dilution of VmFtsNcyto starting from 60 μM
was injected over VmFtsAΔC attached to a CM5 chip at 20°C. Data were fitted to a
single site model. B, Negative stain electron micrographs of VmFtsA mini-rings and
VmFtsA-Ncyto double filaments on flat lipid monolayer. The same mini-rings have been
observed for E. coli proteins. VmFtsNcyto was added in 10x molar excess. Scale bars,
50 nm and 20 nm (inset). C, The lateral interaction mutant EcFtsAM96E,R153D was
imaged with and without FtsNcyto peptide by negative stain EM. EcFtsAM96E,R153D forms
mini-rings, as has been observed for wildtype protein. Upon addition of EcFtsNcyto
mini-rings were disrupted but double filaments did not form. Arcs and aggregates of
undefined shaped were predominant.
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3.6

Structural insights into the FtsA-N interaction

Danguole Kureisaite-Ciziene (Löwe group, MRC LMB) assisted with protein
purifications and crystallisation trials.
VmFtsAΔC crystallised as an antiparallel double filament that corresponds to the
FtsNcyto-induced doublets observed by cryo-EM (Figure 15, D). No FtsNcyto peptide
was added to the crystallisation drops which yielded the double filament structure. The
EM data suggests that monomers in the VmFtsAΔC crystal should be in a conformation
competent of FtsNcyto binding. Hence, peptide soaking and co-crystallisation in similar
crystallisation conditions were tried. SPR data suggested that binding affinity will be
reduced ~3-fold in the crystallisation drop (pH 8.5).
Whereas soaking trials were unsuccessful, co-crystallisation yielded protein crystals
which depended on VmFtsNcyto (Figure 23, A, top). Crystals looked very similar to the
ones obtained for VmFtsA alone (Figure 21, B, top) but grew at lower precipitant
concentration. Optimised VmFtsAΔC-Ncyto crystals diffracted to, at best, 3.6 Å (Figure
23, B; Table S 2). Resolution was limited by the very large unit cell of the new crystals
(16 FtsA monomers/ASU) (Table S 2). Phases were obtained by MR in an iterative
manner. First, a longitudinal VmFtsA dimer was used as a search model. 2-3 dimers
were reasonably placed. This revealed that the dimers in the VmFtsA-Ncyto crystal are
bent. Misplaced dimers were removed by hand and a second run was performed using
a bent dimer as search model. The process was repeated until all 8 dimers were
placed. The 8 dimers form a total of 4 different tetramers in the crystal (Figure 23, C).
Lateral interfaces are formed through IC domains, in an arrangement very similar to
the VmFtsA double filament.
The longitudinal interfaces of the VmFtsA-Ncyto dimer are similar to the ones in the
VmFtsA dimer (Figure 23, D, left, arrowheads). The upper subunit is however slightly
rotated (Figure 23, D, right, arrowheads) and tilted off the filament axis, allowing the
tip of the IIB domain of the bottom monomer to move over the IIA domain of the upper
subunit. This creates a bent dimer, deviating from the conformation needed to create
straight protofilaments. Although the IC domains are rotated against each other, the
lateral interface in the VmFtsA-Ncyto doublet stays intact (Figure 23, E). The exception
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is the hydrogen bond between R91-Y139 which appears to be inconsistently formed
(Figure 23, E, asterisks). Note that the top part of the IIB subdomain is disordered in
the top left FtsA monomer (Figure 23, E, arrowhead). This is likely due to crystal
packing as it is pushed against another subunit. The VmFtsA-Ncyto tetramer is bent
along the filament axis (Figure 23, F, top). Consequently, its membrane-facing side is
convex, and no longer flat as is the case for the MreB and VmFtsA double filament
(Figure 21, I; Figure 23, F). The curvature of the VmFtsA-Ncyto tetramer is likely one
reason for the complexity of the ASU. Moreover, it could also explain why the filaments
in the crystal are so short. Tight packing of curved polymers becomes more difficult to
achieve with increasing polymer length. In a similar way, filament length of MreB and
FtsA doublets could be limited on flat monolayers (Figure 15, B-C). Longer MreB and
FtsA filaments can form in vivo since the concave surfaces in the cell will match the
intrinsic curvature of the filaments better (see also Figure 11, B).
The short tetramers present in the crystal are however unlikely identical to the curved
filaments within a cell. The conformation of the IC domain varies between the top and
bottom subunit of each dimer (Figure 24, A). The IC domain of the bottom monomer
is rotated upwards towards the IA domain, narrowing the interdomain cleft. It is also
shifted slightly closer to the IIA domain. Analysis by Dyndom gives an overall rotation
angle of ~15° between the IC domains of both subunits. Comparing the center of mass
for the IC domains between FtsA structures shows that the IC domains of the bottom
subunit in the VmFtsA-Ncyto dimer and EcFtsA are closest in space (Figure 24, B).
Among the V. maritimus FtsA structures, IC domain conformation is more similar
between the VmFtsA doublet structure and the VmFtsA-Ncyto bottom subunit than
between top and bottom subunits themselves. Interestingly, additional density is seen
in the IA-IC cleft of bottom monomers in the VmFtsA-Ncyto crystal structure. The extra
density is not connected to the density of the FtsA monomer. Interpretable density is
only seen for two FtsA monomers (chains A+C), belonging to the same tetramer.
Bottom subunits in other tetramers show weak additional density but an interpretation
of AA sequence proved impossible. Top subunits are not associated with any extra
density in the IA-IC cleft. At 4 Å resolution sequence assignment based on side chain
density is not reliable. Therefore, the presented model for the VmFtsNcyto is currently
an educated guess at interpreting the density (Figure 24, C, stereo image). Based on
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Figure 23: VmFtsA-Ncyto crystallises as short, bent filaments.
A, Initial and optimised crystals of VmFtsAΔC-Ncyto. Optimised crystals were grown in
5x molar excess VmFtsNcyto. B, Diffraction pattern of a VmFtsA-Ncyto crystal, showing
reflections up to 4.4 Å. C, The four different tetramers present in the VmFtsA-Ncyto
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crystal are coloured green, yellow, pink and blue. A corresponding set of monomers
to the ASU (16 monomers) is shown. Note that the arrangement of molecules in the
actual ASU differs. D, Tight longitudinal contacts are preserved between the
VmFtsA-Ncyto (vman) and VmFtsA (vma1) crystal structures (left, arrowheads). The
upper monomer is rotated in the co-crystal structure (vman) compared to the VmFtsA
double filament (right, arrowheads). This allows the tip of the IIB domain of the bottom
monomer to move over the IIA domain of the upper monomer. E, Top view of the
VmFtsA double filament from the membrane-proximal side. Four subunits are shown.
IC domains are tilted against each other compared to the VmFtsA structure,
destabilising the R91-Y139 interaction (asterisks). The IIB domain of the top left
monomer (chain D) is partially disordered (arrowhead). G, The VmFtsA-Ncyto and
VmFtsA double filament viewed along the filament width. The VmFtsA-Ncyto tetramer
is bent along the filament axis. Consequently, the membrane-facing surface is slightly
convex rather than flat. PDB identifiers are given in parentheses.
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previous studies and my own experiments, I assumed that the binding region in
FtsNcyto will be centred around aspartate 5, or the basic

16

RRKK19 stretch. The

N-terminal D5 motif is the more likely option because FtsA has been reported to be
~6 nm away from the inner membrane in E. coli cells (Szwedziak et al., 2014). With
FtsNcyto being attached to the TMH in full-length FtsN, only FtsNcyto’s N-terminal 15(20) AA would be able to bind in the IA-IC cleft of FtsA. The density does not fit a stretch
of four basic AA well. Residues 1-8 however are a good fit, given the resolution, for
both of the FtsA monomers in the ASU with interpretable peptide density (Figure 24,
C). I plan to use derivatised peptides to verify the FtsNcyto binding site by X-ray
crystallography. I will attempt to form co-crystals with peptides with bromated or
iodinated Y6, and try replacement of V7 with selenomethionine.
The above interpretation of the FtsNcyto binding motif does not fully explain the EM and
SPR data (Figure 18): EcFtsNcyto1-12 and EcFtsNcyto1-22 do not induce double
filament formation and showed no or very weak binding to FtsA. SPR also shows no
binding between VmFtsNcyto1-13 and VmFtsAΔC (data not shown). An explanation for
this apparent inconsistency would be the existence of a second, more flexible or
disordered, attachment site of FtsNcyto to FtsA, for example involving one or more of
the basic stretches in FtsNcyto. FtsA displays several patches of negative electrostatic
potential over its IC domain [see also (Baranova et al., 2020)]. An interaction between
FtsNcyto and the acidic AA at the C-terminus (disordered in the crystal) of the VmFtsAΔC
construct is also possible. Two binding sites can have a very strong avidity effect (Kitov
and Bundle, 2003). Loss of either of them could abolish binding and filament formation
completely, given the right conditions. This explanation would be in agreement with
previous studies showing that aspartate 5 is required in vivo but not in vitro (Pichoff et
al., 2015), and vice versa for the

16

RRKK19 stretch (Baranova et al., 2020; Busiek et

al., 2012). It is also unclear what conformation and polymerisation state FtsA has when
it is cross-linked to the SPR chip.
The presented model for VmFtsNcyto binding explains why peptide density is only
associated with the bottom subunits of FtsA dimers in the VmFtsA-Ncyto crystal
structure [Figure 24, D, compare contacts between FtsNcyto and the bottom subunit
(peptide bound) or top subunit (peptide only superimposed)]. FtsNcyto1-8 makes
extensive contacts with residues in FtsA’s IC domain. N145 in FtsA forms a hydrogen
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bond with the amide of A2 in the peptide. Another hydrogen bond is formed between
the carbonyl of V130 and the backbone amide of Y6. Side chain contacts are formed
between Q106 and Y6 and D110 and R8. Y6 points into a hydrophobic pocket formed
by M109, I113, P132 and F135 of the IC domain. In addition, N3 in FtsNcyto interacts
with the backbone of G224 in FtsA’s IIA domain and D5, which is essential in vivo,
bonds to Y385 of the IA domain. H114 and K117 might define the exit path of the
peptide by repelling R9 (no density seen). When FtsNcyto1-8 is superimposed onto the
structure of the top subunit in the dimer, it becomes clear that the rotation of the
IC domain away from the IA domain causes loss of several interactions, most
prominently to Y6. Contacts between N3-G224, D5-Y385, Y6-V130 and R8-D110
could still form. Q106 and I113 on the other hand could no longer interact with Y6 in
the centre of the binding motif. The hydrogen bond between N145 and the backbone
amide of A2 would also be lost. Therefore, binding to FtsNcyto might be lost in the top
subunit, as was observed.
Two suppressor mutations for loss of FtsN function have been identified in E. coli.
Both are located in the IC domain of FtsA, namely E124A (Bernard et al., 2007) and
I143L (Liu et al., 2015) (Figure 24, E). I143 is close to N145 which contacts A2 in
FtsNcyto. I143 is also located at the longitudinal filament interface (Figure 24, F). E124
is about 20 Å away from the peptide (Figure 24, E). It is part of the lateral interface in
the VmFtsA double filament though (Figure 24, F; also Figure 21, H), suggesting it
may compensate FtsN loss by facilitating FtsA doublet formation. The D123-E124
interface is very negatively charged (Figure 21, H). Mutation of E124 to alanine
reduces the number of repelling charges in the interface which might stabilise the
double filament.
PilM is a structural homologue of FtsA involved in Type IV pilus formation (Karuppiah
and Derrick, 2011). PilM is a cytoplasmic protein and binds the bitopic transmembrane
protein PilN. Their interaction is mediated by a short N-terminal peptide in PilN which
binds in the cleft between the IA and IC domain of PilM (domain naming is based on
FtsA) (Figure 24, G, left) (Karuppiah and Derrick, 2011; McCallum et al., 2016).
Interestingly, the cytoplasmic tail of PilN is 25 and 36 AA long in Pseudomonas
aeruginosa and Thermus thermophilus, respectively. The length of FtsNcyto is in the
same range. Comparing PilN and FtsNcyto binding, the two peptides use different
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binding sites within the IA-IC interdomain cleft (Figure 24, G). Whereas PilN forms
extensive contacts to the IA domain of PilM, FtsNcyto predominantly interacts with
FtsA’s IC domain. In other words, PilN binds to the top and FtsNcyto to the bottom half
of the IA-IC cleft.
In addition to the FtsN suppressor mutations E124A and I143L, a number of mutations
that influence (double) filament formation of FtsA have been reported (Schoenemann
et al., 2018). Mapping those mutations on the structure of the VmFtsA double filament
shows that all of the affected AA are located in, or at least very close to, subunit
interfaces (Figure 24, F). T249 and R286, mutated to tryptophan in the hypermorphic
FtsA* mutant (Geissler et al., 2003; Geissler et al., 2007), are located at the IIB-IIA
longitudinal interface. G50 and I143 are in the vicinity of the IA-IC contact. E124 and
Y139 are part of the lateral interface formed by the IC domains in the VmFtsA double
filament. Hence, all those mutations will likely affect FtsA polymerisation, and thereby
FtsA function. Because FtsN alters the polymerisation state of FtsA, it is conceivable
that some mutants in the polymer interfaces could compensate for FtsN function. The
molecular mechanism by which these mutations modulate polymerisation (if they do
so) will need to be investigated.
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Figure 24: FtsNcyto binds in the cleft between the IA and IC domain of FtsA.
A, Comparison between IC domain conformations of the top and bottom subunit of the
VmFtsAΔC-FtsNcyto dimer. COMs for the IC domains are shown as spheres. The
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IC domain is rotated closer to the IA domain in the bottom subunit, narrowing the
interdomain cleft. The top and bottom subunit are coloured pink and purple,
respectively. B, Comparison of IC domain conformations in different FtsA structures.
COMs for the IC domains are shown as spheres. The positioning of the IC domain of
the bottom VmFtsAΔC-FtsNcyto monomer (purple) is most similar to that in the EcFtsA
(blue) and VmFtsA (yellow) crystals. The opening angle between IA and IC domains
is largest for the top subunit in the VmFtsAΔC-FtsNcyto crystal. The IC domain is closer
to the IIA domain in proteobacterial FtsAs compared to SaFtsA and TmFtsA. C, Stereo
image of the VmFtsNcyto1-8 (yellow) fit. 2F0-FC map is shown at 1.2 σ. The VmFtsAΔC
model is coloured magenta and corresponds to chain C. D, Left, FtsNcyto1-8 (purple)
binds in the IA-IC interdomain cleft of FtsA. The FtsNcyto peptide mostly interacts with
the IC domain. Interacting residues are shown in stick representation in the inset
(bottom). Right, VmFtsNcyto1-8 is superimposed onto the top subunit of the FtsA dimer.
No density for FtsNcyto peptide is found bound to the top subunits. The superposition
demonstrates that the rotation of the IC domain in the top subunit causes loss of most
interactions between the FtsNcyto peptide and the IC domain. E, The two FtsN
suppressor mutations in FtsA, E124A (Bernard et al., 2007) and I143L (Liu et al., 2015)
(black), map onto the IC domain. Only I143L is reasonably close to FtsNcyto1-8 (purple).
F, Reported mutations in FtsA which compensate for loss of FtsN or change FtsA
polymerisation behaviour are mapped onto the VmFtsAΔC double filament structure
(Schoenemann et al., 2018). All residues are part of or close to subunit interfaces. G,
Comparison between the PilM-N complex (teal) and VmFtsA-Ncyto (purple). PilM is a
structural homologue of FtsA (both shown in surface representation). PilN and FtsN
are both bitopic membrane proteins with a short cytoplasmic tail (shown as sticks).
Although they bind in the same interdomain cleft, they use different interfaces. PilN
peptide binds the IA domain at the top of the cleft. FtsNcyto on the other hand binds to
the IC domain at the bottom of the interdomain cleft. PDB identifiers are given in
parentheses, except for A and B where they are displayed in the colour of the
corresponding structure.
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3.7

Shaped carbon supports for electron microscopy

Polystyrene nanowires were produced using template wetting by Michael Smith and
Sohini Kar-Narayan (Material Science Department, Cambridge). Victoria Hale (Löwe
group, MRC LMB) helped with SEM imaging and RT tomography. Thermotoga
maritima MreB was a gift from Fusinita van den Ent (Löwe group, MRC LMB).
I have shown that FtsA arranges into antiparallel double filaments in vitro (Figure 15,
D; Figure 21, H). MreB, a close homologue of FtsA, forms double filaments with a
similar architecture (van den Ent et al., 2014). FtsA and MreB filaments both deform
liposomes from the outside, creating indentations (Figure 15, E-F). This behaviour
indicates that both filaments have an intrinsic curvature, and a preference of binding
concave membrane surfaces. For FtsA, formation of mini-rings (Figure 15, A) and the
curved tetramers found in the VmFtsA-Ncyto crystal (Figure 23, E) further support this
idea. Curved MreB double filaments function as molecular rudders in the elongasome
complex; i.e. they align along the axis of highest principal curvature, due to their
preference for concavity, and, thereby, orient the PG synthesis machinery (Hussain et
al., 2018) (Section 1.2.2). It is however non-trivial to experimentally demonstrate that
curvature sensing is an intrinsic property of a filament; meaning, filaments do not rely
on binding partners or preformed cellular structures for orientation. Binding partners
can be readily excluded by in vitro experiments; yet, even in vitro, MreB and FtsA
filaments need to be bound to membrane to function and polymerise properly. To my
knowledge, there is no easily accessible method that produces micron-sized,
non-deformable, accessible and concave membranes. Supported monolayers suffer
from a lack of curvature. Encapsulation into liposomes provides a concave attachment
surface but liposomes are easily deformed. This increases sample heterogeneity and
complicates interpretation. The equilibrium state of the filament-liposome system
depends on the intrinsic curvature of the filament and the deformability of the liposome
membrane. Many encapsulation techniques offer poor control over how much protein
is encapsulated in each liposome, further increasing sample heterogeneity. In principle,
focused ion beam (FIB) milling can be used to manufacture custom-made supports for
EM in almost any shape. Unfortunately, throughput is unworkably low.
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In order to overcome these limitations, I developed a simple workflow for
manufacturing shaped carbon supports (Figure 25, A). Polystyrene objects serve as
templates for the shape of a deposited carbon film. Polystyrene beads, for example,
are available commercially with diameters in the µm-range. Carbon nanowires can be
produced by electrospinning (Greiner and Wendorff, 2007; Uyar and Besenbacher,
2008) or template wetting (Whiter et al., 2014) with standard material science
equipment. I am thankful to Michael Smith and Sohini Kar-Narayan (Material Science
Department, Cambridge) for contributing polystyrene nanowires made by template
wetting. Manufacturing shaped carbon grids only requires basic EM equipment, as
outlined in the following (Figure 25, A). First, a solution of polystyrene nanowires is
spread on a clean mica sheet and air-dried. Polystyrene nanowires are partially melted
using a hot plate. This step needs to be optimised dependent on the dimensions of
the polystyrene objects used. The mica and polystyrene nanowires are sputter coated
with carbon. So far, I have used thick carbon films of 8-10 nm which are more robust
and easier to handle. The carbon film and nanowires are floated off the mica sheet on
a water surface [see also (Passmore and Russo, 2016)]. An EM grid is placed on top
of the carbon film, fished out of the water and air-dried with the carbon side facing up.
Polystyrene nanowires are dissolved in dimethylformamide (DMF) over night. Grids
can be checked for undissolved polystyrene by EM. The shape of the carbon wells
was confirmed by RT tomography (Figure 25, B, black streaks are artefacts of
reconstruction produced by gold fiducials). The dimensions of the carbon wells are
approximately 1.7 µm x 0.5 µm x 0.15 µm (length x width x height), matching the size
of an E. coli cell. Note that the ends of the carbon well are rounded – recapitulating
curvature at the cell poles.
As proof-of-principle T. maritima MreB [a gift from Fusinita van den Ent (van den Ent
et al., 2014)] was polymerised on a shaped carbon grid covered with a lipid monolayer
(Figure 25, C). TmMreB double filaments predominantly align with the short axis of the
carbon well (Figure 25, C, left, outlined in orange). This is in agreement with MreB’s
ability to sense curvature, leading to orientation along the axis of highest principal
curvature (Hussain et al., 2018; Wong et al., 2019). On flat areas of the same EM grid,
MreB doublets orient randomly (Figure 25, C, right). This result needs to be confirmed
by tomography and, ideally, control experiments are performed that probe alterations
and/or mutations in MreB and their orientations in the shaped and lipid-covered wells.
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As an improvement for the future, I plan to deposit lipid bilayers on the shaped carbon
grids. This should recapitulate membrane fluidity and dynamics. I am also excited to
explore the opportunity of doing fluorescence microscopy on the shaped carbon
supports. This would allow me to observe curvature-dependent processes with high
spatiotemporal resolution using the same support structure. I believe that this system
will give fundamental insights into curvature preference and function of protein
filaments such as FtsA-N, MreB, SepF and likely many more. It may further be useful
to study other curvature-dependent processes, for example vesicle budding.
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Figure 25: Shaped carbon supports for electron microscopy.
A, Workflow for manufacturing EM grids with shaped carbon supports. Briefly, a
solution of polystyrene nanowires (orange) is spread on a mica sheet (black) and dried.
Nanowires are partially melted and afterwards sputter coated with carbon. The
nanowires and carbon film are floated off the mica and attached to an EM grid.
Nanowires are dissolved in organic solvent leaving a shaped carbon film behind. B,
Stereo image, Tomogram of a continuous carbon film with a well in the shape of half
a bacterium (approximate dimensions: length 1.7 µm, width 0.5 µm, depth 0.15 µm).
The corresponding tilt series was collected at room temperature on a 120 kV electron
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microscope with a defocus of -5 µm. Black streaks are reconstruction artefacts
produced by gold fiducials added for tilt series alignment. Scale bar, 200 nm. C, T.
maritima MreB was polymerised with 2 mm ATP on a shaped carbon grid coated with
a lipid monolayer. Two areas of the grid were imaged: one with a shaped carbon well
(outlined in orange) presenting a concave surface (left) and one which was flat (right).
MreB double filaments are highlighted in light orange. Note that MreB filaments within
the well are predominantly aligned with the short axis of the carbon well. On flat
surface, filaments are distributed randomly. Scale bars, 100 nm.
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Discussion and future directions

4.1

Archaeal tubulins in the tubulin superfamily

Tubulins are ubiquitous and essential in almost every living organism. Their versatile
and dynamic filaments make them key organisers of subcellular processes (Desai and
Mitchison, 1997; Wagstaff and Löwe, 2018). Tubulin and, especially, microtubule
structure and function are well studied in eukaryotes (Desai and Mitchison, 1997;
Janke and Magiera, 2020; Kollman et al., 2011; Nogales and Zhang, 2016). In recent
years, good progress has been made studying the ancient tubulin homologues in
bacteria, most prominently FtsZ (McQuillen and Xiao, 2020; Wagstaff and Löwe, 2018).
Our understanding of archaeal tubulins on the other hand is extremely scarce
(Wagstaff and Löwe, 2018; Yutin and Koonin, 2012; Zaremba-Niedzwiedzka et al.,
2017). Yet, they are of fundamental importance in understanding the evolution of the
tubulin superfamily since the cytoplasm of eukaryotes is almost certainly of archaeal
origin. Most archaea encode FtsZs or at least distantly-related homologues of FtsZ
(Zaremba-Niedzwiedzka et al., 2017). Excitingly, coding sequences for homologues
of eukaryotic tubulins have been discovered in archaea from the TACK and Asgard
superphyla (Yutin and Koonin, 2012; Zaremba-Niedzwiedzka et al., 2017). Hence, the
transition from bacterial FtsZ-like tubulins towards eukaryotic αβ-tubulins has
potentially occurred in those archaea and it will be important to probe the putative
filament structures they form, to investigate and discover their similarity with eukaryotic
microtubules.
One candidate for an evolutionary tubulin intermediate is artubulin, which is found in
the thaumarchaea Nitrosoarcheum koreense and Cand. Nitrosoarcheum limnia (Yutin
and Koonin, 2012). The low number of available archaeal genomes for the TACK and
Asgard superphyla complicates phylogenetic analysis. Additional information from
functional studies is also not available because the vast majority of archaea remain
uncultivated. At the moment, we rely on in vitro studies of heterologously expressed
proteins. I have solved the crystal structure of Nitrosoarchaeum koreense MY1
artubulin (Figure 13, A). I could demonstrate that artubulin follows closely the fold of
eukaryotic tubulins. The presence of the two C-terminal helices in artubulin reinforces
homology to tubulins and strongly opposes proximity to FtsZs and TubZs, as was
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suggested by Findeisen and colleagues (Findeisen et al., 2014). Structural features in
artubulin are diverged, indicating that it is only distantly related to modern eukaryotic
αβ- and γ-tubulins. The highly conserved GxxNxD motif in the T7 loop of tubulins is
absent in artubulin (Section 3.1). Artubulin has a unique 15 AA insertion into the H6-H7
loop. Because of that, helix 6 is elongated and wraps around helix 7 (Figure 13, A).
Artubulin shares a GG insertion in the T3 loop with γ-tubulins. It is lacking a bulky
residue, in eukaryotic tubulins important for lateral contacts via their M-loops. That
residue is poorly conserved in γ-tubulins as well. Altogether, artubulin’s structure and
conserved motifs match Jekely’s interpretation best (Jekely, 2014). Based on
BLAST-based clustering, he argued that a HGT of a γ-tubulin into Nitrosoarchaea and
subsequent sequence derivation gave rise to artubulins. Yutin and Koonin also found
artubulin sequences to be closest to γ-tubulin ones (Yutin and Koonin, 2012). They
did not see grouping with γ-tubulins in their phylogenetic tree (see also Figure 6). The
discovery of Asgard archaea and Odin tubulins further questioned the ancestral
positioning of artubulins (Zaremba-Niedzwiedzka et al., 2017). A conserved
nucleotide-binding pocket (Figure 13, A) and propensity for polymer formation of
artubulin (Figure 14, A) suggest that it may have retained some tubulin-related function.
Insight into artubulin’s function will require studies in cells.
In vivo studies of archaeal proteins have been severely limited by our ability to culture
many archaea. Recently, Nitrosoarchaeum koreense MY1 and the first Asgard
archaeon have been cultivated (Imachi et al., 2020; Jung et al., 2018). Studies on
artubulin in its native organism might be possible in the near future. Evidence on
artubulin’s function in the cell will be required to unambiguously assign it to either the
αβ- or γ-tubulin family. In the meantime, refinement of purification protocols and further
polymerisation studies should be tried. With ever more archaea at the
prokaryote-eukaryote interface discovered and cultivated (Brochier-Armanet et al.,
2008; Jung et al., 2018; Spang et al., 2015; Zaremba-Niedzwiedzka et al., 2017), we
are entering exciting times for studying the transition from the prokaryotic to the
eukaryotic cytoskeleton. Regarding the tubulin superfamily, two important questions
we can be hopeful to answer are:
1) Were microtubules evolved in pro- or eukaryotes?
2) Is the duplication into α- and β-tubulin necessary for microtubule formation and
where did it occur?
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4.2

A new perspective on FtsA’s function in the divisome

The actin homologue FtsA functions as a central interaction hub in the divisome
(Figure 7) (Pichoff et al., 2018). It tethers filaments of FtsZ to the membrane and
provides the scaffold for recruitment of the outer divisome. FtsA’s ATPase activity
remains enigmatic (Conti et al., 2018; Fujita et al., 2014; Szwedziak et al., 2012). It
however seems unlikely that FtsA is nothing but a static tether in the divisome. FtsA’s
interaction with the late division protein FtsN, which is thought to activate PG synthesis,
provides an interesting new perspective on the regulation of the divisome (Weiss,
2015).
Here, I have shown that FtsA interacts with FtsNcyto, the short cytoplasmic tail of FtsN,
in vitro (Section 3.3; Section 3.6). Two recent studies have also provided strong
evidence for a FtsA-N interaction (Baranova et al., 2020; Pichoff et al., 2018). Most
interestingly, I have discovered that FtsNcyto induces double filament formation of FtsA
(Figure 15, B+D). Using X-ray crystallography, I have obtained a crystal structure of
the FtsA double filament, revealing an antiparallel arrangement with lateral contacts
formed by FtsA’s IC domain (Figure 21, E+H). The FtsA doublet is strikingly similar to
MreB double filaments, which have recently been shown to sense curvature (Hussain
et al., 2018). A curvature sensing mechanism of MreB double filaments is supported
by MreB mutants which influence cell width while simultaneously altering the curvature
preference of MreB double filaments through changes in filament curvature or twist,
respectively (Colavin et al., 2018; Ouzounov et al., 2016; Shi et al., 2017). The effect
on cell width might however, at least partially, be attributed to a change in density of
directionally moving MreB filaments (an indicator for elongasome activity) caused by
those MreB mutants (Dion et al., 2019). Double filament formation of FtsA could have
interesting implications for divisome activation (Section 4.2.1) and septum alignment
and progression (Section 4.2.2). For now, those working hypotheses are largely based
on the in vitro data available for FtsA-N, as FtsA-N double filaments have not been
demonstrated in cells yet.
I am currently aiming to confirm FtsA double filament formation in vivo. Frank Bürmann
(Löwe group, MRC LMB) and I are setting up a system to introduce cysteine mutations
into in the native ftsA locus. Based on the VmFtsA double filament structure, I
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designed pairwise cysteine mutants in the lateral filament interface. This should allow
in vivo crosslinking of FtsA into dimers, hopefully confirming double filament formation
as discovered with the VmFtsA structure. Mutagenesis experiments probing the
FtsA-FtsN interaction site will also be informative but require more elaborate strain
construction and testing. Ultimately, single molecule imaging of FtsA in the divisome
will be needed to elucidate FtsA’s role in cell division of E. coli and other bacteria.
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4.2.1 FtsA-FtsN – an ‘on’-switch for the divisome?
The FtsA-FtsN axis links inner and outer divisome across the plasma membrane. It is
of fundamental importance for divisome integrity in E. coli (Pichoff et al., 2018).
Compensation for loss of ZipA, FtsEX and FtsK depends on the FtsA-Ncyto interaction.
This might indicate a regulatory role of the FtsA-N axis.
Lutkenhaus and co-workers have suggested that divisome activation depends on
monomeric FtsA. They argue releasing the IC domain from protofilament contacts
would allow it to engage with outer divisome proteins (Du et al., 2016; Pichoff et al.,
2012; Pichoff et al., 2015, 2018). ZipA, FtsEX and, when overexpressed, FtsN have
been implied to depolymerise FtsA. Thereby, the Lutkenhaus model opposes the
implication of this work that divisome activation is, at least in part, promoted by
FtsN-induced double filament formation of FtsA. At the moment, this discrepancy
cannot be fully resolved.
Initially, Pichoff and co-workers demonstrated that many FtsA mutants that suppress
loss of ZipA (among them E124A, I143L, R177C, T249M, R286W/FtsA*) are also
impaired in self-interaction, as measured by yeast two-hybrid assay (Pichoff et al.,
2012). In contrast to wildtype GFP-FtsAΔMTS (Pichoff and Lutkenhaus, 2005) and
FtsAΔMTS-GFP (Pichoff et al., 2012), FtsA mutants impaired in self-interaction also
did not form rods, or large filaments, inside cells when overexpressed as FtsAΔMTSGFP fusions (Pichoff et al., 2012). It was concluded that ZipA counteracts FtsA
polymerisation and, thereby, exposes FtsA’s IC domain for interaction with outer
divisome proteins. However, both rod formation and yeast two-hybrid assay required
the deletion of FtsA’s amphipathic helix and the addition of a large tag. Membrane
tethering facilitates protein interactions by increasing local concentration and limiting
the degrees of freedom of membrane-binding proteins. Hence, the observed reduction
in self-interaction of FtsA mutants is likely less pronounced for membrane-bound
full-length proteins. For example, FtsA T249M and FtsA* have been demonstrated to
polymerise on lipid monolayer (Schoenemann et al., 2018). The requirement of large
tags in conjunction with the introduction of mutations might further reduce interaction.
A large number of the ZipA suppressor mutations map on, or close to, the subunit
interfaces of the FtsA filament and might alter polymerisation behaviour. Investigation
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of the ultrastructure of FtsA filaments formed by those mutants may help to clarify their
exact effect on FtsA polymerisation. Since ZipA is less conserved than FtsA and its
requirement can be bypassed through many different mutations in FtsA (Geissler et
al., 2003; Pichoff and Lutkenhaus, 2002), it has not been studied extensively and our
insight into its function remains preliminary. Our understanding of the many ZipA
suppressor mutations in FtsA will certainly benefit from better knowledge of ZipA’s
function in the divisome. Interestingly, many ZipA suppressor mutations in FtsA also
compensate for the loss FtsEX or FtsN function (Du et al., 2016; Pichoff et al., 2015,
2018). Based on that, it was suggested that FtsN functions similarly to ZipA and
counteracts FtsA polymerisation (Pichoff et al., 2015). Binding of FtsN to FtsA’s IC
domain was proposed to compete with filament formation, which requires FtsA’s IC
domain (Szwedziak et al., 2012). My work illustrates that the FtsNcyto binding site on
FtsA and the FtsA polymer interfaces to do not overlap, wherefore FtsN binding and
FtsA polymerisation are, in principle, compatible with each other. The data shown in
this work rather suggests that FtsN binding facilitates FtsA polymerisation. Since FtsA
can also form double filaments, a more precise dissection of the polymerisation
capability of the different FtsA suppressor mutants will be needed to resolve the
discrepancy between the data. The effect of the suppressor mutants in vivo needs to
be carefully investigated, too. For example, FtsA* shows stronger self-interaction than
wildtype FtsA in bacterial two-hybrid assays (Shiomi and Margolin, 2007) but the
opposite was true using yeast two-hybrid assays (Pichoff et al., 2015). Introducing an
additional R300E mutation, which abrogates binding to FtsZ, into FtsA* strongly
reduces self-interaction of FtsA* in bacterial two-hybrid assays (Pichoff et al., 2015).
This is likely due to a stronger interaction between FtsA* and FtsZ than FtsA and FtsZ
[for a more detailed discussion see (Pichoff et al., 2015)]. In vivo, suppressor
mutations in FtsA might not only influence self-interaction but also interactions with
binding partners of FtsA, which in fact could lead to a phenotype of stronger selfinteraction or other modulations to FtsA’s function in the divisome. Those secondary
effects could determine the suppressor phenotype of the mutant. Moreover, it is
plausible that FtsA double filaments are induced by other divisome components, given
that FtsN is not conserved in gram-positive bacteria. The most promising candidate
seems to be FtsQ (Baranova et al., 2020), followed by FtsEX and FtsK (Berezuk et al.,
2020; Du et al., 2019; Pichoff et al., 2018).
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FtsN suppressor mutations have been reported in FtsB and FtsL (Liu et al., 2015;
Tsang and Bernhardt, 2015). Those findings suggest that the FtsQLB complex, upon
signalling by FtsN, activates the PG synthases FtsWI. Hence, FtsN could not only link
inner and outer divisome but also function as an ‘on’-switch for the entire divisome. It
seems feasible that FtsA is ‘activated’ through double filament formation upon FtsN
binding. With FtsN simultaneously activating PG synthesis via the FtsQLB complex,
constriction could begin. Similarly, gram-positive bacteria may utilise a putative
FtsA-FtsQ (DivIB) axis. This idea is very speculative at the moment but explains why
intermediates such as FtsEX and FtsK are readily dispensable upon activation of key
components (assuming that it is active conformations that are being stabilised by the
FtsN suppressor mutations and, thereby, compensate loss of FtsN). Detailed studies
on FtsA’s polymerisation state in vivo, activation of FtsWI in the periplasm and the
divisome as a whole will be needed in the years to come. For now, we know that
treadmilling FtsZ filaments in the cytoplasm ensure equal distribution of activated PG
synthesis complexes in the periplasm (McQuillen and Xiao, 2020). Insight into how
these two systems are connected and regulated is lacking.
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4.2.2 FtsA-guided cell division
It has recently been demonstrated that MreB double filaments align with the axis of
highest principal curvature, allowing them to robustly find the short axis in cells
(Hussain et al., 2018; Wong et al., 2019). The PG synthases of the elongasome, RodA
and PBP2, move along MreB filaments. Newly synthesized PG is therefore
predominantly incorporated around the cell circumference. The orientation of PG
strands in the sacculus limits cell expansion to the long axis and consequently
reinforces rod shape (Dion et al., 2019). I have shown that FtsA double filaments have
an architecture similar to that of MreB double filaments (Figure 21, H-I). Curvature
sensing might accordingly be conserved in FtsA filaments. Divisome and elongasome
have a similar architecture and share many homologous protein components (Section
1.2.3) (Szwedziak and Löwe, 2013). Moreover, Chlamydia rely on MreB for cell
division, as they lack FtsZ (Jacquier et al., 2015; Ranjit et al., 2020). This further
supports the idea that the divisome and elongasome adhere to the same basic
principles of function.
Rudder function of FtsA double filaments fits and develops the FtsZ treadmilling and
PG distribution model (McQuillen and Xiao, 2020), leading to a model for FtsA-guided
cell division (Figure 26). In resting state, FtsZ polymerisation is antagonised
throughout the cell (Figure 26, 1). The two most important regulators of FtsZ
polymerisation are the nucleoid occlusion and Min systems. The former preventing
FtsZ polymerisation over the nucleoid (Bernhardt and de Boer, 2005; Wu and
Errington, 2004) and the latter depolymerising FtsZ at the poles (Ramm et al., 2019).
At division onset, the replicated chromosomes segregate towards the cell poles
(Figure 26, 2). This allows FtsZ to accumulate at midcell. FtsZ localisation is reinforced
by the ZapB-MatP system which condenses FtsZ into the space in between the ter
regions of the two chromosomes (Buss et al., 2015; Mercier et al., 2008). FtsA is
recruited to the future division site by binding to FtsZ. The outer divisome then
assembles on top of the proto-ring scaffold. With FtsN being present, FtsA double
filaments form (Figure 26, 3). As FtsA double filaments have not been described in
vivo, it is unclear at what point in the cell cycle they form. Since small amounts of FtsN
localise to midcell early (Busiek and Margolin, 2014), FtsA double filaments might
already be present at division onset. It is also possible that doublet formation requires
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higher concentrations of FtsN which become available after SPOR-dependent
recruitment of FtsN to the divisome. Once FtsA double filaments are formed they will
align along the short axis of the cell (highest principal curvature) due to their curvature
sensing properties (Figure 11, B). In contrast to MreB for which filaments are aligned
with the short axis of the cell but are distributed evenly throughout the cell body (with
exception of the poles) (Hussain et al., 2018; Wong et al., 2019), FtsA filaments are
restricted to the narrow division plane due to interaction with FtsZ (Figure 26, 3). In
turn, the oriented FtsA filaments serve as rudders aligning the movements of
treadmilling FtsZ filaments, which distribute the PG synthesis enzymes (Bisson-Filho
et al., 2017; Yang et al., 2017). Together the two filament systems achieve even
distribution of PG synthesis activity in a narrow band at midcell, i.e. they determine the
septal plane. It is not yet clear whether individual patches of FtsZ at division onset will
eventually coalesce into a continuous ring later during cell constriction. The same
applies to FtsA doublets. It is estimated that an E. coli cell contains about 740 FtsA
molecules (Rueda et al., 2003) which could just about cover the cell circumference in
form of a continuous ring (370 FtsA doublets at 4.8 nm/subunit » 1.8 µm; E. coli cell
circumference » 1.6 µm, assuming a diameter of 0.5 µm). At this point in time, it seems
more likely that the organisation of FtsA double filaments at the division site will follow
the patch-like distribution of FtsZ filaments. Also, it is not known what fraction of FtsA
is recruited to midcell. Movement of FtsA filaments seems to be driven by FtsZ
treadmilling (Bisson-Filho et al., 2017), and not by PG synthesis as it is the case for
MreB (Garner et al., 2011). It is also not clear whether FtsWI is actively synthesising
PG when engaged with treadmilling patches of FtsA-N-Z filaments. Recent studies
propose that the FtsWI complex is linked to FtsZ tracks for activation and distribution
around the cell circumference but dissociates from the filaments for PG synthesis
(McCausland et al., 2019; Yang et al., 2019).
Orientation of the divisome along the short axis of the cell is necessary but probably
not sufficient for septum formation. The divisome needs to provide an inward-directed
force on the PG synthesis complex to drive cell constriction (Nguyen et al., 2019).
Whereas it is inconceivable that FtsA and/or FtsZ filaments can exert enough force to
overcome the cell’s turgor pressure, local membrane deformation might be plausible.
Intrinsic curvature of both FtsA and FtsZ filaments can be assumed to be much smaller
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than the width of an E. coli cell. Filaments of FtsZ and FtsA will therefore exert an
inward-directed force on the inner membrane (see also Figure 11, B). In agreement
with that, FtsA and FtsZ filaments have been shown to deform liposomes (Figure 15,
E) (Osawa et al., 2008). FtsZ fused to a membrane-targeting sequence induced small
membrane invaginations in liposomes (Osawa et al., 2008), and FtsA* and FtsZ
together were able to fully constrict liposomes (Osawa and Erickson, 2013). This could
indicate a synergistic effect of FtsA and FtsZ filaments in force generation. Studies on
FtsA-Ncyto and FtsZ on liposomes and on shaped carbon supports could provide more
detailed insights. Yet, FtsA and FtsZ filaments would only be able to support septum
formation down to a diameter matching the intrinsic curvature of the filaments
[≥ 20-30 nm, given that is the diameter of mini-rings which are already artificially
constrained (Erickson et al., 2010; Krupka et al., 2017)]. How membrane scission
between daughter cells is eventually achieved remains one of the big questions yet to
be answered. This process needs to be coordinated with divisome disassembly as
space becomes limiting. Divisome disassembly has been largely overlooked by the
scientific community. Disassembly appears to follow a sequential pathway in reverse
order to divisome assembly (Söderström et al., 2016). This means FtsZ and FtsA
dissociate from the divisome before separation of membranes. Another mechanism
must therefore coordinate the final stages of the scission process. FtsN is reported to
be the last protein leaving the division site and is engaged with both the inner
membrane and the PG sacculus (Söderström et al., 2016). FtsN might therefore be
one of the proteins involved in membrane scission and cell separation. For studies on
the late stages of cell division, event frequency and resolution requirements become
experimentally limiting, likely one of the reasons why insight into this process is lacking.
It will probably require cryo-ET and in vitro reconstitution experiments to elucidate the
mechanism by which cell scission is achieved. However, it is not clear to me how one
could trap the system close to the state of membrane separation.
To conclude, I believe that the discovery of FtsA-N double filaments opens exciting
new perspectives on FtsA’s function in the divisome. The FtsA-N axis might be used
to transmit and integrate signals across the inner membrane. It could therefore
function as a master switch in the divisome. This might inspire more detailed studies
on other divisome components and their role in activation of PG synthesis and cell
constriction. A curvature sensing mechanism analogous to that of MreB explains how
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FtsA double filaments may help to align FtsZ filaments and, thereby, PG synthesis
complexes along the short axis of the cell within the division plane. A conserved
curvature sensing mechanism of MreB and FtsA filaments also strengthens the idea
of a common evolutionary origin of divisome and elongasome (see Section 1.2.3)
(Szwedziak and Löwe, 2013). Not only do elongasome and divisome share the same
bipartite GTase/TPase PG synthesis complexes (RodA/PBP2 and FtsW/I, respectively)
(Cho et al., 2016; Taguchi et al., 2019), those also seem to be oriented along the cell
circumference by a conserved curvature sensing mechanism among the only two
membrane-binding members of the actin family, MreB and FtsA. This points towards
a deep mechanistic conservation between elongasome and divisome, rather than the
so far known duplication and differentiation of parts of the complexes. The curvature
sensing properties of MreB and FtsA filaments also underline the importance of
studying protein filaments in an environment that recapitulates the curvature
landscape within cells. I am excited to see the shaped carbon supports for EM I
developed to enable easy access to those kinds of studies. The biggest question
remaining from this work is how gram-positive bacteria organise FtsA and cell division
in general in the absence of FtsN.
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Figure 26: A model of cell constriction guided by FtsA double filaments.
A model of how FtsA double filaments may guide septum formation by aligning FtsZ
filaments along the short axis of the cell. In the resting cell, FtsA (red) and FtsZ (blue)
are distributed evenly throughout the cytoplasm. FtsZ polymerisation is prevented by
the nucleoid occlusion and MinCDE systems (yellow) (1). Cell growth and separation
of replicated chromosomes (purple) allow FtsZ to condense at midcell (2). FtsZ
positioning is reinforced by the ZapB-MatP system (not shown). FtsZ recruits FtsA to
midcell (3). The remaining divisome components, including FtsN, assemble on the
FtsA-Z scaffold. FtsA double filaments align themselves and treadmilling FtsZ
protofilaments and PG synthases along the short axis of the cell. Hence, PG insertion
can only occur along the cell circumference. FtsA and FtsZ filaments might invaginate
the inner membrane locally, enabling septum growth inwards. It remains unclear how
membrane separation between daughter cells is achieved at the end of cell division.
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Appendix

Figure S 1: EcFtsA binds to liposomes and EcFtsZ.
Co-sedimentation assay of E. coli FtsA and/or FtsZ added to preformed liposomes.
FtsZ was in 3-fold molar excess over FtsA. 1 mM ATP and 4 mM GTP have been
added where indicated. FtsA binds to the outside of liposomes. In the presence of
nucleotide, it also recruits FtsZ filaments to the vesicles.
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Table S 1: Crystallographic data for artubulin.
Statistics

Sample
NCBI database ID

Nitrosoarchaeum koreense artubulin

Nitrosoarchaeum koreense artubulin

EMTS derivative

native

WP_007550732.1

WP_007550732.1

full length (1-461), no tag

full length (1-461), no tag

Crystallisation (sample;

10 mg/ml, 2 mM GMPCPP, 4 mM MgCl2;

10 mg/ml, 2 mM GMPCPP, 4 mM MgCl2; 16.545 % w/v

crystallisation condition)

19 % w/v PEG 4K, 0.086 M (NH4)Ac, 0.1 M

PEG 4K, 0.057 M (NH4)Ac, 0.1 M sodium citrate

sodium citrate dihydrate/HCl pH 5.6

dihydrate/HCl pH 5.6

Cryoprotectant

21 % w/v PEG 4K, 0.086 M (NH4)Ac, 0.1 M

Constructs

sodium citrate dihydrate/HCl pH 5.6, 0.2 M
NaCl, 5 mM TCEP, 30 % v/v ethylene
glycol

16.545 % w/v PEG 4K, 0.057 M (NH4)Ac, 0.1 M sodium
citrate dihydrate/HCl pH 5.6, 0.2 M NaCl, 5 mM TCEP,
25 % v/v ethylene glycol

Method
Method

crystallography SAD

Phasing

SAD

crystallography
MR

2.0 mM EMTS, 4h soak

SAD phases and model 1z5v

Data collection
Beamline

DLS I03

DLS I03

Wavelength (Å)

1.00932

0.97625

C2

C2

59.8, 97.7, 236.6; 91.5

60.2, 98.4, 237.6; 91.9

Crystal
Space / point group
Cell (Å; °)
Data
Resolution (Å)

3.5

2.9

100.0 (99.9)

99.7 (99.9)

Multiplicity1

6.7 (6.8)

3.4 (3.6)

(I) / σ(I)1

14.7 (3.0)

8.2 (1.6)

Rmerge1

0.082 (0.578)

0.080 (0.829)

Rpim1

0.052 (0.365)

0.051 (0.512)

CC1/2

0.999 (0.873)

0.995 (0.732)

Completeness (%)1

Anomalous correlation1
Mercury sites

0.25 (0.0)
6

Refinement
R / Rfree2

0.219 / 0.278

Models

3 chains/ASU:
A: 8-65, 72-248, 256-310, 325-461
B: 8-249, 256-310, 325-461
C: 8-65, 73-311, 325-461 (not as good as A and B)
3 GMPCPP, no waters

Bond length rmsd (Å)

0.010

Bond angle rmsd (°)

1.702

Favoured

(%)3

Disallowed (%)3
MOLPROBITY score
Structure IDs4

99.3
0.0
96th percentile
artubulin

1

Values in parentheses refer to the highest recorded resolution shell.

2

5% of reflections were randomly selected before refinement.

3

Percentage of residues in the Ramachandran plot (CCP4 PROCHECK: ‘most favoured’ and ‘additionally allowed’ added together).

4

Structure ID used in this thesis (PDB IDs are not yet assigned)
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Table S 2: Crystallographic data for FtsA and FtsA-Ncyto.
Statistics

Sample

Escherichia coli FtsA

Vibrio maritimus FtsA

Vibrio maritimus FtsA and FtsNcyto

Escherichia coli FtsA5

Xenorhabdus poinarii FtsA

(double filament)

(bent tetramers, some with putative FtsNcyto density)6
FtsA: WP_042501243.1; FtsN: WP_042502685.1

NCBI database ID

AMK99051.1

AMK99051.1

WP_045957782.1

WP_042501243.1

Constructs

1-405, no tag

1-405, no tag

1-396, no tag

1-396, no tag

FtsA: 1-396, no tag; FtsN: 1-29, no tag

7 mg/ml, 2 mM ATP; 20 % w/v PEG 4K, 5 mM Ni(II)Cl2,

7 mg/ml, 2 mM ATP; 1 M sodium succinate pH 7.0, 0.1 M

5 mg/ml, 2 mM ATP; 25.236 % v/v PEG 400, 2 % v/v

VmFtsA: 3 mg/ml, VmFtsNcyto: 0.353 mM (5x molar

0.1 M Tris/HAc pH 7.5, 9.9 % v/v ethylene glycol

bis-tris-propane pH 7.0

Crystallisation (sample;
crystallisation condition)

7 mg/ml, 2 mM ATP; 20 % w/v PEG 4K, 0.175 M
(NH4)2SO4, 5 mM Ni(II)Cl2, 0.1 M Tris/HAc pH 7.5, 0.017
M MES/NaOH pH 5.9

Cryoprotectant

2-propanol, 0.17 M MgCl2, 0.04 M CaAc2, 0.08 M Tris/HCl
pH 8.5, 0.02 M MES/NaOH pH 6.0

excess), 2 mM ATP; 21.645 % v/v PEG 600, 0.125 M
MgCl2, 0.1 M Tris/HCl pH 8.5

20 % w/v PEG 4K, 0.262 M (NH4)2SO4, 5 mM Ni(II)Cl2, 0.1

20 % w/v PEG 4K, 5 mM Ni(II)Cl2, 0.1 M Tris/HAc pH 7.5,

M Tris/HAc pH 7.5, 0.011 M MES/NaOH pH 5.9, 25 %

9.182 % v/v ethylene glycol, 25 % glycerol, 1mM

glycerol

EcFtsNcyto1-32 (soaked for 24 h)5

Method

crystallography

crystallography

crystallography

crystallography

Phasing

MR

MR

MR

MR

MR

model 3wqt (first without domain IC, then added manually)

model eca1

model eca1

model eca1

model vma1, then dimer from first run

reservoir solution + 25 % glycerol

2mM ATP, 31.545 % v/v PEG 400, 0.212 M MgCl2, 0.1 M
Tris/HCl pH 8.5, 0.1 M KCl, 5 mM TCEP, 20 % glycerol

0.353 mM VmFtsNcyto, 2 mM ATP, 22.518 % v/v PEG 600,
0.129 M MgCl2, 0.1 M Tris/HCl pH 8.5, 0.1 M KCl, 5 mM
TCEP, 20 % glycerol, 2 mM EMTS (soaked for 1h)6

Method
crystallography

Data collection
Beamline

DLS I04

DLS I03

DLS I04

DLS I03

DLS I04

Wavelength (Å)

0.97948

0.97622

1.00915

0.97625

1.00915

Crystal
Space / point group
Cell (Å; °)

P21

C2

C2

P21

P21

51.1, 64.2, 65.3; 96.1

140.5, 64.2, 51.2; 91.6

142.2, 70.7, 50.8; 101.0

48.6, 109.8, 92.6; 102.1

98.8, 119.9, 330.9; 93.81

Data
Resolution (Å)

2.7

3.0

2.8

3.3

3.6

99.8 (99.9)

97.0 (98.4)

99.9 (99.9)

99.4 (99.0)

100.0 (100.0)

Multiplicity1

3.4 (3.4)

6.9 (7.1)

(I) / σ(I)1

Completeness (%)1

3.4 (3.4)

3.4 (3.0)

6.9 (6.4)

6.8 (1.4)

7.5 (2.6)

4.4 (1.1)

5.9 (2.2)

8.6 (1.8)

Rmerge1

0.142 (0.863)

0.125 (0.489)

0.257 (0.857)

0.297 (1.309)

0.163 (1.197)

Rpim1

0.091 (0.552)

0.080 (0.313)

0.165 (0.584)

0.120 (0.544)

0.067 (0.489)

CC1/2

0.991 (0.659)

0.989 (0.789)

0.796 (0.636)

0.978 (0.954)

0.997 (0.983)

Refinement
R / Rfree2

0.212 / 0.267

0.196 / 0.253

0.218 / 0.260

0.230 / 0.269

Models

1 chain/ASU:

1 chain/ASU:

1 chain/ASU:

2 chains/ASU:

16 chains/ASU:

A: 6-388

A: 6-280, 283-390

A: 5-392

A: 8-389

A-C, E-P: 8-390

1 ATP, 1 Mg, 3 Ni, no waters

1 ATP, 1 Mg, 3 Ni, no waters

1 ADP, 1 Mg, no waters

0.236 / 0.285

B: 8-389

D: 8-269, 291-390

2 ATP, 2 Mg, no waters

(NCS_group_bottom: A, C, E, G, I, K, M, O
NCS_group_top: B, D, F, H, J, L, N, P)
(Putative FtsNcyto density: strong: A, C; weak: E, G, I, K,
M, O; none: B, D, F, H, J, L, N, P; not modelled during
refinement)
16 ATP, 16 Mg, no waters

Bond length rmsd (Å)

0.003

0.002

0.002

0.002

0.005

Bond angle rmsd (°)

0.596

0.562

0.538

0.632

0.986

Favoured (%)3

99.1

100.0

99.7

100.0

97.6

0.0

0.0

0.0

0.0

1.0

97th percentile

98th percentile

100th percentile

100th percentile

99th percentile

eca1

eca2

xpa1

vma1

vman

Disallowed

(%)3

MOLPROBITY score
Structure

IDs4

1

Values in parentheses refer to the highest recorded resolution shell.

5

No density for EcFtsNcyto1-32 was observed.

6

2

5% of reflections were randomly selected before refinement.

3

Percentage of residues in the Ramachandran plot (CCP4 PROCHECK: ‘most favoured’ and ‘additionally allowed’ added together).

4

Structure IDs used in this thesis (PDB IDs are not yet assigned)

Data collection was optimised for a native dataset, not SAD. Some density for mercury is however observed at C347 for chains A-F, H, J-L, N, P. The mercury density was used to verify the solution obtained by MR.
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Table S 3: Codon-optimised cDNA.
Construct
N. koreense artubulin (full-length)

Manufacturer
1

Epoch Life Science

cat|atgtccaagctggcaccgctgccaccagctccggtactgatgatctgctttggccactgtggtattggtctgggtgcagagagctaccgtcgtctgctgctggacgttggtgca
gatccgctgaaaccgactctgaactctaaagatgagtctcgcgttctgaaacgctacggcagcactatcctgcgcttcagcccatcctacggtgatggtgacatcccactgatcc
cacgtgctctgctggttgatctggacccacgtgctgctaacctgatcctgcaatcctacccagacctgttcgcactgcgcgaccagcacgttattcatggcgctggcggtgcggctc
gtaactgggctgaaggtaagactcgtttcctggaagaaatgaagaccaaggttgatatcaagaaacaactgtctgcaatctctccagaaccggtgcgtggctacgttgtgccgtt
cgctatgggtggtggcactggttcctccttctccagcgcattcatcgagtacatcaagaccaacaccaaagaacacgccaccatcgctaccttcggcctgatgccggagttcggt
tgggacccggtgatctttgaagccgctgcgattaacatcgtgatgaatctggaatatcagatcaaatactccgattgttccatcctggtttctaacaaagcgctgcgtaaactggca
caccagcacgataagaaactgcaaaagattccatctatcattgacgatctgccgaaagaacacgaagttggttggaaagactacaagggcatgaatctgatcgcagctaac
actatcagcatgttcatctcttccttcgctcgcgaaaccgaatgggacatgagcaactaccgtacctggctggccactaagaagccgaaattcgcaatcccgtggattatgccag
tatctccgagcgaatcccagtggggtaaagacatgctgacttccaccaagaacaacactatggaagatgttctgaacaaactgggtaagaaggaggatgcgctgctgttcga
cattgacgagaacgatatccgtaacaatggctcctcccgtgactcttgttgtgttctggtgaaagtgaaaggcgagttcgacatcaaagaacgtgaggctatcaaacgtatcatc
aaagacaagttcaacatcgaagaatctcgtatgatcttcgttaagatcccgatcatggacggcgaacaggcctccatcgctgttctggttaacaccaaagccatcggtccgaag
atcctggaaatcgcgaaagaagctgaagaggcatgggatggctataaggatgaatacggtcgttggggtctgtccaccgaagagttcaaacaaggtctgatggatgtagttca
ccagttctcttaa|ggatcc
X. poinarii ftsA (AA 1-396)1 with Gibson overhangs

Integrated DNA Technologies (gBlocks Gene Fragments)

attgaagcgcatcgcgaacagatcggtggt|atgatcaaatcaacggacagaaaattagtagttggccttgaaatcggtacagcaaaggtatctgccctggttggtgaaattctg
cccgatggtatggttaatattatcggagtaggaaattgcccatcccgcggcatggataaaggcggcgtcaacgatcttgagtcggtcgtcaaatgtgtacagcgtgccattgatc
aggctgaattgatggcagattgccaaatttcttcagtctatttggcgctttctggcaagcatatcagttgccagaacgaaattggcatggtgccggtctcggaagaagaagtgaca
caagatgatgtggacagtgttgtccataccgctaaatccgttcgtgttcgtgatgaacaccgtattttgcatgtgatcccacaggaatacgcgattgactaccaggaaggaatcaa
aaacccggtagggctgtctggtgtgcgtatgcaagccaaagtccatttgattacctgccataatgacatggcgaaaaatattgtcaaagcggttgaacgttgtggccttaaagtcg
atcagttaattttcgcagggttagcagcctcctatgctgtactgactgaggatgaacgtgagcttggtgtttgcgttgtagacattggagggggcacgatggatgtggccgtgtacac
tggcggagcattgcgccatactaaagttattccctacgctggaaatgtggtcaccagcgatatcgcgtatgctttcgggacacctccatccgatgcagaaactatcaaagttcgtc
atggctgtgctttaggctctatcgtgtctaaggatgaatcagtggaagtaccgtcagtcgggggccgcccgcctcgcagcctgcaacgccaaacattggctgaagtgatcgaac
cccgttataccgaactgctgaatttagtgaatgatgagattttacgattgcaggagcaattgcggcagcagggagtcaagcaccacttggcagcagggattgtcctgacaggtg
gaggggcccagattgatggtctggccgaatgtgctcagcgggtatttcatacccaggttcgcattggccggcctttaaatatcaccgggctgacagattatgtacaggcgccttgc
tattcaacagcggttgggcttctgcattatggcaaagagtctcaccttggcggtgattcagattaa|agctttctagaccatttaaacaccacc
V. maritimus ftsA (AA 1-396)1 with Gibson overhangs

Integrated DNA Technologies (gBlocks Gene Fragments)

attgaagcgcatcgcgaacagatcggtggt|atgacgaagaccacggatgacaatattattgtcggtcttgatattggcactgcgaccgtatctgcgttagtcggcgaagttttgcc
ggatgggcaggtaaatatcattggtgcaggttctagtccttctcgcggaatggacaaaggtggcgttaacgaccttgagtcagtggttaaatccgtgcaacgtgctgtcgatcagg
ctgagctgatggcggaatgccagatcagcagcgtgtttatctcactttctggtaagcatattgcgagtcgaattgaaaagggcatgggaaccatttctgaggaagaagtgtcaca
agatgatatggacagggcgattcataccgctaaatccataaaaattggtgatgaacagcgcattcttcatgtgattcctcaggaatttaccatagactatcaagagggtattaaaa
acccgcttggactgtctggggttcgaatggaagtcagtgttcatttgatctcttgtcataacgacatggcaagaaacatcattaaagcggtagaacgctgcggtctgaaagttgag
caacttgttttctctgggttagcatcctccaacgcagtaattacagaggatgagcgcgagttaggtgtttgtgttgttgacattggggctggaacaatggatatttccatctggacgggt
ggtgccttgcgccatacggaggtattttcttatgccgggaatgccgtgacgagtgatattgcttttgcatttggtacgccgttgagcgacgcggaggagattaaagtgaagtatgga
tgcgcactgtcggaattggtgtccaaggatgatactgtaaacgtacctagcgtaggagggcgtccgtcgcgttcgttgcagcgtcaaacattggcagaagtgatagaaccgcgc
tatacagaattaatgggacttgttaatcaaaccattgataatgttcaagcgaaactcagagagaacggtgtgaagcaccatctcgcagcaggtgtcgtcttaaccggcggtgca
gcacaaattgaaggggttgtggagtgcgctgagcgtgtattccgtaaccaggttcgtgtaggtaagcctttagaggtgagtggccttacggactatgtaaaagagccgtatcattc
tacggccgttggattacttcattacgcaagagatagtcaggataatgacgacaatgattaa|agctttctagaccatttaaacaccacc
1

Coding sequences are separated from overhangs by ‘|’.
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Table S 4: Gammaproteobacterial FtsA-N pairs tested for crystallisation.
Organism
Oceanimonas
sp. GK1
Enterovibrio
calviensis
DSM 14347

FtsA construct

FtsN construct

(NCBI identifier)

(NCBI identifier)

OsFtsA1-396

OsFtsN1-35

(WP_014291367.1) (WP_014291175.1)
GsFtsA1-395

GsFtsN1-28

(WP_086358172.1) (WP_086358831.1)

Outcome
no crystals obtained

no crystals obtained
low yield and purity

Gilliamella
sp. N-W3

EcalFtsA1-396

EcalFtsN1-32

(WP_028023088.1) (WP_028025878.1)

with standard
purification protocol,
not optimised further

Aliivibrio
wodanis
Xenorhabdus
poinarii G6
Aeromonas
tecta

AwFtsA1-396

AwFtsN1-38

(WP_060994098.1) (WP_061004747.1)
XpFtsA1-396

XpFtsN1-32

(WP_045957782.1) (WP_045960175.1)
AtFtsA1-396

AtFtsN1-31

(WP_042653219.1) (WP_050719285.1)

mostly insoluble
structure for FtsA
(Section 3.4)
no crystals obtained
structure for FtsA
double filament

Vibrio
maritimus

VmFtsA1-396

VmFtsN1-29

(WP_042501243.1) (WP_042502685.1)

(Section 3.5),
co-structure for
FtsA-N complex
(Section 3.6)
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6.1

Principles of X-ray crystallography

This chapter is largely based on the structure and explanations presented in (Rhodes,
2010) and (McPherson, 2011).
6.1.1 Determining atomic structures of biomolecules
Atomic resolution structures are essential for understanding the chemistry of
interactions between biomolecules and biomolecules and drugs. Almost all
biomolecules are extremely small, fragile and give low signal-to-noise when probed
by currently available techniques. The latter originates from the fact that biomolecules
are composed largely of the same elements as the aqueous solutions they reside in.
Those limitations make structure determination of individual biomolecules impossible
at this point in time; however, advancements in free-electron lasers could change that
in the foreseeable future. For now, methods for determining atomic resolution
structures (or models), namely cryo-EM, NMR and X-ray crystallography, rely on bulk
measurements or averaging of large quantities of identical biomolecules to improve
signal quality. In order to derive atomic resolution information of an object one requires
a probe that interacts with and is of similar or smaller size than the atoms in the object
(van der Waals radius of a Carbon atom is 1.7 Å). Hence, electrons, neutrons and high
energy photons are suitable probes for structure determination of biomolecules.
In X-ray crystallography, a regular array of ordered, identically oriented molecules, or
crystal, is irradiated with a beam of X-rays, electromagnetic radiation with wavelength
between 0.1-100 Å (Figure S 2). Under certain circumstances a large fraction of the
molecules in the crystals diffract in phase, leading to an amplified signal that can be
visualised on a detector in form of a distinct spot (reflection). The detected reflections
result from elastic scattering events, which means the direction but not the wavelength
(and with that the energy) of the incident X-rays has been altered by the molecules in
the crystal. Most of the incoming X-rays pass right through the crystal without any
interaction. A third subset of X-rays takes part in inelastic scattering events, in which
energy is deposited into the molecules in the crystals. Hence, inelastically scattered
X-rays will have less energy (a longer wavelength) compared to the incident beam.
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Figure S 2: Crystallographic data collection.
The crystal diffracts the incoming beam into multiple discrete beams, each of which
produces a reflection on the detector. Position and intensity of the reflections depend
on the composition and arrangement of molecules in the crystal. The phases of the
diffracted X-rays are not recovered in a standard crystallography experiment. They
need to be obtained separately in order to determine a molecular structure. [modified
from (Rhodes, 2010)].
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Since high energy electromagnetic radiation (higher energy means shorter wavelength)
is required in order to obtain atomic resolution, the X-rays used in X-ray
crystallography carry enough energy to break atomic bonds during inelastic scattering
events. To reduce radiation damage, crystals are supplemented with cryoprotecting
solutions, flash frozen in liquid nitrogen and irradiated at cryogenic temperatures.
6.1.2 Wave theory and Fourier transform
From a physical point of view, a wave describes the regular and periodical oscillation
about an equilibrium state as a function of space or time. In case of light and X-rays,
it is electric (E) and magnetic fields (H) that oscillate orthogonal to each other. A wave
can be described by a periodic function in the form:
"($) = ' cos 2,(ℎ$ + /),

(1)

where "($) gives the height of the wave at position x, F is the amplitude, h is the
frequency and α is the phase of the wave. Using complex numbers, a wave can be
described by
"($) = '(cos 2,(ℎ$) + 0 sin 2,(ℎ$)).

(2)

The phase of the wave is given by the combination of the cosine and sine functions;
hence, it only depends on h and x. With 3 !" = cos 4 + 0 sin 4 (Euler’s formula) further
follows:
"($) = '3 #$!(&') .

(3)

Fourier theory says that any periodic function can be approximated by an infinite sum
of appropriately weighted cosine (or sine) waves. Each diffracted X-ray, that gets
detected in a diffraction experiment, is itself a complex wave formed by the diffractive
contributions of all atoms in the crystal. We can therefore define a so-called structure
factor Fhkl for each reflection that describes the diffractive contribution of each
individual atom to that reflection:
'&)* = 5 "+ 3 #$!,&'! -).! -*/! 0 ,

(4)

+

where xj, yj, zj specify the position of atom j and h, k, l give the frequency of the wave
in the direction of x, y and z, respectively. Hence, the phase of each individually
diffracted wave is solely defined by the position of the atom (xj, yj, zj) it is scattered off.
fj is called the scattering factor of atom j and characterises the electron density of the
atom. fj varies between elements as they have different numbers of electrons. As
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X-rays in good approximation only interact with electrons but not atomic nuclei, the
scattering factor describes how strongly each atom scatters the incident X-rays. This
means we can replace fj with a function ρ(x, y, z) that describes the electron density
of the molecule(s) present in the crystal as follows:
'&)* = 7 7 7 8($, 9, :)3 #$!(&'-).-*/) ;$ ;9 ;:

(5)

' . /

The electron density and, therefore, ρ(x, y, z) are continuous, which is why integration
(rather than summation of discrete values) is to be used. Since a crystal is a repetitive
array of identical molecules, ρ(x, y, z) is also a periodic function and can be described
with a wave equation. The smallest and simplest parallelepiped completely
representative of that array, or crystal, is called the unit cell. In other words, the whole
crystal can be formed by copying and translating the unit cell in three dimensions.
Using a mathematical operation called Fourier transform, a description for ρ(x, y, z)
can be found:
8($, 9, :) =

1
5 5 5 '&)* 3 2#$!(&'-).-*/) ,
=
&

)

(6)

*

where V is the volume of the unit cell. This means that the electron density ρ is the
Fourier transform of the structure factors Fhkl and vice versa. Equivalently, the
diffraction pattern of a crystal is the Fourier transform of its electron density. Each
structure factor Fhkl is itself a complex number, more precisely a Fourier sum
describing the complex wave that gives rise to a specific reflection in the diffraction
pattern. Structure factors, and complex numbers in general, can further be understood
as vectors in a two-dimensional coordinate system (having a real and imaginary axis).
For a wave or structure factor, the phase corresponds to the angle φ between the real
axis and the vector and it is ' = |'| ∙ 3 !3 . With / = 2,@ follows:
8($, 9, :) =

1
5 5 5|'&)* |3 2#$!(&'-).-*/-4"#$ ) .
=
&

)

(7)

*

The |'&)* |B correspond to the amplitudes of the waves that produce reflections. It is
|'&)* | ∝ DE&)* , where E&)* is the measured intensity of that reflection. The phase /&)*
is not known and cannot be obtained from a simple diffraction experiment; a problem
commonly known as the phase problem is X-ray crystallography.
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6.1.3 Diffraction theory
A crystal is a continuous array composed of multiple copies of the unit cell, the smallest
parallelepiped completely representative of the crystal. The unit cell of a threedimensional crystal is defined by six parameters: the length of the three unique edges
a, b, c and the three unique angles α, β, γ between them. Alternatively, three vectors
G⃗, JG⃗ can be used (with |F
G⃗, I
G⃗| = a). There are only seven classes of unit cells that can
F
form continuous crystals in three dimensions. These are known as crystal systems; a
monoclinic unit cell, for example, is defined by a ≠ b ≠ c, α = γ = 90° and β ≠ 90°.
Because all unit cells in the crystal are identical, each unit cell and its content can be
represented in form of a single point at a fixed (relative to the unit cell) position. Those
points form the crystal lattice. Certain symmetry relationships of molecules within the
unit cell, allow to define lattices for which a single unit cell is associated with more than
one lattice point. In that case, the unit cell is referred to as centred or nonprimitive. By
convention, centred unit cells are favoured over primitive unit cells if they preserve
higher symmetry (as higher symmetry simplifies X-ray crystallography experiments
and processing). A total of 14 different lattices can be formed in three dimensions, the
so-called Bravais lattices. The molecules within the unit cell of a crystal often possess
additional symmetry, known as point symmetry. The 14 Bravais lattices together with
the 32 point groups and additional translational symmetry elements (that derive from
the infinite crystal lattice) form 230 different space groups. For chiral molecules such
as proteins and nucleic acids this number is reduced to 65. The fundamental building
block of a crystal, the asymmetric unit, has no more inherent symmetry or symmetry
elements that align with crystallography properties. It may however contain multiple
copies of a molecule, related by non-crystallography (local) symmetry (NCS). Hence,
the asymmetric unit contains the same number or fewer molecules than the unit cell.
W. L. Bragg showed that diffraction by a crystal can be treated as diffraction by sets
of parallel, regularly spaced planes. Each set of equivalent planes is defined by a set
of Miller indices hkl, which give the number of times these planes intersect the unit cell
edges abc. The interplanar spacing of those planes is dhkl. Bragg demonstrated that
reflections are only produced by those X-rays whose difference in path length between
individual planes is an integer multiple of their wavelength, which means they
positively interfere. For all other rays a corresponding ray can be found so that both
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rays destructively interfere. All X-rays that give rise to measurable reflections therefore
fulfil:
2;&)* sin 4 = KL,

(8)

where dhkl is the interplanar spacing of the set of planes hkl, 4 is the angle the X-rays
impinge upon the planes, K ∈ ℕ and L the wavelength of the incident X-rays (Figure S
3, A). Equation 8 illustrates that large unit cells are associated with a smaller angle of
diffraction ( sin 4 ∝ 6

5
"#$

), which usually leads to a larger number of measurable

reflections. The opposite is true for small unit cells. Although an infinite number of sets
of parallel planes hkl exists (111, 222, 444, etc), from Bragg’s law (Equation 8) follows
:

that the minimum spacing between planes to allow diffraction is ;&)*,8!9 = # (consider
that the maximum value of sin 4 is 1 in case of K = 1). Most importantly, Bragg’s theory
demonstrates that the number and position of measurable reflections depend on the
dimensions and arrangement (lattice) of unit cells in the crystal but not their content,
i.e. the electron density of the crystallised molecule(s).
The reciprocal lattice describes the relationship between the sets of reflective planes
in real space and the reflections, which exist in reciprocal, or diffraction, space. The
set of planes with Miller indices hkl will give rise to reflection hkl in diffraction space.
The reciprocal lattice is constructed by defining an arbitrary real space lattice point as
its origin P. Then, the reciprocal lattice point hkl lies on the end of the normal vector
of the real space plane hkl with length

5
6"#$

and originating in P (Figure S 3, C).
5

Accordingly, this also defines a reciprocal unit cell with edges a*, b*, c*, where F∗ = < .
The reciprocal lattice is by definition linked to the real space lattice and, thus, will follow
rotation of the real space lattice, i.e. the crystal. By examining Bragg’s law in reciprocal
space, it becomes apparent that reciprocal lattice points are useful for calculating the
direction of diffracted beams that produce reflections under a known geometric setup
(Figure S 3, B+D). Simplifying the problem to two dimensions, illustrates the underlying
principle more clearly (Figure S 3, D): Assuming the incident X-rays impinge upon the
reciprocal lattice along vector GGGGG⃗
QP (the position of the beam is usually fixed in modern
5

X-ray data collection setups), a circle with radius : (the wavelength of the incident
SSSS is the diameter of the circle and
X-rays in reciprocal space) can be found so that RP
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point C its centre. Let P be a reciprocal lattice point with coordinates hkl in contact with
the circle. Then the triangle PBO is a right triangle and it is:
????

=>
:
SSSS = : ∙ 5
sin 4 = ????
= # ∙ PT
=@
# 6

"#$

⇔ 2;&)* sin 4 = L.

(9)

Comparison to Equation 8 illustrates that Equation 9 is Bragg’s law with K = 1. Hence,
any reciprocal lattice point in contact with the circle fulfils the Bragg criterion for
positive interference and will produce a reflection. From the construction of the
reciprocal lattice, it is known that the vector GGGGG⃗
PT is orthogonal to the set of planes that
produce the reflection corresponding to the reciprocal lattice point P. Because GGGGG⃗
PT ⊥
GGGGG⃗ , RT
SSSS is part of that set of planes. Accordingly, the red line drawn through point C
RT
and parallel to SSSS
RT is part of that set of planes. Hence, the diffracted ray R that will
GGGGG⃗ . In three dimensions, the circle
produce reflection hkl emerges with vector WT
corresponds to the Ewald sphere, or sphere of reflection (Figure S 3, B). All reciprocal
lattice points in contact with the surface of the sphere will produce a reflection. During
X-ray data collection the crystal is slowly rotated in the X-ray beam. Since the
reciprocal lattice depends on the real space lattice, that rotation is equivalent to
rotating the reciprocal lattice around its origin P. Thereby, new reciprocal lattice points
will come in contact with the Ewald sphere and their reflections can be recorded. The
number of measurable reflections N can be estimated by:
X=

A$
B

# B

∙ Y:Z ∙ C

5
%&'()

≈

BB.E∙C
:*

,

(10)

where = and =GHI!J are the volumes of the unit cell and reciprocal unit cell, respectively.
Importantly, symmetry elements within the unit cell will lead to systematic absences
(lack of reflections although the Bragg criterion is fulfilled) that are critical in inferring
the space group of the crystal. Briefly, systematic absences arise because identical
molecules are positioned in the crystal in such a way that they will produce diffracting
rays with a 180° (p) phase shift, meaning those rays will destructively interfere and,
hence, not produce a reflection.
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Figure S 3: Diffraction by a crystal in real and reciprocal space.
A, X-rays diffracted of a set of parallel planes positively interfere if their path difference,
SSSS , equals an integer multiple of their wavelength (Bragg’s law). B, All reciprocal
2 RW
lattice points in contact with the surface of the Ewald sphere fulfil Bragg’s law and give
rise to a reflection. C, Construction principle of the reciprocal lattice. D, Central slice
through the Ewald sphere. Reciprocal lattice point P in contact with the Ewald sphere
fulfils Bragg’s law. For a more detailed explanation see text. [modified from (Rhodes,
2010)].
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6.1.4 Solving the phase problem of X-ray crystallography
As outlined in Section 6.1.2, more precisely Equations 6-7, both the amplitude |'&)* |
and phase /&)* of the diffracted X-rays are required to compute an electron density
map of the molecules in the crystal. Whereas the amplitude is measured in a diffraction
experiment ( |'&)* | ∝ DE&)* ) , the phase is inaccessible. Techniques have been
developed to obtain phase information, the most popular three for biomolecules being
anomalous scattering, isomorphous replacement and molecular replacement. The
former two require derivatisation of the biomolecules in the crystal with heavy atoms
(strong X-ray scatterers). Molecular replacement on the other hand compares
amplitudes and phases of known, homologous structures with recorded data to obtain
phase estimates.
In order to obtain initial phase estimates, all methods utilise the Patterson function
P(u, v, w):
T(\, ], ^) =

1
5 5 5|'&)* |# 3 2#$!(&K-)L-*M) .
=
&

)

(11)

*

The Patterson function is a Fourier sum that is related to the electron density function
ρ(x, y, z) (Equation 7). However, the Patterson function does not include phase
information. For that reason, it is directly computable from the diffraction pattern, as
|'&)* |# ∝ E&)* . The contour map of the Patterson function has the interesting property
that it displays peaks at locations corresponding to vectors between atoms. In other
words, Patterson maps contain information about the relative position of atoms to each
other, enabling comparison between diffraction data and known structures or atom
arrangements (without the need of full phase information). Since there are K(K − 1)
vectors between atoms in an unit cell containing K atoms, Patterson maps are more
complicated than electron density maps. It is generally only feasible to interpret
Patterson maps of unit cells containing few atoms. Derivatisation of proteins with
heavy metals allows comparison of diffraction data from native (P: protein) and
derivatised crystals (PH: protein + heavy metal atom). With 'N = '>N − '> , where 'N ,
'>N and '> are the structure factors describing the diffraction contributions of the
heavy metal atom(s), the derivatised protein and the native protein, respectively, a
difference Patterson map can be computed (replace |'&)* |# with `a'&)*,>N a − a'&)*,> ab
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in Equation 11). Such a difference Patterson map has largely reduced dimensionality
(since there are typically only a few heavy metal atoms present per unit cell) and can
be interpreted, i.e. the underlying atom arrangement can be found, by testing all
possible arrangements. This will further allow to compute the phases and structure
factors for all heavy atom reflections. Initial phases for the atoms belonging to the
protein component can be extrapolated from the phases of the heavy metal atom in
an iterative manner. During refinement structure factors are computed with amplitudes
from the observed reflection intensities and phases from the currently best available
model. The computed structure factors are then compared to the experimental data.
General information about the composition and architecture of biomolecules is utilised
to facilitate the process.
Anomalous scattering
Under standard conditions for diffraction experiments, Friedel’s law applies: E&)* = E?????
&)* .
The structure factors '&)* and '&)*
????? are called Friedel pairs and it is |'&)* | = |'?????
&)* | and
/&)* = −/&)*
????? , meaning '&)* and '&)*
????? are reflections of each other in the real axis. If a
diffraction experiment on a heavy metal-derivatised crystal is performed at a wavelength L# close to the absorption edge of the heavy metal, part of the radiation is
absorbed by the heavy metal atom and re-emitted with altered phase. This results in
:#
:#
:#:#2
a breakdown of Friedel’s law and a'&)*
a ≠ a'&)*
????? a (a'>N a ≠ a'>N a) (Figure S 4, A). The

contribution of the anomalous scatterer can be subdivided into two orthogonal
fractions: Δ'G (real, blue) and Δ'! (imaginary, cyan) (Figure S 4, A). It further is:
:5:#'>N
= '>N
− Δ'G- − Δ'!- .

(12)

|Δ'G- | and |Δ'!- | are element-specific constants (and recorded in crystallographic
encyclopaedias) and in good approximation independent of the angle of reflection. As
the position of the heavy metal atoms can be determined by Patterson methods, the
phases of Δ'G- and Δ'!- are also known. We can therefore display Δ'G- and Δ'!- as
:5:#vectors in a two-dimensional coordinate system (Figure S 4, B). For '>N
and '>N
:5:#only amplitudes but no phases are known. Geometrically a'>N
a and a'>N
a can be

represented as circles with centres at the origin and the end of vector −Δ'!- ,
respectively. The intersections of the two circles represent the two possible solutions
:5for '>N
, here named 'O and 'P . The unique solution can be determined using the
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Friedel partner in a similar manner: Δ'G2 and Δ'!2 are given by geometric relationship,
:5:52
:#:#2
a'>N
a = a'>N
a and, importantly, a'>N
a ≠ a'>N
a. This allows an analogous geometric

construction for the Friedel partner, giving two additional solutions one of which is
equivalent to one of the two previously found solutions, i.e. the unique solution.
Isomorphous replacement
In contrast to anomalous scattering, isomorphous replacement does not utilise the
breakdown of the Friedel law at absorption edges, but the slight perturbations in the
diffraction pattern introduced by heavy metal derivatisation to extract phase
information. The differences in intensity of certain reflections between the native and
derivatised crystal allow to solve '> = '>N − 'N . Again, as only |'> |, |'>N | and 'N are
known, this will give two possible solutions. In certain cases, the two solutions are very
similar, and their average can be used as an initial phase estimation. To determine
the unique solution, diffraction data from a second heavy atom derivative must be
obtained.
Molecular replacement
Molecular replacement uses phase information from known structures of proteins that
are homologous (30-40% sequence identity usually works well) to the target. In the
simplest case the target structure is isomorphous to the known structure, or model,
and the phases of the model together with the intensities of the target can be used to
compute initial structure factors. This is often the case for target structures for which
native protein crystals have been soaked with small ligands or binding partners (The
structure of the native protein is usually known that that stage). If target and model are
nonisomorphous (e.g. protein homologues that crystallised in different space groups),
rotation and translation searches need to be performed since model and target need
to be superimposed to extract the correct phase information. Rotation searches are
carried out by cross-correlating the Patterson function of the target against different
rotations of the model’s Patterson function. The Patterson function is independent of
translations. Once a good orientation estimate has been found, a translation search is
done. The measured structure factor amplitudes of the target are compared to the
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calculated amplitudes for different positions of the model. Agreement between the two
structures can be monitored by the R-factor, which more generally describes the
overall agreement between structure factor amplitudes (and, hence, reflection
intensities) of two structures (or datasets):
e=

∑R|T+,- |2|T'.$' |R
∑|T+,- |

.

(13)

Once target and model are well aligned, the known phases of the model structure can
be used as initial estimates to compute structure factors for the target.
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Figure S 4: Solving the phase problem by anomalous scattering.
:#:#2
A, Disparity in Friedel pairs due to anomalous scattering: '>N
and '>N
are no longer

mirror images with respect to the real axis (horizontal axis). B, Geometric solution for
the phase problem by anomalous scattering. Two possible solutions 'O and 'P are
found using one reflection, or structure factor, of the Friedel pair. The Friedel partner
can be used to identify the unique out of the two possible solutions [modified from
(Rhodes, 2010)].
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