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Abstract

Abstract

A key step in bacterial cell division is the formation of the Z-ring composed of
polymers of the tubulin-like protein FtsZ. The Z-ring constricts and through
interaction with other components engages in remodelling the cell wall and
membranes in order to yield two daughter cells. During this process, FtsZ is known to
interact with FtsA, which is an early component of the Z-ring, and then recruits other
components of the divisome, the cell division apparatus. Analysis of FtsA sequences
revealed a conserved C-terminal motif, which is predicted to form an amphipathic
helix and has been shown to localise FtsA (and with it FtsZ) to the membrane. FtsA
belongs to the actin/HSP70 family of proteins, although its fold was shown to deviate
by a subdomain deletion and addition. Many members of this family are able to form

filaments, and it is a long-standing question whether FtsA is able to polymerise.

In this study, I reconstituted the tethering of FtsZ to the membrane via FtsA’s
C-terminal amphipathic helix in vitro using T. maritima proteins. A crystal structure
of the FtsA:FtsZ interaction revealed 16 amino acids of the FtsZ tail bound to
subdomain 2B of FtsA. The same structure and a second crystal form of FtsA
revealed that FtsA forms actin-like protofilaments with a repeat of 48 A. An identical
repeat length was observed when FtsA was polymerised using a lipid monolayer
surface and FtsAs from three organisms formed polymers in cells when
overexpressed, as observed by electron cryo-tomography. Mutants that disrupt
polymerisation also showed a significant cell division phenotype in a temperature
sensitive FtsA background, demonstrating the importance of filament formation for

FtsA’s function in the Z-ring.



Introduction

Introduction

Bacterial cell division

One of the prerequisites for the existence of cellular forms of life is cell division after
DNA’s replication and distribution to two daughter cells. Both DNA segregation and
cell division must be temporally and spatially resolved to ensure that the daughter
cells are genetically identical. In spite of the fact that the mechanisms governing cell
division are of crucial importance and must have emerged very early in evolution,
there are some significant differences between prokaryotes and eukaryotes (Nanninga,
2001; Fig. la). Firstly, in a vast majority of prokaryotes there is no distinction
between interphase and mitosis as DNA segregation proceeds simultaneously with
replication (Woldringh, 1976). Secondly, an actomyosin ring, consisting of actin and
a type Il myosin, performs cytokinesis in eukarotyes and this is fairly well understood
(Pollard, 2010). In contrast, it seems that cell division in prokaryotes is almost
exclusively carried out by tubulin-like FtsZ and associated proteins (Erickson,

Anderson & Osawa, 2010), except of several species that are discussed later.

The division machinery has to constrict the membrane between segregated DNA so
that there is only a narrow connection between the daughter cells, which are
eventually separated. In animal cells and fungi, septin filaments define the division
plane and then both myosin and actin are recruited (Longtine & Bi, 2003). Actin,
organised by formins (Waller & Alberts, 2003), bundles and the actomyosin sliding-
filament constricts. On the other hand, cell division in bacteria is achieved by a
multiprotein complex called the divisome (Adams & Errington, 2009). Its assembly
starts with the polymerisation of FtsZ, a prokaryotic tubulin homologue, into the Z-
ring, which subsequently recruits other protein components to the division site. The
divisome is currently known to contain more than 20 components and can be divided
into the inner and outer divisome (Vicente & Rico, 2006). This distinction reflects the
fact that the divisome needs to remodel not only the inner cell membrane, but also the
rigid cell wall and hence a direct link with enzymes for cell wall remodelling is made.
The mechanism of constriction is currently unclear, but the only known sources of

energy in the system (apart from binding energies) are nucleotide hydrolysis by FtsA
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Figure 1. An overview of fundamental terms concerning cytokinesis.

a)

b)

Cell cycle phases in prokaryotes and eukaryotes. In E. coli the chromosome
separates as it replicates, thus S=M. G, — phase prior to DNA replication, G, —
phase between DNA replication and mitosis, M — mitosis, S — DNA synthesis
phase (modified from Nanninga, 2001).

Cell division in rod-shaped bacteria. After DNA replication and rapid
segregation the Z-ring assembles at the division site. Then the next proteins of
the divisome are recruited. Finally, the ring constricts in order to obtain two
daughter cells.

Phylogenetic distribution of known cell division mechanisms (modified from

Bernander & Ettema, 2010).
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and FtsZ (inner divisome), as well as cell wall synthesis from precursors in the

periplasm (outer divisome).

Cell division has been extensively studied in three model bacteria: gram-negative
Escherichia coli (Vicente & Rico, 2006), gram-positive Bacillus subtilis (Jensen,
Thompson & Harry, 2005), which also has an asymmetric cell division associated
with sporulation, and Caulobacter crescentus (Goley et al., 2011), which exhibits an
unusual life cycle featuring stalked and swarmer cells. In rod-shaped cells the
divisome assembles at the midpoint of the rod, between two segregated nucleoids and
constriction creates two equal-sized daughter cells (Fig. 1b). Constriction in the case
of E. coli involves three envelope layers (the outer membrane, the peptidoglycan layer
and the cell membrane). In B. subtilis there is additionally an ingrowing septum made
of the thick cell wall. Moreover, B. subtilis undergoes two modes of cell division
(Ben-Yehuda & Losick, 2002): vegetative, where a cell divides by binary fission (as
E. coli does) and asymmetric, where upon entry into sporulation, the division plane is
switched to a position close to one pole of the developing cell. The formation of polar
FtsZ polymers is mediated by SpoOA and ", which govern entry into sporulation
(Levin & Losick, 1996). Another example of a peculiar cell division is C. crescentus,
which divides asymmetrically to obtain two different daughter cells, a swarmer and a
stalked cell (McAdams & Shapiro, 2009). Only the latter is able to replicate its DNA
and the swarmer cell eventually differentiates into the stalked cell. This lifestyle
dictates a need for tight regulation of FtsZ and FtsA synthesis and stability (Kelly,
Sackett, Din, Quardokus & Brun, 1998; Martin, Trimble & Brun, 2004) since merely
stalked cells undergo cell division. On the other hand, no considerable changes have
been reported in FtsZ’s abundance in E. coli and B. subtilis. It seems that cell division

in these bacteria must be regulated at the level of the divisome assembly.

Most bacteria and a branch of the archaea called the Euryarchaeota rely on FtsZ.
Interestingly, some prokaryotic microorganisms have evolved other FtsZ-independent
systems of cell division. Until 1998 no alternatives for the FtsZ-based apparatus in
bacteria and archaea (Erickson & Osawa, 2010) had been found. Then newly
sequenced genomes of Chlamydia and Aeropyrum pernix, a free-living archeon, were
found to have no fisZ gene (Stephens et al., 1998; Kawarabayasi, Hino, Horikawa,
Yamazaki & Haikawa, 1999). Soon after it turned out that the entire kingdom of
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Crenarchaea, and the phylum Planctomycetes and some Mycoplasmas among the
bacteria, all live without ftsZ (Bernander & Ettema, 2010). Strikingly, ten years later it
was discovered that the division mechanism of Crenarchea relies on a homologue of
the eukaryotic ESCRT-III system, which is involved in vesicle trafficking and
membrane scission (Lindas, Karlsson, Lindgren, Etterna & Bernander, 2008; Samson
et al., 2008). ESCRT-III forms thin filaments that bind to membranes, invaginating
and pinching them off and this could lead to constriction. Moreover, it has been
recently reported that Mycoplasma genitalium with a completely deleted ftsZ gene has
identical growth kinetics compared to the wild-type and most likely divides by using
its motile apparatus to pull cells apart (Lluch-Senar, Querol & Pinol, 2010). This is
so-called traction-mediated cytofission. Another example of FtsZ-less cell division is
a B. subtilis L-form, a strain that grows without a cell wall (Leaver, Dominguez-
Cuevas, Coxhead, Daniel & Errington, 2009). Propagation of L-forms does not
require the normal FtsZ-dependent division machinery as shown by FtsZ depletion. In
this case the authors proposed a brand-new mechanism named extrusion and
resolution. The cells grow and start forming transient protrusions on the surface. Next,
one of the protrusions is resolved by cleavage into small bodies, which are the
progeny. The exact mechanism of this process remains unknown. Notably, the
thaumarachaeon Nitrosopumilus maritimus has both ESCRT-III and FtsZ homologues
and it has been discovered that cells divide using the former one (Pelve et al., 2011).

However, the thaumarachaeal FtsZ lacks some highly conserved residues needed for
GTP binding.

This redundancy in the relatively simple prokaryotic world raises questions of what
the different mechanisms are needed for. One could claim that they provide a backup
in case one system fails. Another option would be to use them together so that the
process is more efficient. It seems that in species such as Mycoplasma mobile, one of
the systems (traction-mediated cytofission) must have evolved to be so efficient that

the other has become unnecessary and eventually been discarded (FtsZ).

Importantly, FtsZ has been found in eukaryotic organelles, both in chloroplasts
derived from cyanobacteria (Martin et al., 2002) and in mitochondria derived from a-
proteobacteria (Kiefel, Gilson & Beech, 2004). Here two systems (FtsZ and a

dynamin-dependent system) operate in conjunction on different faces, so that FtsZ
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pulls from the inside and dynamin squeezes from the outside (Erickson, 2000).

Moreover, dynamin is dominant over FtsZ in higher eukaryotes.

To conclude, there are three main cell division systems: the actin-myosin, FtsZ and
ESCRTH-III based mechanisms (Fig. 1c). Each is assigned to well-defined taxonomic
clades (Bernander & Ettema, 2010). Whereas in the eukaryotes all cytokinesis
mechanisms seem to be variations on an actin-myosin ring, generalization should be
avoided when one talks about archaea and bacteria since an unexpected myriad of
complementary systems has been discovered. Nevertheless, the FtsZ-based
mechanism is widespread and present in most major branches in the phylogenetic tree

and therefore was the subject of my PhD work.

The divisome and the Z-ring

A vast majority of proteins participating in bacterial cell division have been identified
through a screen to detect thermosensitive defects that cause cells to form filaments,
thus they are named ‘Fts’, after filamentous thermal sensitive (Hirota, Ryter & Jacob,
1968). One of these proteins, FtsZ, turned out to be the homolog of eukaryotic tubulin
(Lowe & Amos, 1998). First, FtsZ had been shown by means of immuno-electron
microscopy to form ring-like structures that are associated with division in E. coli (Bi
& Lutkenhaus, 1991). Furthermore it had been realised that FtsZ contains a 7 amino-
acid stretch (GGGTGTG) almost identical to a highly conserved sequence within a-,
B-, and y-tubulins of eukaryotic cells, and it was subsequently demonstrated that FtsZ
binds and hydrolyses GTP (de Boer, Crossley & Rothfield, 1992). Biochemical assays
and electron microscopy of purified FtsZ unveiled polymerising abilities of the
protein (Mukherjee & Lutkenhaus, 1994; Bramhill & Thompson, 1994; Erickson,
Taylor, Taylor & Bramhill, 1996). Now FtsZ’s GTP binding and hydrolysis as well as
filament formation are relatively well understood and the nucleotide is efficiently
hydrolysed only upon polymerisation (Oliva, Cordell & Lowe, 2004). FtsZ is a
conserved ancient protein (Davis, 2002) and this 1s unsurprising since a mechanism
for cell division would have been required at the earliest stage of evolution of a
cellular life form. FtsZ consists of the core domain (residues 1-325 in 7. maritima
FtsZ), which is responsible for the GTP binding and polymerisation, and the C-

terminal tail (the last 15-20 residues), which is a busy region for protein interaction
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since it is known to bind FtsA, ZipA and MinC. The two FtsZ domains are connected

by a flexible, unstructured linker (Erickson et al., 2010).

Importantly, FtsZ acts as a scaffold for the highly sequential recruitment of
downstream components of the divisome, the cell division apparatus (Adams &
Errington, 2009). First, FtsZ finds the middle of the cell through two independent
mechanisms in E. coli, nucleoid exclusion (Bernhardt & de Boer, 2005) and the
oscillating MinCDE system (Raskin & de Boer, 1999). To prevent the formation of
the Z-ring over the nucleoid, Noc in B. subtilis and SImA in E. coli interact with FtsZ,
as has been shown in vitro (Bernhardt & de Boer, 2005). Next, the oscillating Min
system inhibits the assembly of the Z-ring at the cell poles. This is achieved by a
direct interaction of MinC with FtsZ, and it has been demonstrated firstly that the C-
terminal domain of MinC (MinCY) interacts with the highly conserved C-terminus of
FtsZ, competing for a binding site with FtsA (Shen & Lutkenhaus, 2009), and
secondly that the N-terminal domain of MinC (MinC") inhibits FtsZ polymerisation
(Shen & Lutkenhaus, 2010). These two distinct mechanisms ensure that the process is
spatially resolved and the divisome is formed only in the middle of the cell between
two segregated chromosomes (Fig. 2a). The timing of ring assembly (temporal
resolution) is probably dependent on the mechanism of division site placement
(Errington, Daniel & Scheffers, 2003). Once formed, the Z-ring is a dynamic structure
and undergoes constant remodelling with a turnover in the order of 8 seconds, as
demonstrated by fluorescence recovery after photobleaching (FRAP) analyses
(Stricker, Maddox, Salmon & Erickson, 2002).

Assembly of the divisome is a linear two-step process (Adams & Errington, 2009):
the early-assembling proteins, directly interacting with FtsZ, are first recruited to the
midcell. This includes FtsA, SepF and ZapA in B. subtilis. Then, after a substantial
delay, late division proteins are recruited (FtsK, FtsQ, FtsL, FtsB, FtsW, Ftsl etc.).
Due to the complexity of the division process, these proteins are cytoplasmic,
periplasmic and membrane-embedded (Goehring & Beckwith, 2005). For instance,
ZapA is a cytoplasmic protein thought to stimulate FtsZ polymerisation, FtsA is a
membrane-associated soluble protein that may be responsible for FtsZ binding to the
lipid bilayer, and FtsK belongs to a family of proteins involved in chromosome

partitioning. The carboxy-terminal cytoplasmic domain of FtsK is a hexameric DNA
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Figure 2. Bacterial cell division.

a)

b)

Model for the positioning of the Z-ring by the nucleoid exclusion and Min
systems. The only allowed plane of FtsZ polymerisation is in the midcell
region (modified from Thanbichler, 2010).

Assembly of the divisome in B. subtilis. The cell division apparatus consists of
cytoplasmic as well as membrane proteins (modified from Adams &

Errington, 2009).
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motor (Lowe et al., 2008). The N-terminal FtsK domain is a four-transmembrane
segment. Finally, there are also proteins involved in cell wall synthesis. Ftsl (known
as penicillin-binding protein 3) is essential for cell division, but not for elongation
(Bramhill, 1997) and exhibits a transpeptidase activity. FtsW is predicted to contain
multiple transmembrane domains (Ikeda, Sato, Wachi, Jung & Ishino, 1989) and has
recently been identified as an essential transporter of the lipid-linked peptidoglycan
precursors across the cytoplasmic membrane, thus providing substrates for murein
synthesis (Mohammadi et al., 2011). It is worth noting that rod-shaped bacteria switch
between two kinds of cell wall synthesis. During elongation, new material is inserted
along the lateral walls. When cell division takes place, cell wall incorporation is
mainly confined to the septum (Goehring & Beckwith, 2005). The recruitment of Ftsl
and FtsW is dependent on the FtsQLB complex, whose constituents are inner
membrane proteins spanning to the periplasmic space and may provide a link between

the inner and the outer divisome.

To summarise, the divisome is a complex and complete multiprotein structure capable
of DNA segregation (FtsK), membrane constriction (FtsZ, FtsA, other?) and cell wall
remodelling (Ftsl, FtsW), thus fulfilling all the requirements needed to perform cell
division (Fig. 2b).

One of the key divisome subcomplexes is the FtsZ:FtsA complex. The fis4 gene is
very often found in one operon with fisZ within the dew (division and cell wall;
Ayala, Garrido, de Pedro & Vicente, 1994) cluster (Fig. 3a). The two proteins interact
at the earliest stage of Z-ring formation and are essential for recruitment of the next
proteins of the divisome. Since the Z-ring must be anchored to transmit the
constriction force to the membrane, FtsA seems to be a perfect candidate to perform
this job as it contains a conserved C-terminal motif, which is predicted to form an
amphipathic helix (Lowe & van den Ent, 2001; Fig. 3b). Also, if FtsA is prevented
from localising to FtsZ, cell division is severely impaired (Addinall & Lutkenhaus,
1996b). In the absence of FtsA, FtsZ rings are unable to contract (Addinall, Bi, &
Lutkenhaus, 1996) and the proper ratio of FtsZ to FtsA is required for cell division to
occur (Dai & Lutkenhaus, 1992; Dewar, Begg & Donachie, 1992). Harmful effects of
the overproduction of either protein can be diminished by overproduction of the other.

These reasons prompted an idea that FtsZ and FtsA may interact directly.
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Subsequently, FtsZ and FtsA were shown to co-localise in living E. coli cells by
means of green fluorescent protein (Ma, Ehrhardt & Margolin, 1996), and yeast two-
hybrid analysis detected the interaction (Wang, Huang, Mukherjee, Cao &
Lutkenhaus, 1997). Interestingly, FtsZ and FtsA from evolutionarily distant species
such as E. coli and B. subtilis (Wang et al., 1997) or Rhizobium meliloti and
Agrobacterium tumefaciens (Ma et al., 1997) were found to form a complex.
Moreover, an in vivo genetic screen identified FtsA mutants on the surface of
subdomain 2B as impaired for the FtsA-FtsZ interaction and these mutants retained
the ability to bind to the membrane (Pichoff & Lutkenhaus, 2007). The interaction has
also been characterised from the FtsZ perspective and the last 70 residues were
demonstrated to be involved in FtsA binding (Haney et al., 2001). Later this was
refined, and shown that a deletion of 12 amino acids from the highly conserved C-
terminal tail of E. coli FtsZ failed to complement chromosomal fisZ mutants and
failed to interact with FtsA (Ma & Margolin, 1999). Moreover, the same FtsZ
interaction site is used by another protein, ZipA (Mosyak et al., 2000), which is a
bitopic protein and shows some functional overlap with FtsA despite being a very
different protein in sequence. The exact functions of these proteins and their
relationship with FtsZ have remained enigmatic. However, a single residue alteration
in E. coli FtsA, the R286W mutation (FtsA*), allows efficient division in the absence
of ZipA (Geissler, Elraheb & Margolin, 2003).

The C-terminal amphipathic helix of FtsA is essential for its function in vivo and
plays a key role in targeting FtsA and with it FtsZ to the membrane (Pichoff &
Lutkenhaus, 2005). Furthermore, FtsA’s C-terminal motif can substitute for MinD’s
(another bacterial membrane-associated protein) lipid bilayer targeting sequence, and
vice versa: the membrane-targeting sequence of MinD is fully functional when fused
to FtsA. This also applies to the first transmembrane domain of MalF (Shiomi &
Margolin, 2008). This strongly suggests that the sequence of the membrane-targeting
motif is not important as such, indicating that it serves only as a generic membrane
anchor. Deletions as short as 5 residues from the C-terminus destroy the biological
function of FtsA, thus emphasise the role of the amphipathic helix (Yim et al., 2000).
Since FtsA is widely conserved in bacterial species it probably constitutes the primary

membrane anchor for the Z-ring (Fig. 3c). Furthermore, the fis4 gene of E. coli seems
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Figure 3. What we have learnt about the FtsA:FtsZ:membrane complex so far.

a) Gene organisation in the ftsZ region of the B. subtilis chromosome. Arrows
indicate gene orientation.

b) Helical wheel diagrams of the C-terminal motif from FtsA of E. coli and B.
subtilis predicted to form an amphipathic helix (modified from Pichoff &
Lutkenhaus, 2005).

¢) Summarising current knowledge on the FtsZ:FtsA:membrane complex. It is
not clear how the two proteins interact and what the exact boundaries of the
interacting regions are.

d) A model for the Z-ring emerging from Li et al., 2007.
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to be essential. In contrast, it can be disrupted in B. subtilis by insertional inactivation
(Beall & Lutkenhaus, 1992; Jensen et al., 2005). In the absence of the FtsA protein
cells become filamentous and growth is severely impaired. This indicates that FtsA is

required for efficient Z-ring assembly.

The above pieces of evidence triggered the question of whether FtsZ and the tethering
of the Z-ring to the membrane can provide the constriction force themselves without
any input from the other divisome components. To test this hypothesis a series of in
vitro experiments have been performed. In one of them the highly conserved FtsZ
C-terminus was replaced with an amphipathic helix and this protein was subsequently
used in a reconstitution with liposomes (Osawa, Anderson & Erickson, 2008). The
authors concluded that FtsZ itself could assemble the Z-ring and be a force generator.
Interestingly, when the FtsZ-amphipathic helix was added to the outside of liposomes
it produced concave depressions, bending the membrane similarly to the Z-ring inside
liposomes, and when another variant of the protein, N-terminal amphipathic helix-
FtsZ (N and C termini are approximately 180° apart), was used, it yielded convex
bulges instead (Osawa, Anderson & Erickson, 2009). This implies that FtsZ
protofilaments are of a fixed direction of curvature. A more natural situation was
achieved when purified FtsZ and FtsA from E. coli were incorporated inside giant
unilamellar vesicles obtained from bacterial inner membranes (Jimenez, Martos,
Vicente & Rivas, 2011) and this study may provide us with a novel in vitro technique

to investigate interactions between the divisome components.

Recent improvements in imaging technology, especially electron cryo-tomography
(cryoET) has allowed an advance in our understanding of the structure and function of
the cell division apparatus (Li, Trimble, Brun & Jensen, 2007; Fig. 3d). Electron cryo-
tomographic reconstruction of dividing Caulobacter crescentus cells visualised arc-
like filaments underneath the inner membrane at the septum. These were short (~ 100
nm), erratic and overlapping filaments rather than one long and continuous polymer
covering the cell circumference. A constriction model was proposed where the force
is generated solely by FtsZ’s cycles of GTP hydrolysis, polymerisation and
depolymerisation while attached to the membrane. There have been several others
models for Z-ring constriction described and crucially, all of them require the

presence of an anchor to connect FtsZ to the membrane, thus making FtsA an
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indispensable component of the machinery (Errington et al., 2003). One of the models
utilises motor proteins to slide overlapping FtsZ protofilaments relative to one another
(Bramhill, 1997). However, no motor proteins in prokaryotes have been discovered

up to date and it seems that FtsZ-driven membrane constriction does not require any

(Osawa et al., 2008).

At the moment it is difficult to verify any of the existing models for membrane

constriction since:

* it is not clear if FtsZ may be recruited to the membrane merely by FtsA
* it remains elusive how these two proteins interact and whether there are any
other components involved in the interaction

* there is no structural information available on the FtsZ:FtsA complex.

Prokaryotic actin-like proteins

Until recently, the lack of the cytoskeleton, which is needed to perform mitosis and
cytokinesis in eukaryotes, defined prokaryotes as a separate domain of life (van den
Ent, Amos & Lowe, 2001a). Prokaryotes were thought to maintain their shape simply
through cell walls and base their metabolism mainly on diffusion. There are three
types of cytoskeletal elements in eukaryotic cells: tubulin, actin and intermediate
filaments (Graumann, 2007). For instance, actin polymerises into long, two-stranded,
right-handed helical filaments with an axial rise of 54 A (Oda, Iwasa, Aihara, Maeda
& Narita, 2009) in order to perform its biological functions such as keeping
mechanical properties and shapes of cells, and acting in endocytosis and cytokinesis

together with a type II myosin (Pollard, 2009).

The first cytoskeletal elements in prokaryotes were discovered by bacterial genetics
methods more than thirty years ago (Hirota, Ryter & Jacob, 1968; Lutkenhaus, Wolf-
Watz & Donachie, 1980) but only the discovery that FtsZ has the tubulin signature
sequence (GGGTGTG) and the use of fluorescent and electron microscopy revealed
their filamentous behaviour (Addinall & Lutkenhaus, 1996a). Now it is widely
accepted that prokaryotes possess homologs of tubulin (FtsZ, TubZ), actin (MreB,

ParM, FtsA; Fig. 4a) and intermediate filaments (crescentin).
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The discovery of bacterial relatives of actin particularly was not straightforward, since
using simple sequence alignments did not reveal any homologs. It is not surprising
since the closest bacterial proteins show less than 15% identity to eukaryotic actin and
are extremely variable among themselves (MreB shows 40-50% sequence identity
across prokaryotic species). Then a structure-based sequence alignment (Bork, Sander
& Valencia, 1992) elucidated a set of common conserved residues involved in ATP
binding (named PHOSPHATE 1, CONNECT 1, PHOSPHATE 2, ADENOSINE and
CONNECT 2) and a sequence database search with the pattern returned members of
the sugar kinases and chaperone hsp70 subfamilies as well as many prokaryotic

proteins such as MreB, FtsA, ParM, all predicted to feature the actin-like fold.

The canonical actin fold is characterised by two domains (1 and 2) and a nucleotide-
binding site in the interdomain cleft (Kabsch & Holmes, 1995). Each domain can be
further divided into two subdomains (A and B). The two larger subdomains (1A and
2A) are of a shared fold (probably because of evolution from a common ancestral
domain) and are connected (Fig. 4a). The smaller subdomains (1B and 2B) vary from
one subfamily to another and seem to be inserted in different loops of the 1A and 2A
domains, respectively. This fold is shared by hexokinase, hsp70 and actin as revealed

by X-ray crystallography.

Bacterial actin homologs play key roles in distinct cellular processes that rely on their
filamentous, actin-like nature (Fig. 4b). For example, MreB was found to possess the
canonical actin-like fold (van den Ent, Amos & Lowe, 2001b) and to form filaments
underneath the inner cell membrane that are required for different aspects of cell
morphogenesis. They achieve this by directing the placement of elongation-specific
cell wall synthesis machinery in rod-shaped bacteria (Jones, Carballido-Lopez &
Errington, 2001). Two recent papers (Garner et al., 2011; Dominguez-Escobar et al.,
2011) suggest that MreB assembles into discrete patches that move along tracks
perpendicular to the cell axis. Another bacterial actin-like protein, ParM, is a crucial
component of the low-copy-number plasmid segregation system ParMRC and seems
to form a prokaryotic version of the mitotic spindle (Moller-Jensen, Jensen, Lowe &
Gerdes, 2002). Interestingly, ParM has been shown to adopt two different
conformations depending on the nucleotide state (van den Ent, Moller-Jensen, Amos,

Gerdes & Lowe, 2002a). ParM binds to the centromere-like parC DNA sequences on



17

Introduction

the plasmid through the dimeric ParR adaptor protein (Moller-Jensen, Ringgaard,
Mercogliano, Gerdes & Lowe, 2007). As ParM polymerises, it forms protofilaments
that push newly replicated plasmids apart to the cell poles. Compellingly, the
chromosome segregation that occurs in eukaryotic mitosis is based on tubulin, and not

actin.

The low sequence identity yet high structural similarity between actin, MreB, ParM
and FtsA could be explained by the fact that they have evolved from the last common
ancestor into structures performing a myriad of distinct tasks (Jones, Carballido-
Lopez & Errington, 2007), which still depend on polymerisation. It seems that this
level of conservation represents the limit of divergence that allows the performance of
designed functions. However, they share one common feature, which is dynamic
behaviour described as ‘cytomotive’ (Lowe & Amos, 2009). This means that the
filaments themselves, using energy concealed in the bound nucleotide, can create
linear force to push or pull objects by filament growth and shrinkage. Eukaryotic
filamentous proteins (actin, tubulin) can additionally provide a track for motor

proteins that move along and thus generate force.

Interestingly, an actin-like filament might be produced in many ways, especially
among bacterial actin systems (Popp & Robinson, 2011). X-ray diffraction patterns
from oriented gels revealed that actin is a right-handed helix with 13 subunits per
helix turn (Oda et al., 2009) whereas ParM has a similar symmetry but, remarkably,
the helix is left-handed (Galkin, Orlova, Rivera, Mullins & Egelman, 2009).
Moreover, MreB is known to form a double, straight filament (Salje, van den Ent, de
Boer & Lowe, 2011). What dictates the organisation of actin filaments then? Most
likely it is triggered by interacting partners. For example, ParM left-handedness may
be important for the ParR adaptor protein binding, whose geometry in turn is
governed by the handedness of DNA. In this work I show that there exists yet another
way to create an actin-like filament, surprisingly, by a protein of a non-canonical actin

architecture.
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Figure 4. Actin-like proteins of the cytoskeleton.

a) X-ray crystallography revealed a striking similarity between actin-like
proteins from different domains of life.

b) Actin-like proteins act in a variety of cellular processes (modified from Gasper
& Lowe, 2011).
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FtsA as an actin-like protein

FtsA, according to a structure-based sequence alignment, was predicted to be an
actin-like protein (Bork et al., 1992). Sequence comparison revealed that the protein
contains all the motifs required for ATP binding. The structure of FtsA was solved a
decade ago (van den Ent & Lowe, 2000). This revealed that the protein is indeed a
member of the actin/HSP70 family, although its fold was shown to considerably
deviate from the canonical actin fold by a subdomain deletion (1B) and addition (1C).
Three out of the four subdomains are arranged similarly in FtsA and other actin-like
proteins, but the fourth (1C) is located on the opposite side of the subdomain 1A with
respect to the 1B subdomain (Fig. 4a). FtsA was found to crystallise with an ATP
molecule bound in the active site located in the interdomain cleft between two main
domains. Two pieces of evidence currently support the idea that FtsA is a truly actin-
like protein capable of forming polymers. It has been demonstrated that wild-type
rod-shaped E. coli cells expressing the truncated E. coli FtsA deprived of the last 28
amino acids acquire a curved phenotype (Gayda, Henk & Leong, 1992). Visualisation
of thin sections of these C-shaped cells with transmission electron microscopy
revealed aggregates of cylindrical structures near centres of the cells. They extended
diagonally across the cytoplasm from membrane to membrane and most likely were
responsible for the curved cells (Fig. 5a). However, technical limitations at that time
did not allow the accurate measurement of the longitudinal repeat along the cylinders
to find out what actually constituted the cylinders. In another case, FtsA from
Streptococcus pneumoniae has been demonstrated to form helical filaments in vitro
(Fig. 5b) but no information is available on how that would be possible given that the
canonical actin fold is incomplete in FtsA, or on what FtsA protofilaments would look
like (Lara et al., 2005). This study also confirmed that purified FtsA preferentially
binds nucleotide triphosphates, particularly ATP. However, no ATPase activity was
detected. Work with B. subtilis FtsA, however, detected some trace hydrolytic activity
but it is not clear if this is due to the protein itself or represents some contamination
(Feucht, Lucet, Yudkin & Errington, 2001). Fractionation experiments with E. coli
cells demonstrated that FtsA in the cytoplasm is phosphorylated and capable of
binding ATP, whereas the membrane-associated form is unphosphorylated and does
not bind ATP (Sanchez et al., 1994). Unfortunately, it has not been determined what

the putative phosphorylation site would be or how the process would be performed.
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Purified B. subtilis FtsA behaves as a dimer (Feucht et al., 2001). Also, E. coli FtsA
self-interaction has been demonstrated in yeast and bacterial two-hybrid systems
(Yim et al., 2000; Karimova, Dautin & Ladant, 2005), and a model for an FtsA dimer
was proposed (Carettoni et al., 2003). Based on a phage-display library screen and
bioinformatics analysis the authors suggested that the 1C subdomain of one monomer
1s inserted into the cleft between subdomains 1A, 2A and 2B of the other molecule.
Also, strands S12-S13 are on the dimerization interface. This has been investigated
further (Rico, Garcia-Ovalle, Mingorance & Vicente, 2004) and mutational analysis
showed that deletions of subdomain 1C or the S12 and S13 B-strands result in
partially functional proteins that cannot perform cell division. The Carettoni model

stays in contradiction to the work presented in this dissertation.
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Figure 5. Previous reports on FtsA’s tendency to form aggregates.

a) Transmission electron microscopy of thin sections of curved cells. Aggregates
extend from membrane to membrane (modified from Gayda et al., 1992).
b) Electron microscopy analysis of Streptococcus pneumoniae FtsA in the

presence of ATP. Corkscrew-like structures are visible (modified from Lara et
al., 2005).



Introduction

23




24

Introduction

Aims and scope of the work

There are several unaddressed issues emerging from this brief literature review that
concern incipient stages of bacterial cell division. Firstly, understanding how the
FtsZ:FtsA complex is formed seems to be crucial in order to find out how this earliest
step of bacterial cell division is regulated. Secondly, since FtsA belongs to the
actin/HSP70 family of proteins, with many members being able to form filaments, is
the long-standing question of whether FtsA is able to polymerise. Solving these
inquiries would allow us to speculate on the cell membrane constriction mechanism

and eventually arrive at a better model.

Two major lines of research have been applied in order to tackle these problems:

* biochemical and structural studies of the FtsZ:FtsA complex

* investigating the polymerising abilities of the FtsA protein

First I describe in vitro analysis of the FtsZ:FtsA complex using purified Thermotoga
maritima proteins, including a high-resolution crystal structure of the interaction. This
leads me to work on FtsA polymers, which in turn are characterised both in vitro and
in vivo by X-ray crystallography, lipid monolayer electron microscopy, electron cryo-
tomography, fluorescence microscopy and genetic complementation analysis in

Bacillus subtilis.
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Strains and plasmids

All strains and plasmids used in this work are listed in Appendix A.

Media and growth conditions

Cells were grown in 2xTY medium supplemented with antibiotics and inducers at
37°C unless otherwise stated. When necessary, cells were maintained at 4°C for short
periods of time on TYE plates supplemented with the required antibiotics. Long-term
storage of strains was in glycerol stocks at -80°C. Details of growth media are given

in Appendix B.

Preparation of glycerol stocks

0.7 ml of fresh culture grown to ODgpp=2-3 was mixed with 0.3 ml 50% glycerol and

flash-frozen in liquid nitrogen in a freezer vial.

Preparation of electrocompetent cells

Cells were grown to ODgp=0.5-0.7, cooled for 20 min and transferred to pre-chilled
centrifuge bottles and centrifuged at 4000 x g for 20 min at 4°C. The supernatant was
discarded and cells were washed 3 times in ice-cold double-distilled water. Again, the
supernatant was discarded and cells were re-suspended in 10% ice-cold glycerol and
spun one more time. The pellet was re-suspended in an equal volume of ice-cold 10%
glycerol, distributed into 50 pl aliquots in Eppendorf tubes and frozen in liquid

nitrogen. Cells were stored at -80°C.

Transformation of E. coli

Purified plasmids were transformed into electrocompetent cells using electroporation.
5 — 10 pl (ligation) or 1 — 2 ul (purified plasmid) was mixed with 50 — 100 pl of
competent cells and 200 pl of double-distilled water in a pre-chilled 2 mm
electroporation cuvette, on ice. Settings for electroporation were as follows: 2.5 kV,
25 uF capacitance, 100 Q resistance. Cells were recovered by the addition of 250 pl
2xTY and incubated at 37°C for 30 min, then spread onto TYE plates supplemented

with appropriate antibiotic and grown overnight at 37°C.
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Transformation of B. subtilis

Linearised plasmids were transformed into B. subtillis cells due to the ability of B.
subtilis to develop natural competency according to Spititzen (Anagnostopoulos,
1961). 10 ml MD medium + 50 pl 20% casamino acids was inoculated with a freshly
streaked strain and grown at 37°C until ODgg reached 1 — 1.5. Then, an equal volume
(10 ml) of warm MD medium lacking casamino acids was added. After 1 hour at
37°C 800 ul of competent cells were transferred to a pre-warmed 15 ml plastic tube
and DNA to final concentration of 1 pg/ml was added. Cells were agitated at 37°C for
for 25 min and then 25 pl of 20% casamino acids was added. After incubation for
several hours at 37°C cells were plated on selective antibiotic TYE plates and kept at

37°C overnight.

SDS-PAGE

Protein samples were separated according to their relative molecular weight by SDS-
polyacrylamide gel electrophoresis according to the Laemmli method (Laemmli,
1970). Samples were mixed with protein loading buffer and loaded onto an SDS-
PAGE gel (12.5% or gradient 10-20%, BioRad). Gels were run at 300 V for 30 min in
I1x SDS-PAGE buffer, and proteins were visualised by staining with PAGE-blue 83
folLowed by washing in destaining buffer.

Quantitative protein analysis

The concentration of purified proteins was determined using the BCA Protein Assay

Kit according to the protocol.

Mass spectrometry

Protein masses were confirmed by electrospray mass spectrometry using an LCT
electrospray mass spectrometer (Micromass). The molecular mass was calibrated
using 2 pg/ml bovine myoglobin and all samples were prepared in 50 % (v/v)
methanol, 1 % (v/v) formic acid and infused at 20 pl/min. Output m/z data were
analysed with MassLynx’s maximum likelihood function to produce a single

harmonic mass series.
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Cloning

The polymerase chain reaction (PCR) was employed to amplify genes of interest. A

typical reaction was:

* Plasmid template 100 ng

e KOD 10x buffer Ix dilution

e dNTP mix 0.2 mM each

* forward/reverse primer 0.5 nmol easch
e KOD polymerase S5U

Total volume 50 — 100 ul with H,O

And the standard profile was

* Initial denaturation 94°C 2 sec

* Denaturation 94°C 15 sec

* Annealing 53-55°C 20 sec

* Elongation 68°C Imin/kb

steps denaturation, annealing and elongation repeated 25-30 times.

* Final elongation 68°C 10 min

PCR products were separated by agarose gel electrophoresis and purified using a
Qiagen gel extraction kit. PCR products and vectors were digested with restriction
enzymes (New England Biolabs) in buffers recommended by the supplier at 37°C for
3-4 hours. All reactions were stopped by purification of the DNA using a Qiagen gel

extraction kit.

PCR products and linearised plasmids were mixed with 400 units of T4 DNA ligase
(New England Biolabs) in the ligation buffer. Ligation was carried out at 20°C

overnight in a total volume of 10 pl.
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Site-directed mutagenesis

Site-directed mutagenesis was performed according to he QuickChange Site-Directed

Mutagenesis protocol (Stratagene) using Pfu DNA polymerase.

Agarose gel electrophoresis

PCR products or vectors were separated according to molecular weight by
electrophoresis in 1-2% agarose gels made in TBE buffer containing 0.4 pg/ml
ethidium bromide. Gels were run at 100 V in TBE buffer for 30 min. DNA samples
were mixed with DNA loading buffer and the molecular weight was judged by

comparison with standard DNA ladders.

DNA sequencing

DNA sequencing was done commercially by GATC Biotech using either standard
stock sequencing primers or gene-specific sequencing primers. Sequences were

analysed using ApE plasmid editor.

Protein purification

Thermotoga maritima FtsA (from plasmid pSZ8) and FtsZ (pSZ7) proteins as well as
the ParM-FtsZ (pSZ19) hybrid protein for in vitro assays were purified using the
IMPACT system (NEB). The proteins were produced at 37°C in C41(DE3) cells for 4
hours. Cells were lysed in buffer A (50 mM Tris, 10 mM EDTA, 2 mM 1,10-
phenantroline, 1 mM PMSF, pH 8.5) by passing through a Constant Systems cell
disruptor at 25 kpsi. The soluble fraction was loaded on a chitin column (NEB),
which was then thoroughly washed with buffer B (A + 50 mM NacCl) and finally with
2 column volumes of buffer C (B + 50 mM DTT) and left overnight at 4°C to cleave
off the intein tag. The untagged proteins were eluted with buffer B and pooled
fractions were passed over an ion-exchange Q column (HiTrap, GE Healthcare). The
column was washed with buffer D (20 mM Tris, 10 mM EDTA, 2 mM 1,10-
phenantroline, 1 mM PMSF, pH 7.5) and the proteins were eluted by applying a
gradient of buffer E (D + 1 M NaCl). Peak fractions were pooled, concentrated and
subjected to size-exclusion chromatography on Sephacryl S200 (GE Healthcare) in
buffer F (50 mM Tris, | mM NaN3;, 1 mM EDTA, pH 7.5). Peak fractions were
concentrated to 10 mg/ml and stored at -80°C. This protocol yielded full-length
TmFtsA, TmFtsZ and ParM-Z. For the proteins lacking the C-terminal amino acids
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the same protocol was performed but 1,10-phenantroline and PMSF were omitted,
which resulted in efficient and specific cleavage of the last 8§ amino acids by an
unknown E. coli protease. The protein’s identity and correct molecular masses were
confirmed by N-terminal sequencing and electrospray mass spectroscopy displaying:
38307 Da for TmFtsZ, 37404 Da for TmFtsZAS8, 47015 Da for TmFtsA, 45968 Da for
TmFtsAAS, 42011 Da for ParM-Z and 41109 Da form ParM-ZAS.

Co-pelleting assay

Purified proteins were mixed at a final concentration of 15 uM each. The samples
were pre-spun at 57 krpm in a Beckman TLA100 rotor for 30 minutes, supernatants
transferred to new tubes and GTP (in case of FtsZ) or ATP (in case of ParM-Z hybrid)
to a final concentration of 2.5 mM was added. Next, the tubes were centrifuged at 57
krpm at 20°C for 30 minutes. The supernatants were removed for analysis and the
pellets washed with buffer containing the same components as the reaction buffer
aside from proteins. Pellets were solubilized with SDS gel loading buffer (same

volume as for the supernatants) and samples were analysed by SDS PAGE.

Co-sedimentation assay

Vesicles were prepared using E. coli total lipid extract (Avanti Polar Lipids) in buffer
F by sonication and extrusion, using a pore size of 1 um. Vesicles were mixed with
pre-spun proteins at a final concentration of 15 uM and centrifuged at 40k rpm at
20°C for 15 minutes in a Beckman TLA100 rotor. The supernatants were removed for
analysis, the pellets washed with buffer F and solubilized with SDS gel loading buffer

(same volume as for the supernatants) and samples were analysed by SDS PAGE.

Crystallisation and structure determination

Full-length Thermotoga maritima FtsA was co-crystallised with either the C-terminal
TmFtsZ peptide (336 HoN-EGDIPAIYRYGLEGLL-COOH 351) or the peptide and
ATPyS. The protein was at 10 mg/ml, the peptide at 10x molar excess and the
nucleotide at 2 mM. FtsA and the peptide yielded crystals in the following conditions:
0.1 M BisTris pH 5.5, 12% (w/v) PEG 10k, 0.15 M ammonium acetate. Crystals were
moved to the same conditions supplemented with 18% (v/v) PEG 200 and flash
frozen in liquid nitrogen. Crystals of FtsA in complex with ATPyS grew from 0.1 M

Tris pH 6.7 and 42% ethanol. Crystals were transferred into the same conditions
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supplemented with 25% (v/v) PEG 200 before flash freezing. Data were collected at
100 K at ESRF in Grenoble, France (beamlines ID29 and ID23.1). Both crystal forms
diffracted to 1.8 A. The data were processed with MOSFLM and SCALA (1994).
Phases were calculated by molecular replacement with TmFtsA PDB entry 1E4F as a
model using PHASER (McCoy et al., 2007). The structures were refined with
REFMAC (Murshudov, Vagin & Dodson, 1997) or PHENIX (Adams et al., 2010).
91.2% residues for FtsA+peptide+ATP and 91.4% residues for FtsA+ATPyS were in
the most favored regions of the Ramachandran plot as determined by PROCHECK.
Crystallographic data are summarised in Table 1. Structures were deposited in the

Protein Data Bank (PDB) with codes 4A2A and 4A2B.

Isothermal titration calorimetry (ITC)

The experiment was performed at 35°C on an ITC, instrument. The sample cell was
filled with 55 pM TmFtsA in buffer F and titrated with 500 uM FtsZ peptide in buffer
F while stirring at 1000 rpm. 20 aliquots of the peptide (2 pl) were injected at 120 s
intervals. Data analysis was done using the Origin-ITC analysis package in ‘one set of
sites” mode. The experiment was repeated using 70 puM TmFtsA and 730 puM FtsZ
peptide.

Solution nuclear magnetic resonance (NMR)

To assign the backbone resonances of the 47 kDa FtsA (pSZ1) protein from
Thermotoga maritima, 1 over-expressed "N'>C’H triple-labelled FtsA protein
growing bacteria on MOPS minimal media using '"NH,Cl as the sole nitrogen source,
BC?H glucose as the sole carbon source and “H,O as the solvent. The protein was
purified using standard nickel-NTA chromatography followed by size-exclusion
chromatography on Sephacryl S200 in buffer F. 3D TROSY experiments (HNCO,
HN(CA)CO, HNCA, HN(CO)CA, HN(CO)CACB and HNCACB) were recorded at
50°C on a Bruker Avance 11+ 700 MHz spectrometer at a sample concentration of 85
uM in buffer F. All data were processed in Topspin 2.1 (Bruker, Karlsruhe), analysed
in SPARKY (Goddard & Kneller) and backbone connectivities were obtained with
MARS (Jung & Zweckstetter, 2004), MAPPER (Guntert, Salzmann, Braun &
Wauthrich, 2000) or in-house scripts. To confirm and extend obtained assignments,
>N selectively labelled (°N Leu and "°N Ile) FtsA samples yielded amide resonances
of Leu (Ile) residues, respectively. Weighted chemical shift perturbation (csp) maps
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were based on TROSY HSQC spectra acquired in the absence or presence of the FtsZ
C-terminal peptide (2.5 molar excess). Weighted csps larger than 0.04 ppm or
disappearing resonances were assumed to be involved in peptide binding and mapped

onto the crystal structure

Monolayer assay

2D lipid monolayers were prepared from E. coli total lipid extract (Avanti Polar
Lipids). Teflon block wells were filled with 50 ul of buffer F, next, a drop of lipid
solution in chloroform was applied on top and incubated for an hour to let the
chloroform evaporate, leaving a monolayer of lipid on the surface of the buffer. EM
carbon-coated grids (carbon side down) were placed on the top of each well and the
protein applied into the side injection well, underneath the surface. After one hour the
grids were stained with 2% uranyl acetate and visualised using a Philips EM208
electron microscope operating at 80 kV. Images were processed and Fourier

transforms calculated using ImageJ (Abramoftf, Magalhaes & Ram, 2004).

Electron cryo-tomography

C41(DE3) cells containing the plasmid for FtsA over-expression (pSZ6, pSZ25,
pSZ41, pSZ47 or pMZ114) were grown in M9 minimal medium supplemented with
0.2% glycerol at 30°C. FtsA over-expression was induced by adding 0.2% agarose to
the cultures at an ODggg of 0.2. After 3 hours, the cells were collected, washed in PBS
once, mixed with 10 nm protein-A coated gold beads (Sigma-Aldrich), and plunge-
frozen on Quantifoil R3.5/1 holey carbon grids using an FEI Vitrobot (FEI Company,
USA). Cells were imaged using an FEI Polara electron microscope operating at 300
kV, equipped with a Gatan imaging filter (GIF) set at the zero-loss peak with a slit-
width of 20 eV. A Gatan Ultrascan 4000 CCD camera binned to 2k x 2k was used for
imaging with SerialEM software (Mastronarde, 2005). Cells were imaged at a
magnification of 41 k, corresponding to a pixel size of 5.8 A at the specimen. The
specimen was tilted from approximately -50° to 50° with a 1° increment during tilt
series acquisition, and the defocus was set at 10 um. The total dose for each tilt series
was between 150 to 200 e/A%. Tomographic reconstruction was calculated using the
IMOD tomography reconstruction package (Kremer, Mastronarde & Mclntosh,
1996). Images were processed and Fourier transforms calculated using Imagel

(Abramoff, Magalhaes & Ram, 2004).
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Confocal microscopy

E. coli C41(DE3) cells were transformed with vectors encoding N-terminal mCherry
fusions to the E. coli (pSZ49) or B. subtilis FtsA (pSZ50a-e) proteins, deprived of the
C-terminal amphipathic helices and expression was induced with 1 mM IPTG at
ODgoo 0.4 for 3 hours at 37°C. Cells were taken from the growth media, washed with
PBS, stained with FM1-43 stain (Invitrogen) and visualised using a Zeiss LSM 510
confocal laser scanning microscope with the Argon (488 nm) and HeNe (543 nm)

lasers and emission filters 505-530 and 560-750 nm.

Strain construction and in vivo complementation experiment

To obtain genetically modified B. subtilis strains I first constructed integration vectors
(pSZ61a-t) consisting of a spectinomycin resistance cassette and an FtsA point mutant
(K145A, M147E, 1278K, Q87Stop, S46F) in between the aprE flanking sequences
(using pAPNC213; Morimoto et al., 2002). These constructs were used to transform
the B. subtilis S62 strain (BGSC no.: 1S62, possessing the spolIN279(ts) fisA
mutation (Beall & Lutkenhaus, 1992; Karmazyn-Campelli, Fluss, Leighton &
Stragier, 1992). Transformants were selected on LB plates containing spectinomycin
(100 pg/ml) and the correct location and orientation of the insert was checked by PCR
and sequencing. The strains were grown at 42°C (to inactivate the endogenous
thermo-sensitive FtsA protein) in LB medium in the presence of 1 mM IPTG (to
induce the synthesis of the FtsA mutants). At ODgo 0.4-0.5, cells were harvested,
washed with PBS and visualized using a Zeiss LSM5 microscope. Then average cell
lengths and standard deviations were calculated for each FtsA variant. Fractions of
successful cell divisions were obtained as a quotient of the number of observed cells
for each variant and the number of possible cells. The number of possible cells was
calculated (assuming that the length per nucleoid is constant and the wild-type FtsA
cells undergo correct cell divisions) by dividing the sum of all cell lengths for each

variant by the average wild-type FtsA cell length.
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The last 8-16 residues of T. maritima FtsZ are necessary and sufficient to
interact with T. maritima FtsA in vitro

In order to investigate the interaction between the cell division proteins FtsZ and
FtsA, I reconstituted the system in vitro using purified Thermotoga maritima FtsA
(TmFtsA) and FtsZ (TmFtsZ) proteins as well as liposomes made from E. coli total
lipid extract. TmFtsA and TmFtsZ were purified as either full-length (TmFtsa 1-419,
TmFtsZ 1-351) or C-terminally truncated proteins (TmFtsAA8 1-411, TmFtsZA8
1-343, Fig. 6a). The C-terminal tail of FtsZ is known to interact with FtsA (Ma &
Margolin, 1999), whereas the C-terminal tail of FtsA is thought to directly interact
with the membrane via an amphipathic helix (Pichoff & Lutkenhaus, 2005). No extra
residues were introduced at either end and great care was taken not to lose the tails
through proteolysis during purification, as I found to happen easily when monitored
by high-resolution mass spectrometry. Initial purifications involved using either
untagged or MBP-tagged proteins, however, in both cases for both FtsA and FtsZ
proteolysis could be observed. Interestingly, FtsZ and FtsA were missing the last
eight residues, which seem to be vital for the proteins’ function. Thus final
purifications were done utilising C-terminally intein-tagged proteins so that only full-
length, uncleaved molecules are pulled down. The proteins were then tested in
pelleting assays in the presence of GTP (Fig. 6b). In the presence of GTP, TmFtsZ
forms polymers that sediment easily and if these polymers interact with TmFtsA, both
proteins will be found in the pellet. This assay revealed that the last 8 amino acids of
TmFtsZ are necessary for the interaction with TmFtsA since TmFtsZAS8 failed to
recruit TmFtsA to the pellet fraction. To discover whether or not the highly conserved
C-terminal TmFtsZ fragment is sufficient for this interaction, I constructed a hybrid
protein consisting of the actin-like protein ParM followed by an artificial linker and
the last 16 residues of TmFtsZ. ParM is a bacterial actin-like protein involved in low
copy number plasmids segregation and polymerises in an ATP-dependent manner
(van den Ent, Moller-Jensen, Amos, Gerdes & Lowe, 2002b). Unmodified ParM does
not interact with FtsA alone. A pelleting assay in the presence of ATP (Fig. 6c)
demonstrated that the hybrid protein ParM-Z efficiently interacted with TmFtsA when



34

Results

Figure 6. In vitro reconstitution of the FtsZ:FtsA:membrane complex using

Thermotoga maritima proteins.

a)

b)

d)

Schematic representation of Thermotoga maritima proteins used. Dotted violet
squares represent enlarged views of the C-terminal regions, which are crucial
for the experimental design.

FtsA-FtsZ co-pelleting assay. S: supernatant, P: pellet. The C-terminal 8
residues of FtsZ are necessary to interact with FtsA.

The C-terminal 16 residues of FtsZ are sufficient to interact with FtsA as
shown in a ParM-Z-FtsA co-pelleting assay. A hybrid protein consisting of R1
ParM and the last 16 residues of FtsZ binds to FtsA.

Full-length FtsA binds to the membrane via its C-terminal amphipathic helix
and tethers FtsZ to the membrane as shown by a liposome co-sedimentation

assay. FtsZ does not have an affinity to lipids itself. Only pellets are shown.
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polymerised, however, when the last 8 residues of this hybrid protein are removed
(ParM-ZAS), the interaction is lost. I conclude that the last 8-16 residues of TmFtsZ

are both necessary and sufficient for interaction with TmFtsA.

Which residues are then required for FtsA to tether itself and FtsZ to the membrane?
To address this question I reconstituted the FtsZ:FtsA:membrane complex by
performing a co-sedimentation assay in the presence of liposomes and in the absence
of any nucleotides (Fig. 6d). This showed that TmFtsA recruits TmFtsZ to the
membrane (lane 1) and TmFtsZ does not have an affinity for the lipid bilayer itself
(lane 3). Also, this assay confirms that both truncated TmFtsA and TmFtsZ are not
functional: TmFtsZA8 is not able to interact with TmFtsA (lane 8) whereas
TmFtsAA8 does not bind to liposomes (lane 6), emphasising the role of the C-
terminal amphipathic helix, as had previously been deduced for the E. coli proteins in

vivo (Pichoff & Lutkenhaus, 2005).

Crystal structure of the FtsA binding motif of TmFtsZ bound to TmFtsA at 1.8
A resolution

Having reconstituted the FtsZ:FtsA:membrane system in vitro 1 wanted to get
structural insight into the complex formation and determine a crystal structure of
TmFtsA bound to TmFtsZ. Crystallisation trials using the full-length proteins failed,
probably due to the flexible linker connecting FtsZ’s core and C-terminal
subdomains. Since I revealed that residues 335-351 of TmFtsZ are necessary and
sufficient and mimic the interaction of the full-length protein with TmFtsA I decided
to co-crystallise TmFtsA with the peptide corresponding to the last 16 amino acids of
TmFtsZ. The complex crystallised in space group P2; with two TmFtsA molecules
per asymmetric unit, each with the TmFtsZ peptide bound on the surface of
subdomain 2B of TmFtsA (Table 1, Fig. 7a left). The FtsZ peptide is far away from
the nucleotide-binding site of FtsA (Fig. 7a right), which contains an endogenous
ATP molecule at 0.65 occupancy. The peptide is in a predominantly helical
conformation (Fig. 7c), but is not just a single, straight helix. I identified three salt
bridges between the peptide and residues belonging to the HS helix of the 2B domain,
TmFtsA(Arg301) to TmFtsZ(Asp338), TmFtsA(Glu304) to TmFtsZ(Arg344) and one
involving TmFtsA(Lys293) and the carboxyl group of the very last Leu351 of the
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Figure 7. The crystal structure shows that FtsZ binds to FtsA’s surface between

helices H6 and H8 within subdomain 2B and does not directly interact with the

nucleotide-binding site containing ATP.

a)

b)

d)

Crystallographic asymmetric unit containing two FtsA molecules, each with
the 16-residue FtsZ peptide bound (left). FtsA has been colour-coded
according to the subdomain architecture of the conserved actin family of
proteins. The peptide (purple) is bound on the surface of subdomain 2B
(green). ATP is shown as spheres.

View of the FtsA/FtsZ interaction site. For the peptide, the final 2FoFc
electron density map at 1.8 A is shown.

A stereo representation of the FtsA-FtsZ interacting site. The peptide is
depicted in purple, 2B subdomain in green. Three salt bridges have been
identified: FtsA(Arg301) to FtsZ(Asp338), FtsA(Glu304) to FtsZ(Arg344),
FtsA(Lys293) to the C-terminal carboxyl group of FtsZ(Leu351).

ITC analysis. Shown is the experiment where 500 uM FtsZ peptide was
titrated into 55 pM FtsA.
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Figure 9. Solution NMR analysis allowed me to independently confirm the FtsZ

peptide-binding site on FtsA’s surface.

a)
b)

c)

d)

Examples of exchange broadened (left) and shifted (right) resonances.
MAPPER program output showing that more than 80% of FtsA’s primary
sequence has been assigned.

A graph representing weighted chemical shift perturbation between TROSY
HSQC spectra of FtsA with and without the 16-residue FtsZ peptide. Residues
shifted more than the threshold (dotted line) and those that disappeared upon
peptide binding have been mapped on the crystal structure.

Solution NMR studies identifying amide resonances perturbed upon addition
of the FtsZ peptide (red). These results support the crystal structure as well as
previous in vivo mutations by Pichoff and Lutkenhaus (Pichoff & Lutkenhaus,
2007; yellow). Residues highlighted by both in vivo and NMR studies are
blue.



Weighted Chemical Shift Perturbation (ppm)

100 200 300 400

Chemical Shift Mapping by Residue Number (assigned_peptide.list - assigned.list)

50 100 150 200 250 300 350 400
Residue Number

41

Results
Figure 9
81 80 79 78 77 81 80 79 78
1080
111.5: 115 Gly324N_HN
112.0 112.0 1088 s
Gly327N-HN Thr288N-HN
£ - £ 109.0 -
3 1125 s 1125 3
- z _
ez. Thr262N-HN  o0s Gly283N-HN
Lm0 10
1135 1135 110.0 Gly264N-HN
Ser295N-HN 1105
114.0- 114.0
X 80 79 78 77 81 80 79 78
- 'H (ppm) - "H (ppm)

108.0

108.5

109.0

109.5

110.0

1105



42

Results

TmFtsZ peptide. Binding of the FtsZ peptide to FtsA is in the micromolar range with
a Kd of 51 £9.9 uM as determined by isothermal titration calorimetry (Fig. 7d).

Identification of the TmFtsZ binding site on TmFtsA by solution NMR

Although the peptide fitted very well into the electron density map (Fig. 7b) I aimed
next at confirming the binding site by solution NMR. Since TmFtsA is a relatively
large protein (47 kDa) it became necessary to deuterate the protein. Triple-labelled
"NC?H TmFtsA yielded high quality TROSY spectra at 50°C (Fig. 8). There were
still some overlapping peaks on 2D TROSY-HSQC, however, 3D experiments
managed to resolve them. Comparison of the spectra recorded in the absence and
presence of the same 16 residue FtsZ peptide revealed chemical shift perturbations as
well as resonances that were exchange broadened beyond detection as a result of FtsZ
peptide binding (Fig. 9a). Based on a standard set of TROSY triple resonance
experiments, over 80 % of backbone resonances of TmFtsA’s primary sequence were
assigned (see Methods and Fig. 9b). It was also necessary to label particular residues.
Based on their frequency in the FtsA sequence as well as other factors (metabolism,
crumbling) I decided to use '*N-labelled Leu and Ile. This enabled me to identify all
perturbed resonances (Fig. 9c) and map these onto the crystal structure (Fig. 9d).
Satisfyingly, both solution NMR and the X-ray structure agree on the binding site of
the FtsZ C-terminal tail on the surface of subdomain 2B of FtsA, and both agree well
with prior knowledge from mutants (Pichoff & Lutkenhaus, 2007).

FtsA forms actin-like protofilaments

Based on its fold, FtsA was originally classified as a member of the actin/HSP70
family of proteins, alongside actin itself and prokaryotic actin-like MreB (Bork et al.,
1992), although a large deviation from the canonical fold was reported, replacing
subdomain 1B with 1C on the other side of the protein (van den Ent & Lowe, 2000).
This raised the important question of whether FtsA would be able to polymerise into
filaments. The canonical actin fold is shown in figure 4a using MreB (van den Ent et
al., 2001b): it consists of subdomains 1A, 1B, 2A and 2B (Fig. 10a, b). In the
protofilament, the conserved sub-filament that all polymerising members of the actin
family share, polymerisation utilizes a contact between subdomains 1B and 2B on one
subunit, and 1A and 2A on the other. FtsA has a distinct subdomain architecture: it

contains subdomains 1A, 2A and 2B, but subdomain 1B is replaced with 1C, located
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on the other side of the protein when interpreting it in terms of the protofilament

architecture (Fig. 7a, 10).

Inspection of my new FtsA:FtsZ crystal structure (Fig. 7a, left) reveals that the
TmFtsA dimer resembles an actin-like protofilament. Furthermore, when co-
crystallised with ATPyS, TmFtsA produced new crystals containing continuous
protofilaments that closely resemble the previous dimer and are again actin-like
(Table 1, Fig. 10a, ¢). In the ATPyS crystals, the longitudinal axis of the protofilament
is aligned with the crystallographic a axis, providing accurate measurement of the
48.0 A repeat length (Fig. 10c). The protofilament structure clearly resembles that of
MreB (longitudinal spacing 51.1 A; van den Ent et al., 2001b) and all other

polymerising actin-like proteins (Fig. 10a).

This leads to the question of how FtsA forms the same protofilament when it has a
distinct subdomain architecture. FtsA and MreB comprise the 1A, 2A and 2B
subdomains, which are similarly arranged in both proteins. However, the 1B
subdomain of MreB, which in the polymer structure makes a contact with the 1A
subdomain of the succeeding subunit (van den Ent et al., 2001b), is replaced in FtsA
with the 1C subdomain occurring on the opposite side of the molecule, which in the
polymer structure contacts the 1A subdomain of the preceding subunit (Fig. 10b). In
other words: the subdomain can be loosely described as having been swapped from
one side of the FtsA molecule to the other, but its relative position within the
protofilament has been conserved when compared to canonical actin-like

protofilaments (Fig. 15a).

This alteration has implications for the polymer’s appearance. Firstly, the ends of the
polymers will look very different, with the 1C subdomain of FtsA prominently
projecting at one terminus and the 2B subdomain at the other. Secondly, since FtsA’s
1C subdomain contains nearly twice the number of residues as MreB’s 1B subdomain
and has a dissimilar topology (Fig. 15b), there are important differences between the
two polymer structures. MreB protofilaments are flat when observed along the
longitudinal axis, whereas FtsA’s 1C subdomain protrudes out, placing monomeric
FtsA subunits at an angle with respect to the longitudinal axis and making the
polymer structure thicker (Fig. 10a right). Also, in the structure of the MreB filament,
the tip of the subdomain 2A consisting of helices H8 and H9 is inserted in
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Figure 10. Crystallographic analysis reveals that FtsA, in spite of its unusual

subdomain architecture, is able to form actin-like filaments.

a)

b)

FtsA in the presence of ATPyS crystallised as a continuous polymer. The
packing remarkably resembles that of MreB, which has the canonical actin-
like fold (subdomains 1A, 1B, 2A, 2B) and forms actin-like, straight
protofilaments. The longitudinal spacings are 51.1 A and 48.0 A for MreB and
FtsA, respectively.

A more detailed view of FtsA and MreB dimers. Monomeric subunits are
rimmed in red. FtsA and MreB adopt a similar subdomain architecture,
however, the 1B subdomain of MreB (yellow) is missing in FtsA and instead
subdomain 1C in FtsA is located on the other side of the molecule. It therefore
appears that FtsA i1s a subdomain variation of the actin fold that still enables
the formation of similar protofilaments (‘domain-swap’).

Crystal packing of TmFtsA in complex with ATPyS. The longitudinal axis of
the protofilament is aligned with the crystallographic a axis, providing the

repeat of 48.0 A.
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Figure 11. FtsA polymers visualised by electron microscopy on lipid monolayers are

identical to those present in crystals.

a)

b)

A schematic of the lipid monolayer assay. 1. Drop of lipid solution added. 2.
Monolayer forms as solvent evaporates. 3. Carbon-coated EM grid placed on
monolayer. 4. Protein injected underneath monolayer 5. Incubation. 6.
Negative staining and visualisation.

FtsA polymerises on a lipid monolayer forming long filaments, which often
form doublets.

Occasionally, FtsA forms 2D sheets on the lipid monolayer. Fourier
transformation of a sheet (white dotted square) reveals the same longitudinal
spacing of about 48 A, which matches the spacing present in the crystal

structure very well.
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Figure 12. Fluorescence microscopy reveals FtsA fibers in E. coli cells. N-terminal
mCherry fusions to EcFtsA and BsFtsA (C-terminal amphipathic helix removed;
magenta) as well as to four BsFtsA mutants have been over-expressed in E. coli using

a T7 expression system. Membranes were stained with FM1-43 (green).

a) The three top panels clearly show distinct, polymeric structures and the three
bottom panels show that mutations introduced within the polymerisation
interface prevent polymerisation, leading to diffuse localisation. The locations
of these mutations are shown in section (b).

b) Rational design of FtsA polymerisation-deficient mutants. Marked mutations
were introduced on the polymerisation interface (in red). B. subtilis residue

numbers are shown.



49

Results

Figure 12
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Figure 13. FtsA polymers can be visualised in living cells by electron cryo-

tomography (performed by Qing Wang).

a)

b)

d)

Untagged E. coli and B. subtilis FtsA proteins were over-expressed in E. coli
cells and imaged by electron cryo-tomography. EcFtsA without the
amphipathic helix (left) forms long, straight bundles in the middle of the cell
(navy blue dotted line represents cross-section’s orientation). The middle
panel shows similar filaments formed by BsFtsA truncated for the
amphipathic helix. Full-length BsFtsA triggers membrane tubulation (right
panel, red arrows). White dotted areas are shown enlarged in the insets. Red
dotted area is shown enlarged in section (c).

Full-length TmFtsA causes membrane distortion and forming of lipid tubes
(turquoise) that are coated with protein polymers (red) in the cell membrane’s
proximity. A cross-section through the middle of the cell does not show any
polymeric structures present in the cytoplasm (left panel). Remarkably, the
closer to the membrane, the more abundant the tubes become (middle and
right panels).

Enlarged view of the red dotted area in (a), Fourier transform of this (bottom
left) and filtered image (right).

Putative polymerisation-deficient mutant of TmFtsA (E49A, K51A, D52A). In

this case round lipid vesicles rather than elongated tubes are formed.
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the cleft between subdomains 1B and 2B. A similar arrangement in the FtsA
protofilament is obviously not possible so the 2A subdomain stays in contact only
with the 2B subdomain and is somewhat hidden behind it, when looking from the
front of the molecule (Fig. 10a). This creates a hole in the polymerisation interface
that is occluded by the interacting subdomains. However, given that FtsA and MreB
(also actin and ParM) are only ~15 % identical in sequence, their protofilaments are
remarkably analogous. I conclude that it appears that FtsA is a variation of the actin-

like fold that still enables the formation of canonical actin-like protofilaments.

TmFtsA protofilaments formed on lipid monolayers are similar or identical
to the filaments observed in crystals

To prove that FtsA filaments exist outside crystals I used purified TmFtsA for in vitro
electron microscopy. Conventional negatively stained electron microscopy on carbon-
coated grids failed, since the proteins (TmFtsA and TmFtsAAS8) did not exhibit any
polymeric structures but remained apparently monomeric. I then took advantage of
FtsA’s affinity for membranes through polymerisation on a lipid monolayer (Fig.
11a). Using this technique I revealed filaments several hundred nanometres in length,
often present as doublets or higher-order structures (Fig. 11b). Interestingly, no
exogenous nucleotide was required to obtain these, but it is important to note the
protein contains some bound ATP carried over from the purification as is evident
from the ATP in the crystal structure. Occasionally, two-dimensional sheets were
observed (Fig. 11c¢). Fourier transformations of sheets (Fig. 11c, top right) revealed a
longitudinal spacing of around 48 A, corresponding to the spacing found in the
crystals. This implies that the TmFtsA polymers visualised by electron microscopy

and seen in atomic detail in the crystal structures are very similar or identical.

FtsA proteins from T. maritima, E. coli and B. subtilis all form filaments in E.
coli cells when over-expressed

My previous experiments showed that 7. maritima FtsA polymerises to form actin-
like protofilaments in vitro on lipid monolayers. I investigated a broader range of
species by including E. coli FtsA (EcFtsA) and B. subtilis FtsA (BsFtsA) proteins in
my in vivo analysis. First, I over-expressed mCherry-tagged FtsAs deprived of the C-
terminal amphipathic helices in E. coli. The amphipathic helices were removed for

fluorescence microscopy in order to see filaments away from the cell membrane
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where it would be difficult to distinguish between filaments and membrane
localisation. The T7 system was used so not all cells showed strong fluorescence, but
those cells that did showed long filaments: mCherry-EcFtsA 1-405, when over-
expressed in E. coli, forms distinct, elongated polymer structures that tend to bend the
cells into a tight curvature (Fig. 12a, top panels). Note that an earlier study found
cytoplasmic aggregated structures formed by a similar C-terminal EcFtsA truncation
(Gayda et al., 1992). mCherry-BsFtsA 1-425 produced large polymers as well (Fig.
12a, second row), however, in this case the cells remained straight. Over-expression
of mCherry-TmFtsA 1-411 caused protein aggregation and accumulation as spots at
the cell poles (data not shown) so it was not included in the subsequent analysis by

electron cryo-tomography.

To investigate the subcellular organisation and appearance of FtsA filaments in more
detail, Qing Wang imaged EcFtsA 1-405, BsFtsA 1-425, BsFtsA 1-440 and TmFtsA
1-419 in intact cells by electron cryo-tomography. Both BsFtsA 1-440 and TmFtsA 1-
419 polymers, containing the C-terminal amphipathic helices, bind to the inner
surface of the cytoplasmic membrane, thereby distorting it (Fig. 13a right panel, 13b).
This causes formation of elongated lipid tubes coated with protofilaments roughly
parallel to the long axis of these tubes. One has to assume that the protofilaments are
made of FtsA. In the absence of the amphipathic helix, EcFtsA 1-405 and BsFtsA 1-
425, formed long, straight filaments visible in the middle of the cell, that are not
membrane-associated (Fig. 13a, left and middle panels). EcFtsA 1-405 filaments were
exceptionally prominent and assembled into large sheets aligned along the direction
of the long axis of the cell (Fig. 13a left panel). A Fourier transform of these shows a
longitudinal repeat of 57 A, which does not match the TmFtsA spacing of 48 A 1
determined above (Fig. 13c). Because of the low resolution of the tomograms it is not
clear from the pictures that this repeat actually measures along the protofilament axis
since the E. coli polymers appear to be helical (Fig. 13c). In cells over-expressing
BsFtsA 1-425, similar fibres and localisation patterns to those cells over-expressing
EcFtsA 1-405 were observed (Fig. 13a middle panel). When cells over-expressing a
putative triple TmFtsA 1-419 polymerisation mutant were imaged, small vesicles near
the inner membrane were observed (Fig. 13d), which means that the protein is still

associated with the membrane, but no filamentous structures were visible.



54

Results

BsFtsA filaments are required for efficient cell division

Next I investigated whether polymerisation of FtsA is required for its function in cell
division. For this I rationally designed potential polymerisation-deficient mutants
(Fig. 12b) based on manual inspection of the protofilament crystal structures
described above (Table 1, Fig. 7a, 10). The mutated proteins were then analysed by
fluorescence microscopy after expressing them as mCherry fusion proteins in E. coli
(Fig. 12a). The in vivo fluorescence assay seems to be the most reliable test for FtsA
polymerization since it shows that the protein is made, does not form inclusion bodies
and discrimination between fibres and uniform fluorescence is unambiguous.
BsFtsA(S46F) 1-425 showed the same pattern as BsFtsA 1-425 (Fig. 12a, third row)
demonstrating that it still polymerises. In contrast the three BsFtsA 1-425 mutants
K145A, M147E and 1278K displayed evenly distributed fluorescence in cells and did
not feature any distinct polymer-like structures (Fig. 12a, three bottom panels). I
conclude that BsFtsA(K145A), M147E and [1278K are unable to form polymers,
whereas BsFtsA(S46F) forms polymers similar or identical to the wild-type.
Moreover, BsFtsA(I47D), P144K and G279R formed inclusion bodies (data not

shown).

Having identified BsFtsA polymerisation-deficient mutants I wanted to study whether
or not FtsA polymers are of biological significance in vivo. A complementation
experiment was performed in a Bacillus subtilis FtsA temperature sensitive (ts)
background at 42°C (see Methods and: Beall & Lutkenhaus, 1992; Karmazyn-
Campelli et al., 1992). Under elevated temperature, the ts-FtsA protein is unable to
support cell division and the cells acquire a filamentous appearance that is
straightforward to distinguish and quantify. I then complemented the endogenous ts-
FtsA with a series of mutant versions of FtsA, inserted into the aprE locus, under the
control of the IPTG-inducible Pspac promoter (Fig. 14a). I tested six different
variants: wild-type FtsA, FtsA(Q87Stop; truncated protein product), FtsA(K145A),
FtsA(M147E), FtsA(I1278K) and FtsA(S46F). I used this experimental setup since it
has been shown (Beall & Lutkenhaus, 1992) that wild-type fis4 expressed from the
Pspac promoter complemented the filamentation phenotype triggered by the ts-FtsA
protein and I was wondering if my polymerisation-deficient mutants would behave
similarly. As is shown in Fig. 14, the wild-type and S46F cells were of normal length,
whereas the Q87Stop and the three polymerisation-deficient mutants K145A, M147E
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and 1278K grew as elongated, filamentous cells (Fig. 14b). These were long cells of
varying length, similar to previous studies (Jensen et al., 2005) on an ftsA-null B.
subtilis strain where the average cell length was 22.6 £ 11.9 um. Quantification also
reflects that fact (Fig. 14c), with significant standard deviations associated with the
FtsA polymerisation-deficient mutants and the Q87Stop mutant. The average cell
length of the FtsA mutants is larger than that of the wild-type, but the phenotype is
not as severe as in the case of Q87Stop. Also, assuming that the length per nucleoid is
constant and the wild-type FtsA cells undergo correct cell divisions I calculated a
fraction of successful cell divisions (Fig. 14d). In the case of Q87Stop about 0.43 of
divisions are working correctly and for the FtsA polymerisation-deficient mutants it
varies between 0.59 (M147E) and 0.71 (K145A). This suggests that cell division in
the absence of FtsA filaments (monomeric FtsA is still present) is much less efficient
than usual. This strongly implies a role for FtsA polymerisation in bacterial cell

division and Z-ring formation.
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Figure 14. Replacing wild-type FtsA with either polymerisation-deficient mutants or

a non-functional version has dramatic effects on cell division in Bacillus subtilis.

a)

b)

d)

A scheme explaining the experimental design of the complementation assay.
At 37°C and in the absence of IPTG only native tsfisa is expressed whereas at
42°C and in the presence of 1 mM IPTG the tsFtsA protein becomes non-
functional and FtsA mutants inserted in the aprE locus are synthesised.

DIC images of genetically engineered Bacillus subtilis strains showing that
non-polymerising FtsAs (K145A, M147E, 1278K) do not fully complement
the thermo-sensitive spolIN279(ts) allele. As a control, non-functional FtsA
(Q87Stop) shows a very severe cell division defect. S46F, which was found to
still polymerise (Fig. 12a), shows no effect on cell division.

A chart showing the average cell lengths of strains bearing tested FtsA
variants. The wild-type was 5.89 + 1.74 um and S46F exhibites similar values.
Cells of the Q87Stop variant were 13.40 £ 830 pum and the three
polymerisation-deficient mutants were as follows: K145A 8.29 + 4.36 um,
MI147E 9.93 + 6.6 um and 1278K 9.04 + 4.86 um

Fractions of successful cell divisions were calculated referring to the wild-type

FtsA variant.
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Figure 14
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Discussion and future directions

I have reconstituted in vitro the T. maritima membrane-bound complex of FtsA and
FtsZ and regions indispensable for complex formation have been identified. This
work confirms and refines previous in vivo findings and leads to the FtsZ-tethering

model depicted in Fig. 15c.

Importantly, the structural work on the FtsA:FtsZ complex led me to the discovery
that FtsA is able to assemble into filaments that resemble actin-like protofilaments
and I show that these filaments are formed by FtsAs from three different model
organisms. The protofilaments are formed despite FtsA having an unusual subdomain
architecture. Finally, I demonstrate that polymerisation-deficient FtsA mutants show a
severe deficiency in cell division in a thermo-sensitive FtsA complementation assay

in Bacillus subtilis.

It has previously been shown that the last 15-20 residues of FtsZ are highly conserved
and form a region for interactions with other proteins, such as ZipA, MinC and FtsA
(Shen & Lutkenhaus, 2009). I have now shown that the interaction between FtsZ and
FtsA can be observed in vitro and 1 could identify and characterise the interactions in
detail. I show the tail of FtsZ binding to subdomain 2B of FtsA, as was implied by
earlier mutant work (Pichoff & Lutkenhaus, 2007). I could not find any effect of FtsZ
tail binding on FtsA’s nucleotide binding or hydrolysis activity, nor on FtsA
polymerisation and it currently seems to be a purely architectural interaction leading
to the membrane tethering of the Z-ring. My model in figure 15¢ does suggest that the
Z-ring of bacterial cell division is some distance from the membrane and this has been

reported earlier by electron cryo-tomography data (Li et al., 2007).

The structure of E. coli FtsZ peptide in complex with ZipA has previously been
solved (Mosyak et al., 2000). Comparing the two structures unveils some similarities,
although they are largely confined to a small alpha helical region and the termini
point in different directions (Fig. 16a). Certainly, the binding pockets on ZipA and
FtsA for the FtsZ tail seem to be quite diverse and it is not impossible that the same
tail may adopt a couple of conformations, at least partly, to bind to both proteins (not
simultaneously). This is conceivable in the light of overlapping functions of ZipA and

FtsA (Pichoff & Lutkenhaus, 2002).
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Figure 15. FtsA is a subdomain variation of the actin fold that still enables the

formation of similar protofilaments.

a)

b)

d)

The 1C subdomain is present on the other side of a monomeric subunit with
respect to the 1B subdomain of MreB.

Both the 1C subdomain of FtsA and the 1B subdomain of MreB consist of an
alpha helix and a three-stranded beta sheet, but the topology is different. For
1C it is S5-H2-S6-S7 and for 1B it is S4-S5-H1-S6.

Architecture of the FtsA:FtsZ membrane bound complex, as analysed here for
Thermotoga maritima.

The Z-ring made of polymerised tubulin-like FtsZ may be attached to the
membrane by an ‘A-ring’, made of polymerised actin-like FtsA or short
stretches of FtsA polymers, based on the relative number of FtsZ and FtsA

molecules in cells.
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Figure 15
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Figure 16. Analysis of FtsZ’s C-terminal peptide conformation and FtsA’s 1C

subdomain topology.

a) Superposition of the TmFtsZ C-terminal peptide (this work) and the
corresponding peptide of EcFtsZ when bound to ZipA.

b) The DALI server identified RNA polymerase Il chain G as the one having the
most similar fold to the 1C domain of FtsA with Z score 6.3 (PDB ID 3H0G).
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My work shows that FtsA is more actin-like than was previously assumed. FtsA
forms protofilaments on lipid monolayers and in cells when over-expressed. FtsA
forms actin-like protofilaments although they diverge significantly from the ones
formed by actin, MreB and ParM. These differences are most likely caused by the
aberration in structure, fold and size of subdomain 1C that replaces 1B on the other
side of the molecule (van den Ent & Lowe, 2000). The topology of FtsA’s 1C
subdomain i1s S5-H2-S6-S7 whereas MreB’s 1B subdomain is S4-S5-H1-S6 (Fig.
15b). The origin of the 1C subdomain during evolution is unknown, although it seems
unlikely that it is related to 1B. This suggests that 1C is not simply a domain swap
(moving the subdomain into another loop region of the actin fold) but a more
complicated domain replacement with something different, in a distinct location that
still enables similar filament formation. A DALI search for the most similar fold to
subdomain 1C returns RNA polymerase Il chain G (PDB id: 3HOG) with a Z-score of
6.3 and 10 % sequence identity over 61 aligned residues (Fig. 16b). This is a

significant hit, but to me does not provide any clues.

FtsA and FtsZ are the only nucleotide-binding components of the inner divisome
machinery with the potential to produce energy. FtsZ’s GTP binding and hydrolysis is
now relatively well understood (Oliva et al., 2004) and the nucleotide is efficiently
hydrolysed only upon filament formation. In contrast, less is known about FtsA’s
ATPase activity. Clearly, TmFtsA can bind ATP and ATPyS as demonstrated by the
crystal structures (presented here and van den Ent & Lowe, 2000), but it still has not
been shown conclusively that the protein, from any organism, exhibits ATPase
activity (with one exception, which might represent contamination; Feucht et al.,
2001). In the course of this work I performed ATPase assays with purified TmFtsA in
the presence of miscellaneous ligands including divalent metal cations, the FtsZ C-
terminal peptide and liposomes and they did not yield any detectable activity of the
protein (data not shown). Also, in my in vitro experiment on lipid monolayers,
polymers formed in the absence of exogenous nucleotide, although some ATP from
purification is bound to the protein. Similarly, previous work on S. pneumoniae FtsA
showed ATP-dependent polymerisation (Lara et al., 2005), however, no membrane
was present. It is worth noting that my assay was performed with Thermotoga protein
and this might be a special case because of the extreme temperature adaptation of this

protein. Unfortunately, it has proven very difficult to produce very pure and well-
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behaved FtsA proteins from other, mesophilic organisms, especially when full length,
including the C-terminal amphipathic helix. This situation is somewhat similar to
MreB, where it was very recently shown that an N-terminal amphipathic helix hinders
biochemical experiments on most proteins, except that from Thermotoga (Salje et al.,
2011). However, removal of the amphipathic helix will alter the protein’s properties
and polymerisation may then not be observed in vitro. In vivo, the system may be
balanced so that membrane interaction and charge compensation are required for
efficient polymerisation and it seems that ATP binding/hydrolysis are not required for
polymerisation on the lipid surface (see Fig. 11b, c). However, in this case membrane
binding might be the energy-reducing factor acting in lieu of ATP, which might still
be essential in solution or in cells. To address this question more work using putative

ATPase mutants in vivo will be needed.

Why might FtsA polymerisation be required in cells? It is thought that cell division in
most bacteria proceeds through constriction of the Z-ring. The ring might either
produce mechanical force or direct the position of cell-wall synthesising machinery in
the periplasm, where force may then be generated. It has been shown in C. crescentus
by tomography that the Z-ring may consist of short (~ 100 nm; Fig. 3d) filaments
situated randomly near the division sites rather than one, long filament encircling the
cell (L1 et al., 2007). Also, it has been estimated in B. subtilis that there are around
1000 and 5000 molecules of FtsA and FtsZ, respectively, per cell (Feucht et al., 2001)
and it still remains elusive whether this is enough to cover the cell circumference.
Furthermore, this work shows that the Z-ring might be tethered to the membrane by
an ‘A-ring’ made of FtsA polymer(s) (Fig. 15d). Because there is less FtsA in a cell
than FtsZ, the A-ring would have to be non-continuous. This would lead to a
constriction model, whereby FtsZ and FtsA polymers are parallel to the inner surface
of the cytoplasmic membrane and the mismatch of spacings between the two proteins
(FtsA ~48 A and FtsZ ~44 A) could trigger FtsZ:FtsA filament curvature and in turn
membrane constriction (Li et al., 2007). An initial trial of lipid monolayer assay with
purified FtsA and FtsZ has already been performed (Fig. 17) and interestingly, when
both proteins are applied, one is able to see round structures, which might be a result
of the mismatch of spacings. Alternatively, FtsZ filaments could be attached to the
membrane by short stretches of FtsA only every several FtsZ subunits and then

depolymerisation of the FtsZ protofilament, while still anchored in the membrane,
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would also lead to constriction. FtsA could have a role in both scenarios. To
distinguish between these two models more electron cryo-tomography will be
required to determine how FtsA and FtsZ protofilaments are mutually oriented in
cells, how they are arranged in respect to the membrane and how the flexible linkers

in both proteins are organised.

Finally, how did the 1C/1B subdomain variation happen? The subdomains’ fold
topology is reversed and they vary in size. Analysis of actin-like protein sequences
and structures, including actin, MreB (van den Ent et al., 2001b) and ParM (van den
Ent et al., 2002b) reveals that the 1B subdomain is the most variable and FtsA is the
most evolutionary distant from other actin-like proteins. All of these proteins play key
roles in distinct cellular processes relying on their actin-like filamentous nature.
Opposite orientations of the 1C and 1B subdomains could be explained by the fact
that the former is preceded by S1-S2-S3-H1-S4 of the FtsA 1A subdomain, whereas
the latter is preceded by only S1-S2-S3 and is followed by H2-S7 of the MreB 1A
subdomain, thus it seems they are “inserted” in slightly different regions of 1A’s
primary sequence. It would be compelling to find out whether the last common
ancestor of actin and FtsA was more “actin-like” or “FtsA-like” or of it rather existed
as a three-subdomain protein (1A, 2A, 2B) and later acquired either the 1C or 1B

subdomain.



66

Discussion

Figure 17. Preliminary results of a monolayer assay employing both FtsA and FtsZ.
When both proteins are present one can observe spiral-like structures. However, more
EM and electron cryo-tomography will be needed to figure out how FtsZ and FtsA are

arranged in such a structure. Representative images are shown.
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Plasmids
plasmid descritption tag resistance | promoter vector ref
pSZ1 TmFtsA (1-419) 6xHis Amp T7 pET15b this
work
pSZ6 TmFtsA (1-419) no Kan T7 pET9b this
work
pSZ7 TmFtsZ (1-351) Intein- Amp T7 pTXBl1 this
chitin work
pSZ8 TmFtsA (1-419) Intein- Amp T7 pTXBl1 this
chitin work
pSZ19 ParM-Z Intein- Amp T7 pTXBl1 this
chitin work
pSZ25 | TmFtsA495152A no Kan T7 pET9b this
work
pSZ41 BsFtsA (1-440) no Kan T7 pET9b this
work
pSZ47 BsFtsA (1-425) no Kan T7 pET9b this
work
pMZ114 | EcFtsA (1-405) no Kan T7 pET9b this
work
pSZ49 EcFtsA (1-405) | mCherry Amp T7 pQW310 | this
work
pSZ50a | BsFtsA (1-425) | mCherry Amp T7 pQW310 | this
work
pSZ50b | BsFtsA K145A | mCherry Amp T7 pQW310 | this
(1-425) work
pSZ50c | BsFtsA M147E | mCherry Amp T7 pQW310 | this
(1-425) work
pSZ50d BsFtsA 1278K | mCherry Amp T7 pQW310 | this
(1-425) work
pSZ50e | BsFtsA S46F (1- | mCherry Amp T7 pQW310 | this
425) work
pSZ6la | BsFtsA (1-440) no Amp/Spc Pspac pAPNC2 | this
13 work
pSZ61b | BsFtsA KI145A no Amp/Spc Pspac pAPNC2 | this
(1-440) 13 work
pSZ6lc | BsFtsA MI147E no Amp/Spc Pspac pAPNC2 | this
(1-440) 13 work
pSZ61d | BsFtsA 1278K no Amp/Spc Pspac pAPNC2 | this
(1-440) 13 work
pSZ6le | BsFtsA S46F (1- no Amp/Spc Pspac pAPNC2 | this
440) 13 work
pSZ61f | BsFtsA Q87Stop no Amp/Spc Pspac pAPNC2 | this
(1-440) 13 work
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Strains
strain genotype reference
Escherichia coli C41 BL21(DE3) derivative (Miroux & Walker,
(DE3) 1996)
Bacillus subtilis S62 ftsA279 trpC2 metE3 rpoB2 (Karmazyn-Campelli
et al., 1992)
Bacillus subtilis S62C ftsA279 trpC2 metE3 rpoB2 this work
aprE::Pspac-ftsaK145A4
Bacillus subtilis S62D ftsA279 trpC2 metE3 rpoB2 this work
aprE::Pspac-ftsaM 147E
Bacillus subtilis S62F ftsA279 trpC2 metE3 rpoB2 this work
aprE::Pspac-ftsal278K
Bacillus subtilis S62F ftsA279 trpC2 metE3 rpoB2 this work
aprE::Pspac-ftsaQ87End
Bacillus subtilis S62G ftsA279 trpC2 metE3 rpoB2 this work
aprE::Pspac-fisa
Bacillus subtilis S62H ftsA279 trpC2 metE3 rpoB2 this work

aprE::Pspac-ftsaS46F
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Growth media
MD medium
Prepare 10x PC stock: (per litre)
K>;HPO4 107 g
KH,POg4 60 g
NasCitrate x SH,O 10g

Then to make MD medium: (per 10 ml)
10x PC

20% glucose

L-tryptophan (2 mg/ml)

Ferric ammonium citrate (2.2 mg/ml)
L-aspartate (50 mg/ml)

MgSO4

1 ml
1 ml
250 ul
50 ul
500 ul

30 ul

Adjust pH to 7.0 with KOH and membrane-filter.

MOPS medium
Make the following solutions:
A)

1.0 M MOPS
0.1 M Tricine
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Buffer with KOH to pH 8.0

B)

1 mM FeCl,

0)

1 M CaCl,

D)

1 M MgSOq4

E)

20 mM H;BOs3

5 mM CoCl,

2 mM CuCl,

10 mM MnCl,

2 mM ZnCl,

2 mM Na;MoOy

F)

4 M Na(Cl

G)

Thiamine 0.5 g/100 ml
d-Biotin 0.1 g/100 ml
choline chloride 0.1 g/100 ml

Folic acid 0.1 g/100 ml
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To make 10x stock of MOPS mix:

A 800 ml
B 10 ml
C 10 ml
D 10 ml
E 10 ml
F 125 ml
To use:

Dilute 10x stock into “H,0 and sterilise. Add "NH4Cl (20 mM final concentration),
KPi (4 mM) and 0.4% "C glucose and relevant antibiotics. Add 1 ml of vitamin

solution (G) per litre of media.

xTY

tryptone l6 g

yeast extract 10g

NaCl 5¢g

make up to 1 litre with MiliQ water

pH 7.4

TYE agar plates
agar I5¢g

NaCl 8g
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tryptone 10g
yeast extract 5¢g

make up to 1 litre with MiliQ water

pH 7.4
Buffers
I1x SDS running buffer
Tris 30g
glycine 144 ¢
SDS 10g

make up to 10 litres with distiled water

Staining solution (for SDS-PAGE)
50% ethanol
10% acetic acid

0.5% PAGE blue 83

Destaining solution (for SDS-PAGE)
20% ethanol

10% acetic acid

10x TBE

Tris 108 g

73
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Na,EDTA x 2H,0 903 g
boric acid 55¢g

make up to 1 litre with MiliQ water

8x DNA loading buffer
40% sucrose

0.25% bromophenol blue

Protein loading buffer

Tris 0.6¢g
DTT 0.77 g
SDS 2g
Sucrose 10g
EDTA 0.095 ¢

0.25% bromophenol blue

make up to 50 ml with MiliQ water and adjust to pH 6.8
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X-ray data collection

a) Crystals of TmFtsA in complex with the FtsZ peptide that were used for data
collection.

b) A representative diffraction pattern from these crystals.

d
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Table 1. Data collection and refinement

T. maritima FtsA, UNIPROT Q9WZUO

T. maritima FtsA,

+ UNIPROT
T. maritima FtsZ peptide QIWZUO + ATPyS
336-EGDIPAIYRYGLEGLL-351
+ATP
Data collection
Space group P2, P2,

Cell dimensions
a, b, c(A)

B ()
Resolution (A)
Rmerge
1/ol
Completeness (%)
Redundancy

Refinement
Resolution (A)
No. reflections

Rwork / Rfree
Model:
Protein

ATPyS
ATP
M g2+

Waters

B-factors (A?)
Protein
ATPyS

ATP
M g2+
Water

R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Ramachandran (%)
PDB ID

56.72,75.72, 100.27
93.64
1.80 (1.90-1.80)
0.072 (0.578)
10 (2.4)
99.8 (100)
3.6 (3.7)

1.8
74365
0.21/0.24

FtsA: A 7-27,32-319, 328-390 B 7-27, 29-
74, 77-322,327-390
FtsZ: C 338-351 D 337-351

2

459

34.70
35.04
41.46
0.007
1.078

91.2
4A2A

48.00, 64.59, 73.00
102.93
1.80 (1.90-1.80)
0.073 (0.329)
10.6 (3.6)
99.6 (99.9)
3.5(3.6)

1.8
38267
0.19/0.23

FtsA: 7-392

201

32.65
31.62

52.30
43.26

0.024

2.179
91.4

4A2B
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Crystallography
Why do we need to use X-rays and protein crystals?

Seeing is believing, and this is why mankind has always endeavoured to image
objects that are not visible with a naked eye. This all started when Antonie van
Leeuwenhoek visualized microorganisms, whose size falls into the micrometer range,
with a light microscope. Some 250 years later, electron microscopy and X-ray

crystallography resolve sub-cellular and atomic details of living organisms.

In order to be seen, an object has to diffract electromagnetic radiation and this is only
possible when the wavelength is no larger than the object. For instance, visible light
(400 — 700 nm) cannot image individual atoms. The X-ray range of electromagnetic
radiation comes to the rescue. X-rays have a wavelength in the range of 0.01 to 10 nm
(0.1 — 100 A) so they are diffracted by even the smallest molecules. The atoms
comprising protein molecules are 1 —2 A apart. However, it is not possible to obtain a
diffraction pattern of a single molecule, since it scatters X-rays very weakly. In
contrast, a crystal contains many ordered, identically oriented molecules and under
certain circumstances they might diffract in phase in order to produce a strong and

detectable pattern.
Steps in a crystal structure determination

X-ray protein crystallography entails growing crystals of the purified protein,
recording the diffraction pattern of X-ray beams scattered by the crystal(s), processing
the collected data in a computer which simulates an image-reconstructing lens (there
are no X-ray-focusing lenses, except of Fresnel lenses, whose resolution is limited to
about 40 nm) and finally interpretation of the electron density map and building a

molecular model.
Diffraction and coordinate systems in crystallography

Crystallographic data collection results in a diffraction pattern consisting of

reflections. The positions and intensities of these reflections contain the information
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Figure App C1. Principles of crystallography.

a) Reciprocal lattice. The dimensions of the reciprocal lattice are inverse of
the real system (modified from www.ruppweb.org).

b) Bragg diffraction. Wave augmentation occurs when a ray’s extra path
length 2d sin 6 equals an integer multiple of the wavelength (modified

from www.wikipedia.org).
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Figure App C1
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that is required to determine the structure. The spacing of the spots reflects the
spacing of unit cells, which are crystal’s building blocks. This relationship is inverse
and this i1s why the crystalline lattice is called the real lattice and the lattice of
reflections the reciprocal lattice. Each reflection is assigned three indices hkl and the
intensity . Furthermore, dimensions of reciprocal space are expressed in the units

A’! (Fig. App Cla).
Wave and diffraction theory

X-rays are electromagnetic waves and can be described by a periodic function such

as:
f(x) = Fcos2n(hx + a) Eq. 1

f(x) - vertical height of the wave at any position x, F - amplitude, h - frequency, a
- phase of the wave. Also, waves can be represented as complex vectors. Then,
the length of the vector is the amplitude and the angle is the phase (Fig. App
C4a).

Each reflection is the product of diffraction from the molecules in the unit cell: in
other words, each atom present in the unit cell contributes to each diffracted ray, so
each spot can be described as the sum of the contributions of all scatterers in the unit
cell in terms of wave theory. Such a sum is called the structure factor Fyy and is a
wave formed by many individual waves. For a unit cell containing » atoms the

structure factor can be described as follows:
Fhkl — Z;'l:lfjeZni(hxj+kyj+lzj) Eq. 2

The term f; is called the scattering factor and depends on the value of the atomic
number Z. Moreover, as mentioned before, structure factors are defined in reciprocal
space and they might be connected to electron density, found in the real space,

through the Fourier transform (FT):
Fuia = J, fy J,p(x,y,2) e 2mihxtky*+2) dxdydz Eq. 3

where p(x,y,z) is a value for electron density at every position x,y,z in the unit cell.

Because the Fourier transformation is reversible, one can write the electron density as:
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p(x,y,2) = %Zh Y X P~ 2mihxtley+iz) Eq. 4

This is a sum rather than an integral because structure factors are discrete rather than
continuous values. Structure factors are complex numbers and can be dissected into
its amplitudes |Fsx| and phases ani. Consequently, electron density might also be

represented as a function of intensities and phases.

px,y,z) = %Zh e Bt | Pt |l e~ 2mi+ky =) Eq. 5

where a = 2may,y,;.

In order to simulate the effect of a lens, which is to perform the Fourier
transformation on a set of structure factors, all the components have to be
known. Amplitude |F| is proportional to (I,;;)/?, which is measureable. Also, the
position hkl of each reflection specifies its frequency along the x, y and z axes,
respectively. Only missing is the phase a that is not recorded on any kind of
detector and it has to be calculated for every reflection. This is the so-called

phase problem of crystallography.

Collecting diffraction data is a crucial step in X-ray analysis. Reflections appear
only under certain conditions. It has been shown by W.L. Bragg that a set of
parallel planes with an index (hkl) and spacing dsu produces a spot when
incident X-rays of wavelength A are reflected at an angle 6 and fulfills the

equation:
2dppSinf = ni Eq. 6

This is because rays reflected from two successive planes have to be in phase with
each other, which means the difference in path length for these rays has to be equal to
an integral number of wavelengths (Fig. App Cl1b). Bragg’s law also implies that

large unit cells give reflections at small angles, since sin@ is proportional to 1/d.

Reflections occupy the reciprocal lattice. To find a spot in reciprocal space, one has to
draw a vector of length 1/d;x from the origin, which is normal to the plane (4k/). The

head of the vector indicates the reciprocal lattice point 4kl. The reciprocal lattice is
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Figure App C2. Ewald sphere.

a) Rotating the crystal triggers rotation of the reciprocal lattice. In turn,
some reciprocal lattice points will move through the Ewald sphere
(modified from www.ruppweb.org).

b) Reciprocal lattice point has to move through the Ewald sphere and must
lie within the resolution sphere of the detector in order to yield a

reflection that will be recorded (modified from www.ruppweb.org).
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Figure App C2
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linked to the crystal, so when the crystal rotates, the reciprocal lattice tumbles as well.
What sort of requirements has to be met in reciprocal space in order to obtain a
diffraction spot? The Ewald sphere of radius 1/A with the crystal in the middle might
provide the answer. As the crystal is rotated, various reciprocal-lattice points cross the
Ewald sphere and at that point they produce reflections with indices Akl (Fig. App
C2a, b). The number of measurable reflections is limited to a distance of 2/A from the
origin, since any point within this limiting sphere can be rotated into contact with the
Ewald sphere. This can produce an enormous amount of data, even from a moderate-
sized crystal. Luckily, because of symmetry, not all reflections are unique. For
instance, Friedel’s law says that intensity of each reflection Akl is identical to the
intensity of reflection hkl (Fig. App C4b). It implies that all reciprocal lattices
possess a center of symmetry. This is why data collection around 180° of any
reciprocal lattice axis will record all unique reflections. If there are any additional
elements of symmetry in the crystal, the total angle of data collection might be

reduced further, down to 1/48 for the space group P432.
Solving the phase problem

The main goal of X-ray crystallography is to calculate the function whose graph is the
electron density map. In order to do so one has to know every reflection’s phase. It is
of crucial importance to accurately determine the phases since they contain relatively

more information than the intensities (Fig. App C3).

At the moment there are three common methods to overcome this problem:

isomorphous replacement, anomalous scattering and molecular replacement.
Isomorphous replacement

As mentioned before, every atom contributes to every reflection and the phase of a
diffracted ray depends only on the atomic coordinates of the atom. So if one adds an
atom, or a few of them to identical sites in the unit cell, and these atoms are
sufficiently strong diffractors (for instance mercury, lead or gold), it will be possible
to observe a slight perturbation in the diffraction pattern and this will allow an initial

estimates of phases to be obtained.
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Figure App C3
a

= ¢

Figure App C3. The importance of phases. A duck image (a, left) has been Fourier
transformed (a, right). The same procedure has been applied to a cat (b). Finally, the
amplitudes from the duck transform were combined with the phases from the cat
transform (c, left) and back-transformed in order to get the cat (c, right). The same
thing was done other way round and the result was the duck (d). A significant phase
contribution in  each case is clearly visible (modified from

www.ysbl.york.ac.uk/~cowtan/fourier/magic.html).
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Figure App C4. Vector representation of structure factors.

a) Structure factors might be represented as vectors A + iB, and the length
of vector Fyy, is |Fp |, therefore proportional to (I,;)'/?. The angle
between Fy; and the real axis is the phase angle (modified from
www.ruppweb.org).

b) Structure factors of a Friedel pair. Fyy; is the reflection of Fzz; in the real

axis (modified from www.ruppweb.org).
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Figure App C4
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This strategy requires that the derivative crystals are isomorphous with native
crystals, which means that the crystal packing and protein conformation remain
unchanged. Apart from collecting data from the native crystal, one has to repeat the
procedure for the heavy-metal derivative, and very often it involves recording
diffraction data for several derivatives. Subtracting a single reflection of amplitude
|Fp| (native dataset) from the corresponding reflection of amplitude |Fpy| (protein plus
heavy atom) yields the amplitude contribution of the heavy atom and this diffraction
pattern is relatively simple. Then it is easy to find the location of the heavy atom in

the unit cell and subsequently determine the remaining phases.

Locating heavy atoms gives tools to calculate the structure factors Fj, including both
amplitudes and phases for all the heavy atoms. The difference Patterson function
gives the means to extract the simple diffraction pattern of the heavy atom and solve

this simple structure. The difference Patterson function is:
AP(u,v,w) = %Zth ZZAFifkle—Zni(hu+kv+lw) Eq. 7

Where (4F)? = (|Fpy| — |Fp|)? and the coordinates (u,v,w) represent a vector

between atom 1 at (x4, V4, 2;) and atom 2 at (x5, Y5, Z5).

The Patterson function can be easily calculated from collected data since it does not
contain phases. The resulting contour map displays peaks at locations corresponding
to vectors between atoms. For n atoms there are n (n — 1) vectors. Usually this
diagram is enough to identify positions of the heavy atoms in the unit cell. Sometimes
it is possible to make use of unit-cell symmetry and look for vectors connecting

symmetry-related atoms, for instance those along a 2, axis are connected by a vector

(2x, 2 ,2z) and lie in the plane called a Harker section.
2

Once the above procedure is done, one can compute the structure factors Fy (both

amplitudes and phases) and subsequently solve the equation:
FP=FPH_FH Eq8

There are two solutions to this equation and to distinguish between them one has to
prepare a second heavy-atom derivative and repeat the whole process (Fig. App C5a).

Having determined the phases one can calculate the electron density using Eq. 5.
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Anomalous scattering

This aims to solve the phase problem relying on a breakdown of Friedel’s law so that
the reflection hkl and hkl are not equal in intensity (Fig. App C5b). This is achieved
by anomalous scattering as some heavy atoms absorb X-rays at specified
wavelengths, which are called absorption edges. The structure factor for the heavy-
atom derivative recorded at A,, where anomalous scattering occurs, might be

described as:
FA2 = FAA + AF,. + AF, Eq. 9

where F23% is a structure factor measured at A;, where there is no anomalous scattering
and AF,. and AF; are real and imaginary contributions to anomalous scattering,

respectively.

For Friedel pairs, in the absence of anomalous scattering the following is true:

|Fiir| = |Fr| and @y, = —apg. This implies that FAY~ and AE™ are reflections of
F24+ and AEY in the real axis, respectively. However, the imaginary contribution

AF; is obtained by reflecting AF;* in the real axis and then reversing its sign. This
triggers the fact that under anomalous scattering that Friedel pairs are no longer equal

in intensity, nor opposite in phase and from that one can extract phase information.

Once the heavy atom is located, the phases for AF,. and AF; can be computed and
subsequently Eq. 9 solved for F44. Unfortunately, there are two solutions to this
equation and to sort this out on has to reflect F#2~ across the real axis to obtain a
second equation involving FAY". Having found Fpy and Fy with both phases and

amplitudes it is easy to obtain Fp with Eq. 8 (Fig. App C5c¢).
Molecular replacement

When a structure of a homologous protein is available, one can use the phases from
structure factors of the known protein to initially estimate phases for a new protein.

The known protein is called a phasing model and the new protein is a target (Fig. App
C5d).
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Figure App CS. Solving the phase problem.

a)

b)

d)

Multiple isomorphous replacement. Two or more heavy-atom derivatives
are enough to solve the phase problem since the three circles intersect at
one point (modified from Taylor, 2003).

Breakdown of Friedel’s law when an anomalous scatterer is present
(modified from Taylor, 2003).

Harker construction for phasing using an anomalous scatterer (modified
from Taylor, 2003).

Molecular replacement. Fourier transformation of a cat with a tail (top
left) gives us only amplitudes (top right). In addition to these amplitudes
we have phases from a tailless cat (middle). One can restore the image of
the cat combining the known magnitudes and phases. This is analogous to
solving a structure of the protein with a ligand (cat’s tail) when the
structure of the protein itself is available (modified from

www.ysbl.york.ac.uk/~cowtan/fourier/magic.html).
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Figure App C5
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If the phasing model and the target are isomorphous, the procedure is straightforward
and the phases from the known protein may be used directly to compute the electron

density of the new protein using the equation:

model
)

p(,y,2) = - T T X | Fygy 0 | 2mithxky+z=ag Eq. 10

Since the phases depend on the location of atoms in the unit cell, the phasing is more
difficult if the phasing model is not isomorphous with the target. In this case, to make
use of the model phases, one has to superimpose the structure of the model on the
structure of the target protein in its unit cell. How can this be achieved? Obviously, it
might be feasible to search all of the orientations and positions of the model in the
new unit cell. However, this would yield an enormous number of calculations. This is
why the procedure has been simplified and divided into two searches: for the best
orientation and for the best position. Then, a six-variable problem (three angle of
rotation and three coordinates along the x, y and z axes) becomes two three-variable
problems. Comparison of the orientations is performed by calculating a rotation
function. It simply estimates the correlation between Patterson maps for the target and

model proteins in various orientations:
R(p, 0,0 = [, P9 (w,v,w) P (u, v, w)x[¢, ¢, x]}dudvdw Eq. 11

This function will display maxima when the two Patterson maps overlap and this will
mark the best orientation for placing the phasing model. Once the model is oriented
correctly, the translation search is carried out in order to find the position in the unit
cell. This might be achieved by a brute-force search in real space where the
comparison between the model and the native data structure factors is done and
expressed as the R-factor:

Z||Fobs|—|Fcalc||
R=—F——— Eq. 12
Z|Fobs| q

In ideal situation all the differences equal zero and R is zero. Usually for proteins R-
values of 0.3-0.4 give good initial phase estimates. However, this approach is
computationally expensive and fast translation functions based on fast Fourier

transform techniques are now commonly in use. They, in turn, compare the observed
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Fourier coefficients with the ones calculated from the transform of the intermolecular

vector set.
Density, refinement and validation

Once the phase problem is solved one can apply Eq. 5 to calculate the electron density
map. These initial phases are only rough estimates so they need some improvement.
The refinement process might occur in real space (adding information to the map,
improving the model) and in reciprocal space (improving phases). Atoms are fitted
into the map and then structure factors might be calculated using equation Eq. 2, then
the computed phases can be combined with measured amplitudes to obtain new,
improved density. Simply modifying the model might bring some new phase
information, for instance by adjusting the atomic coordinates. To avoid introducing
excessive bias from the model into the density various difference Fourier syntheses
have been introduced. They reduce model influence by subtracting |Fcaic| from some

multiple of |Fqpg|. For instance:

p(x,y,2) = 2 5a i BBy = |Ee2mivstz=ciad  Eq. 13

Such a map display can be positive or negative. In the former case it means that some
electron density should be added to this region of the model, and the latter indicates

that some atoms have to be moved away.

A very easily interpreted map is the 2F,-F. map, whose contours resemble a

molecular model and is used for model building. The map is calculated as follows:
P(X,Y,2) = 2 51 T Bi(2IFo| — |Fu[)e2mterkyiz=aiao Eq. 14

Using rational chemical knowledge, some constraints (for example fixed values for
certain parameters) and restraints (conditions imposed upon the parameters) one can
refine the structure to the point where the measured and calculated structure factors
converge. A measure of convergence is the residual index, or R-factor defined by Eq.

12. For protein models a reasonable R-factor is about 0.2-0.3.
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Publications

Szwedziak, P., Wang, Q., Freund, S. M. V. & Lowe, J. (2012). FtsA forms actin-like
filaments. Submitted.
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