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Chapter 1: Introduction

This thesis discusses the cell wall structure of Gram-positive bacteria during the division cycle and

aims to correlate this to site-specific binding of the membrane attack complex (MAC or C5b-9) of the

human complement system. Experimental results demonstrating binding of fully assembled MAC to

selected Gram-positive bacteria provided the basis for this review (E. Berends, unpublished results).

Since Gram-positive bacteria are considered to be resistant to MAC-mediated lysis due to their thick

peptidoglycan layer, this association was highly unexpected. More striking was that the MAC was

deposited on specific sites on the cell surface, i.e. the divisional septum (Streptococcus pyogenes) or

the cell poles (Bacillus subtilis). As the central complement protein C3b was found to cover the entire

bacterial surface, the terminal pathway leading to MAC deposition could be initiated dispersedly (E.

Berends, unpublished results). Nevertheless, the MAC only remained at these specific sites.

To be able to better understand why the MAC is deposited on Gram-positive bacteria and

what determines its location, this thesis will cover cell wall structure during division and sporulation

of Gram-positive bacteria. This thesis aims to give a compact overview of the mechanisms of cell

division of three important Gram-positive species: Bacillus subtilis, Staphylococcus aureus and

Streptococcus pyogenes (Group A Streptococcus). Cell division of Escherichia coli will be discussed to

highlight similarities and differences between Gram-positive and Gram-negative bacteria. Finally, |

will discuss the implications for binding of the complement MAC to these Gram-positive bacteria.

Chapter 1a: Introduction to the bacterial cell wall

Gram-positive versus Gram-negative bacteria

The inner contents and the cytoplasmic membrane are similar in all bacteria. Based on what is on the

outside of the cell membrane, bacteria can be divided into two major classes. The Gram staining,
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Repeating ribitol backbone with 5 hydroxyl groups. (B) Repeating glycerol backbone with
3 hydroxylgroups. Ala = D-alanine side group. R denotes a range of different side groups.

published in 1844 by
Hans Christian Gram,
classifies almost all
bacterial species as
either Gram-negative
or Gram-positive.
Bacteria from both
classes own an
extracellular layer of
peptidoglycan
polymers, which is
essential for
replication, shape and
survival. Peptidoglycan
(PG) consists of
polysaccharides linked
by peptides, and is
only found in bacterial
species. In Gram-
negative bacteria, the



peptidoglycan layer is much thinner than in Gram-positive species, although the biochemical
structure is very similar (Scheffers and Pinho, 2005; Schleifer and Kandler, 1972). Gram-negative
bacteria possess an extra lipid membrane that encloses the peptidoglycan layer, termed the outer
membrane. The peptidoglycan layer is covalently attached to the outer membrane via lipoprotein
(Lpp or Braun’s lipoprotein) (Braun, 1975). The most important component of the outer membrane is
Lipopolysaccharide (LPS). Transmembrane proteins perform additional functions such as transport of
metabolites. Gram-negative bacteria never contain teichoic acids.

In Gram-positive bacteria the peptidoglycan forms a thick, multilayered meshwork. Cell wall
proteins are covalently or non-covalently attached to the peptidoglycan. Most Gram-positive species
also contain complex polysaccharides (C polysaccharides) and teichoic acids in their cell wall (Coley et
al., 1972). The backbone of teichoic acids (TAs) consists of multiple glycerol (3 hydroxyl groups) or
ribitol (5 hydroxyl groups) residues linked by phosphates (Fig. 1) (Baron, 1996). The choice between
glycerol or ribitol depends on the species. Whereas S. pyogenes only has glycerophosphate TAs, B.
subtilis produces both glycerophosphate and ribitolphosphate TAs (Esko et al., 2009). The side groups
attached at the site of the hydroxyl groups (e.g. D-alanine or monosaccharides) define different
species and serotypes (Esko et al., 2009). The TAs are often covalently linked to the PG layer and are
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then called wall teichoic acids (WTAs). When the acid is instead covalently linked to a membrane
lipid, it is called a lipoteichoic acid (LTA) (Esko et al., 2009). Both WTAs and LTAs extend beyond the
wall surface. TAs are important antigens that facilitate adherence and determine virulence
(Carruthers and Kabat, 1983). They enhance bacterial resistance to environmental stresses (Vergara-
Irigaray et al., 2008; Oku et al., 2009), antibiotics (Peschel et al., 2000) and antimicrobial peptides
(Peschel et al., 1999). In addition, they can initiate the alternative activation pathway of the
complement system or serve as a binding site for bacteriophages (Chatterjee, 1969; Winkelstein and
Tomasz, 1978).

Peptidoglycan structure

Peptidoglycan consists of multiple glycans, polysaccharide chains of the alternating sugars N-
acetylglucosamine (GIcNAc) and N-acetylmuramic acid (MurNAc). The sugars are linked by glycosidic
bonds, which are the target of human lysozyme (Rupley, 1967). The glycan chains can not branch and
need to be crosslinked to obtain a solid cell wall structure. Pentapeptides that are attached to the
glycans as side chains serve as crosslinks of species-specific sequence. The sequence L-alanine — D-
glutamic acid — diaminopimelic acid (DAP) — D-alanine — D-alanine is most commonly found in Gram-
negative bacteria (Vollmer, 2008). Most Gram-positive cocci have exchanged DAP for lysine on the
third place (Vollmer, 2008). After enzymatic removal of the terminal D-alanine of one pentapeptide,
two peptides of different glycan chains are connected by the protein family of penicillin-binding

-G-M- proteins (PBPs). The D-alanine at position 4 is
l covalently attached to the third amino acid of
1 L-Ala the other linker-peptide (Fig. 2, red arrow).
l Inevitably, this should be a diamino amino acid,
2 D-Glu— NH, meaning it has two amino groups. Many Gram-
l L a— positive species are characterized by an extra
3 L-Lys «+— (Gly); «— D-Ala 4 “interpeptide bridge” of varying amino acid
l — T composition between the two linker-peptides.
4 D-Ala L-Lys 3 For example, Staphylococcus aureus has an
v T interbridge of 5 glycines (Maidhof et al., 1991)
D-Glu — NH2 2 (Fig. 3 and see § Interspecies differences in
T peptidoglycan structure).
L-Ala 1 In general, the arrangement of
G I\L peptidoglycan macromolecules in the bacterial

cell wall is still not elucidated. Competing

Figure 3: Position of the pentaglycine interbridge in S. models exist in which peptidoglycan chains are
aureus. The glycine chain connects the 3" amino acid of one
linker-peptide with the D-Ala at the 4 position of another .
linker-peptide. G = GlcNac, M = MurNAc. to the cell membrane (Vollmer and Holtje,

Adapted from Vollmer, 2008. 2004).

proposed to lie either parallel or perpendicular

Peptidoglycan synthesis

The synthesis of peptidoglycan mainly takes place in the cytoplasm. A whole range of enzymes are
involved in producing the sugars (reviewed in (Barreteau et al., 2008). The family of Mur ligases is
responsible for generating the pentapeptides which are covalently attached to the sugars. These
enzymes are proposed to assemble in a complex positioned on the cytoskeletal protein MreB (White
et al., 2010). A MurNAc monosaccharide with peptide is transferred to bactoprenol, a carrier lipid in



the membrane, resulting in an intermediate called Lipid I. When a GIcNAc monosaccharide is coupled

to Lipid I, the intermediate is called Lipid Il and is ready for transfer across the membrane. The
enzyme responsible for flipping Lipid Il to the outer membrane leaflet is a member of the SEDS
(shape, elongation, division, sporulation) family (van Dam et al., 2007). Multiple studies postulate the
E. coli proteins RodA and FtsW or their homologues as the flippases (Ishino and Matsuhashi, 1981;
Ishino et al., 1986; Ehlert and Holtje, 1996; Errington et al., 2003). After transfer and detachment
from bactoprenol, the PG precursors polymerize catalyzed by different penicillin-binding proteins

(PBPs). The PBPs are divided in three classes, low molecular weight (LMW), high molecular weight
(HMW, subdivided into class A and B) PBPs, and B-lactamases (Ghuysen, 1990). Via transglycosylation

and transpeptidation steps, the disaccharides form chains.

Besides PG synthases, enzymes degrading peptidoglycan are also indispensable to shape the

cell wall. United under the term peptidoglycan hydrolases, this group of enzymes contains many

different types specialized in degrading for example a type of peptide or glycoside bond. Overall,

more than 30 peptidoglycan hydrolases have been identified, which can be divided into families
based on their sequence similarities (Smith et al., 2000). The name of the hydrolase is derived from
its substrate (Fig. 2, numbers 1-7). Glucosaminidases and muramidases cleave the sugar bonds in the

glycan backbone. Endopeptidases cleave at specific sites in the linker-peptides, whereas amidases

have a more general ability to cleave peptide bonds (amide groups). Their transcription is regulated

by o factors expressed in specific cell cycle stages, generally corresponding to their putative functions
in the cell (Smith et al., 2000).

(Vollmer, 2008)

Table 1: Amino acid variations in the linker peptide. Position 1 denotes the amino acid connected to the glycan strand

Position Residue encountered Examples
1 -Ala Most species
Gly Mycobacterium leprae, Brevibacterium impenale
L-Ser Butyribacterium rettgeri
2 p-lsoglutamate Most Gram-negative species
o-lsoglutamine™ Most Gram-positive species, Mycobacteria
threo-3-Hydroxyglutamate® Microbacterium lacticum
3 meso-Aapm Most Gram-negative species, Bacilli, Mycobacteria
L-Lys Muost Gram-positive species
1-0rn Spirochetes, Thermus thermophilus
L-Lys/-0rn Bifidobacterium globosum
L-Lys/D-Lys Thermotoga maritima
LL=Azpm Streptomyces albus, Propionibacterium petersonii
meso-Lanthionine Fusobacterium nudleatum
-2,4-Diaminobutyrate Corynebacterium aguaticum
L-Homoserine Corynebacterium poinsettiae
-Ala Erysipelothrix rhusiopathiae
L-Glu Arthrobacter J. 39
Amidated meso-A;pm”* Bacillus subtilis
2.6-Diamino-3-hydroxypimelate’ Ampuraliella regularis
L-5-Hydroxylysine " Streptococcus pyogenes!
N*-Acetyl-1-2 4-diaminobutyrate® Corynebacterium insidiosum
4 o-Ala All bacteria
5 o-Ala Most bacteria
p-5er Enterococcus gallinarum
p-Lac Lactobadillus casel, Enterococci with acquired

resistance to vancomycin

*These residues result from reactions occurring posterior to the action of Mur ligases.

The process of formation of these residues (direct incorporation by MurE or subsequent hydroxylation of the nonhydroxylated residue) is unclear

(Munoz et al_, 1966; Perkins, 1969).
YIn this organism, a 10 - 1 ratio of lysine to hydroxylysine was found Munoz et al. (1966).



Interspecies differences in peptidoglycan structure

As mentioned, the amino acid sequence in cross-linking peptides can deviate from the default
sequence. Table 1 displays other possible amino acids for each position. However, most interspecies
variation is found in the interpeptide bridge, which is between 1 and 7 amino acids long. Inter
bridges are generated by the so-called ‘branching enzymes’ (summarized in (Vollmer, 2008).

Milder modifications of the glycan chains or peptidoglycan architecture are also possible
(Vollmer, 2008). The polymer length, density and degree of cross-linking vary dependent on species
and growth conditions. Whereas in S. aureus most glycan strands consist of 3-10 disaccharide units
(Boneca et al., 2000), the B. subtilis chains can extend to 250 disaccharides (Ward, 1973). Taken
together, more than 100 different types of peptidoglycan polymers have been isolated. The density,
the amount of peptidoglycan per surface unit, is of major interest because this affects the resistance
to e.g. antibiotics (Prats and de Pedro, 1989). How density is regulated during cell growth is currently
unknown. The thickness of the peptidoglycan layer is not correlated to the length of the
peptidoglycan chains. The degree of cross-linking reflects the percentage of engaged linker-peptides.
Although information is scarce, literature suggests a wide distribution in degree of cross-linking.
Depending on environmental conditions, it ranges from 44 to 60% in E. coli to 93% in S. aureus
(Glauner et al., 1988; Rogers, 1979).

Visualization of peptidoglycan synthesis

The above mentioned factors may not only differ with species or environmental conditions, but also
with the age of the macromolecules. Newly synthesized peptidoglycan can often be distinguished
from “old” peptidoglycan, although this difference gradually disappears over time. Characteristics as
composition of the peptide, degree of cross-linking, chain length and the amount of incorporated
lipoproteins may distinguish new from old peptidoglycan (Prats and de Pedro, 1989; de Pedro and
Schwarz, 1981; Fordham and Gilvarg, 1974; Burman and Park, 1983; Glauner and Holtje, 1990).

The first methods to visualize peptidoglycan biosynthesis were based on following subunit
incorporation in time. Different amino acids have been radioactively labeled to track their location
during cell wall synthesis (de Pedro et al., 1997; De Pedro et al., 2003; Woldringh et al., 1985).
Sometimes the labeled amino acid was added in a pulse-chase fashion, or combined with immune-
detection. Later, a more subtle method was developed by adding a fluorescent group to vancomycin
(Van-FL) (Daniel and Errington, 2003). This antibiotic recognizes the D-Ala-D-Ala end of the nascent
pentapeptide. Because the terminal D-Ala is cut off or occupied in time, vancomycin only binds
peptido(Daniel and Errington, 2003)glycan that was recently synthesized. A similar image is obtained
with fluorescent ramoplanin, which binds diphospho-MurNAc (Tiyanont et al., 2006). Both antibiotics
have been shown to solely bind PG precursors and the ends of growing glycan strands. Fluorescent
telavancin recognizes Lipid Il, also labeling sites of active wall synthesis (Lunde et al., 2010).

Chapter 1b: Introduction to the human complement system

The complement system is an essential part of the immune system. It prevents and counteracts
specific bacterial, viral, fungal and parasitic infections and some tumor cells. The system includes
various factors, referred to by numbers (e.g. C1, C2) or by capitals (e.g. Factor D), that are abundantly
present in the serum and tissue fluids. Complement factors reside in an inactive conformation, until
they are activated by pathogens or other non-self molecules. There are three different pathways
initiating the complement cascade, all leading to opsonization of micro-organisms for phagocytosis
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(C3b), recruitment of phagocytes to
the site of infection (C5a), and direct
killing by formation of the membrane
attack complex (MAC), consisting of
factors C5b, C6, C7, C8 and C9 (C5b-9;
Fig. 4).

The classical pathway requires
the adaptive immune system,
because the activation signal is found
on antigen-antibody complexes (Daha
et al., 2011). These complexes can
either be deposited on pathogenic
surfaces or soluble in the serum.
Upon antigen binding, either IgM or
IgG subclasses (IgG1, 2 and 3 in
humans) are capable of activating
complement factor C1 due to
conformational changes in the
constant part. After activation and
cleavage of C1, Cla cleaves C4 and
C2, leading to the formation of the
C4b2a complex. This complex
functions as a C3 convertase, cleaving
C3 into C3a and C3b. By binding of an

additional C3b molecule to the C3 convertase, it gets substrate-specificity for C5, resulting in the

splitting of C5 in C5a and C5b. Then, C5b initiates the formation of the membrane attack complex.

The alternative pathway is completely part of innate immunity, as activation is independent

of antibodies (Zipfel et al., 2007). At a low rate, C3 is spontaneously hydrolyzed in the serum. The C3b

product disappears rapidly because it has a very short half-life. But when C3b encounters a
susceptible surface, it is sufficiently stabilized to initiate the alternative complement cascade. C3b
mediates the cleavage of factor B by factor D. The cleavage product Bb forms together with C3b a C3
convertase. Additional C3b production results in C5 convertase complexes (C3bBb3b).

The mannose-binding lectin (MBL) pathway or lectin pathway is similar to the classical
pathway, only the activation signal differs (Matsushita, 1996). When mannose sugar groups on the

surface of a micro-organism are recognized, MBL or the plasma protein ficolin forms an active
complex resembling C1 function (Endo et al., 2007). This complex mediates the cleavage of C2 and
C4, thereby entering the classical pathway with use of the same C3 and C5 convertases.

MAC assembly starts when C5b binds C6 and C7, either on a cell surface or on an immune

complex. C7 undergoes a conformational change, enabling it to integrate into a lipid bilayer. If a lipid

membrane is not readily available, the complex is also able to migrate to a nearby cell. This may lead

to “innocent bystander killing” of nonpathogenic cells, although healthy host cells have inhibitory

mechanisms to prevent this (Schonermark et al., 1991). Subsequently, C5b67 recruits C8, which

integrates in the membrane and induces binding and polymerization of 10-17 C9 molecules. The

concurrent conformational change enables the C9 polymer to integrate into the membrane, where it


http://www.merckmanuals.com/

forms a large pore (DiScipio, 1991). Due to uncontrolled entry of water and loss of ions, the target
cell swells and dies.

According to general consensus, the MAC can not reach the membrane of Gram-positive
bacteria due to the thick PG layer(Joiner et al., 1983; Frank, 2001). Hence, Gram-positive bacteria are
resistant to MAC-mediated killing (Joiner et al., 1983; Frank, 2001). Still, the complement system is
essential in the host innate immune response against Gram-positive bacteria, e.g. through
opsonization by C3b deposition and chemotaxis by C5a. Paradoxically, S. pyogenes does produce a
MAC-inhibitory protein, Streptococcal inhibitor of complement (SIC) (Fernie-King et al., 2001). SIC
binds the C5b-7 complex, thereby preventing formation of the MAC. However, the relevance of this
effect is under debate, as SIC also has a role in inhibiting antimicrobial peptides (Fernie-King et al.,
2004).
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Chapter 2: Bacillus subtilis

The Gram-positive, non-pathogenic Bacillus subtilis is the most widely used model for research on
the cell wall of Gram-positive bacteria. Upon cell division, this rod-shaped bacterium forms long
strings of daughter cells. In confocal microscopy, MAC binding was mostly observed at the cell poles
(E. Berends, unpublished results).

Bacterial shape and orientation of the division plane

The rod-shape of Bacillus subtilis is maintained by the bacterial cytoskeleton. The most important
cytoskeletal protein is MreB, but B. subtilis also expresses the MreB-homologues Mbl and MreBH. All
three proteins resemble the tertiary structure and function of the eukaryotic cytoskeletal protein
actin (van den Ent et al., 2001; Jones et al., 2001). Localization of MreB and Mbl is suggested to
depend on membrane proteins MreC and MreD (Leaver and Errington, 2005). Generally it is thought
that MreB is located just beneath the membrane in a broad helical pattern, maintaining shape and
withstanding mechanical stress (Jones et al., 2001; Shih et al., 2003; Carballido-Lopez and Errington,
2003). However, three recent studies challenge this view by stating that MreB and associated
proteins form moving patches (Dominguez-Escobar et al., 2011; Garner et al., 2011; Swulius et al.,
2011), leaving it undecided which model fits best. In any case, the cytoskeleton functions as a
scaffold for assembly of protein complexes, both intracellular and extracellular (Daniel and Errington,
2003; Jones et al., 2001). MreB or its homologues are found in many other bacterial species, with the
notable exception of spherical bacteria (Jones et al., 2001). These species do not need a cytoskeleton
to maintain their shape.

Intrinsic to its shape, B. subtilis only has one divisional plane. By elongation and medial
division, its rod-shape is preserved. The division septum will form the future poles of the two
daughter cells. Normally, newly divided bacteria form a long string and detach based on
environmental conditions. Interestingly, if genes responsible for septum synthesis are knocked out,
the division cycle (including elongation of the lateral wall) continues, forming a long rod with multiple
genome copies (Marston et al., 1998). This indicates that the elongation machinery requires different
proteins than the septal wall synthesis machinery.

Lateral cell wall synthesis

Elongation, the production of lat(Marston et al., 1998)eral cell wall,
requires the synthesis of new peptidoglycan. By using fluorescently labeled
vancomycin (Van-FL), this process was visualized (Daniel and Errington,
2003). Remarkably, at the lateral wall Van-FL staining is observed in a
helical pattern, dependent on the presence of Mbl (Fig. 5) (Daniel and
Errington, 2003; Tiyanont et al., 2006). This observation led to the
hypothesis that the peptidoglycan synthesis machinery assembles using

Figure 5: Helical pattern of

the cytoskeleton as a scaffold (Daniel and Errington, 2003; Jones et al.,
2001). Intracellularly, the enzymes responsible for production of the Lipid Il
precursor are proposed to assemble based on MreB (den Blaauwen et al.,
2008; Mohammadi et al., 2007; Divakaruni et al., 2007). These include the
soluble Mur ligases and the membrane bound MraY and MurG. MraY is
required to produce Lipid I, after which MurG couples the sugar-
pentapeptide group to it to yield Lipid Il (Bouhss et al., 2004; Miyao et al.,

Van-FL staining in B.
subtilis. Lines and
arrowheads indicate tilted
bands and peripheral dots,
respectively, that are
characteristic of a helical
mode of staining.

Adapted from Daniel and
Errington, 2003.
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1992). In addition, a lipid flippase is part of the intracellular synthesis machinery. After transfer of
Lipid Il to the outer lipid layer, PBPs complete the peptidoglycan synthesis. Extracellular complexes
containing PBPs are suggested to associate to the location of cytoskeletal proteins, although
evidence for this hypothesis is limited in B. subtilis (Kawai et al., 2009; Simon, M.J. & Day, R.A., 2000).
Some PBPs have transmembrane tails that may directly interact with intracellular MreB (Kawai et al.,
2009). MreC, a transmembrane protein, could also provide a link between extracellular and
cytoplasmic enzymes, as direct interaction with PBPs via its extracellular domain and MreB via its
intracellular domain, has been demonstrated (Leaver and Errington, 2005; van den Ent et al., 2006).
MreC and MreD are shown to be indispensable for the lateral wall staining by Van-FL (Leaver and
Errington, 2005), corresponding to their function in positioning the cytoskeleton. In conclusion, the
intracellular MreBCD complex seems to be essential for lateral cell wall synthesis.

By gene knock-out experiments, lateral and septal wall synthesis are shown to be executed
by different enzymes (Yanouri et al., 1993; Wei et al., 2003; Scheffers et al., 2004). Accordingly, most
PBP types display a preferred localization to the lateral cell wall, the division site, or both. PBP3, 4a, 5
and possibly 4 are responsible for lateral peptidoglycan synthesis (Scheffers et al., 2004).

Incorporation of new peptidoglycan macromolecules requires the coordinated action of
synthases and hydrolases. B. subtilis is the model organism Koch based his model on of “inside-to-
outside” growth of the cell wall of Gram-positive bacteria (Koch and Doyle, 1985). This unsurpassed
model claims that new peptidoglycan is added on the membrane side of the cell wall, where the wall
does not yet have to withstand the large pressure exerted by the cell’s turgor. When additional
peptidoglycan is synthesized, all peptidoglycan layers shift further to the surface, where the
peptidoglycan acquires its final extended structure. These layers yield the high integrity of the cell
wall. The outermost layers of peptidoglycan eventually tear and are degraded, but due to the
underlying closed layers the cell wall will remain intact (Koch and Doyle, 1985).

Chromosome segregation
Contrary to the eukaryotic cell cycle, bacterial duplication is characterized by overlapping processes.
Simultaneous with cell wall elongation, the B. subtilis DNA is replicated and segregated.
Nevertheless, the bacillus has to reach a certain length before replication is initiated, presumably to
be able to fit two genome copies in the mother cell (Weart et al., 2007; Mattei et al., 2010). Although
a nuclear membrane is lacking, the bacterial genome is rather organized in a folded structure called
the nucleoid. The Structural Maintenance of Chromosomes (SMC) complex, consisting of an SMC
dimer and two interacting proteins ScpA and ScpB, is responsible for organizing the DNA
(Mascarenhas et al., 2002; Volkov et al., 2003).

The B. subtilis genome consists of one circular chromosome with a single origin of replication
(oriC). When the ATPase DnaA separates the DNA strands starting from the oriC, DNA polymerase llI
and accessory proteins can bind and start replication in two directions (Johnson and O'Donnell, 2005;
Mott and Berger, 2007). The two oriC copies subsequently move to opposite poles of the mother cell,
pulling along the rest of the DNA while it is being synthesized (Berkmen and Grossman, 2006; Lemon
and Grossman, 2001). Although not known how, the MreB and Mbl cytoskeleton enables this
transport (Soufo and Graumann, 2003). The DNA passes through the replication machinery as
opposed to a moving replication complex. Reaching the termination site (terC), the replication
machinery is detached by specific termination proteins (Bussiere and Bastia, 1999). The two separate
nucleoids get segregated further by unknown mechanisms.
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Z ring formation and regulation

In almost all bacterial species, the future division site can be recognized by the construction of a ring-
shaped structure, the “Z ring”. The ring is built from FtsZ, a protein with a tubulin-like structure
(Erickson, 1995; Bi and Lutkenhaus, 1991). Following a yet unknown signal, the FtsZ subunits
assemble in mid-cell just underneath the membrane (Bi and Lutkenhaus, 1991). FtsA attaches the Z
ring to the cell membrane, thereby stabilizing the interactions (Jensen et al., 2005). The proper ratio
for normal cell division is 1:5 for FtsA:FtsZ (Feucht et al., 2001). The Z ring is the most important part
of the division machinery, as it functions as a scaffold for all necessary proteins for division and
separation (Gamba et al., July 1, 2009). To prevent the formation of asymmetric daughter cells, the
timing and placement of the Z ring should be carefully regulated. Multiple mechanisms execute this
regulation.

To determine the proper moment in time to initiate Z ring assembly, nutrient availability and
replication status should be decisive factors. B. subtilis’ UgtP, a protein of a conserved metabolic
pathway, is used as a sensor for nutrient availability during the division cycle (Weart et al., 2007).
UgtP stability and function depend on glucose levels. When these are too low, UgtP interacts directly
with FtsZ to prevent assembly (Weart et al., 2007).

To investigate the interplay between DNA replication and Z ring regulation, multiple B.
subtilis mutants were studied. When initiation of replication is disabled, Z rings cease to form at mid-
cell but still develop asymmetrically next to the nucleoid (Regamey et al., 2000; Harry et al., ; Harry et
al., 1999). When the initiation phase was allowed to occur but further replication was blocked, Z
rings would form over the centrally located, unreplicated nucleoid (Regamey et al., 2000; Harry et al.,
; Harry et al., 1999). In conclusion, merely the initial stages of DNA replication generate an
indispensable signal for Z ring positioning. However, replication status is not involved in Z ring timing.

Besides timing, localization of the Z ring is essential. Two mechanisms determine the cellular
location; nucleoid occlusion and the Min system. The “nucleoid occlusion model” states that the
nucleoid prevents Z ring formation by inhibitory signals, preventing any cell division cutting through
DNA material (Woldringh et al., 1991). This is exerted by the protein Noc, which provides an
inhibitory signal upon binding specific DNA sequences (Wu et al., 2009; Wu and Errington, 2004).
When two new nucleoids segregate, the inhibition disappears in between, allowing Z ring formation
and cell division (Rothfield et al., 2005). It has been suggested that the translocation of chromosomes
away from the mid-cell reveals a binding site for FtsZ assembly later in the division cycle (Regamey et
al., 2000; Harry et al., 1999), although little evidence supports this model.

To prevent formation of septa at the nucleoid-free cell poles, the Min system complements
the nucleoid occlusion. The name of the system was derived from the fact that mutants lacking the
min genes produce “mini cells” without genomic material, due to the placement of division septa
close to the poles (Jaffe et al., 1988). In B. subtilis, the proteins MinC, MinD, MinJ and DivIVA
comprise the system. DivIVA is a functional homologue of E. coli MinE and is together with MinJ
responsible for specific concentration of MinC and MinD at the poles (Marston et al., 1998; Marston
and Errington, 1999; Patrick and Kearns, 2008). The recognition signal for DivIVA is unknown, but is
likely to be deduced from a conserved component or structure of the poles as DivIVA from B. subtilis
can also recognize poles of other bacterial species (Edwards et al., 2000). MinD is a membrane
protein that anchors MinC and supports its activation (Marston et al., 1998). MinC directly prevents
FtsZ complex formation (Marston et al., 1998; Marston and Errington, 1999). When division
progresses, the Min proteins locate to the nascent cell poles, attracted by proteins of the division
machinery (Marston et al., 1998; Marston and Errington, 1999; Edwards and Errington, 1997; Cha
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and Stewart, 1997). Therefore they will immediately be present to suppress Z ring formation in the
daughter cell.

Although these two mechanisms are indispensable, they can not fully explain the positioning
of the Z ring. Other proteins promote (ZapA, SepF) or inhibit (EzrA, ClpX) Z ring formation and
stability, as reviewed by Adams and Errington (Adams and Errington, 2009). These mechanisms come
into play in case of DNA damage or an unfavorable environment.

Figure 6: The two steps of assembly of the divisome in B. subtilis. Upon Z ring formation, the divisome assembles. (a)
In the first step, proteins directly associate with FtsZ. (b) The second group of proteins assembles cooperatively after a
substantial delay in time. The identity of the flippase enzyme has not been confirmed.

Adapted from Adams and Errington, 2009.

Assembly of the division machinery

Once the Z ring is formed, it serves as a scaffold for assembling the proteins needed for cell division,
collectively named the “divisome”. This cytokinetic ring consists of at least 10 proteins, as reviewed
by Errington et al. (2003), which form a complex in two steps (Fig. 6) (Gamba et al., July 1, 2009). In
the first step, proteins are directly recruited to FtsZ (Fig. 6a) (Gamba et al., July 1, 2009). FtsA is
required to attach the Z ring to the membrane (Jensen et al., 2005), whereas ZapA promotes Z ring
assembly (Gueiros-Filho and Losick, 2002). EzrA (extra Z rings A) recruits the mainly extracellular
PBP1, an essential PBP for division, directing peptidoglycan synthesis to the septal wall (Scheffers et
al., 2004; Claessen et al., 2008). In addition, EzrA is a negative regulator of Z ring assembly (Levin et
al., 1999). SepF was recently proposed to be crucial for regularly arranging FtsZ filaments (Gundogdu
et al., 2011; Small et al., 2007; Singh et al., 2008).

After a substantial delay in time, the second group of proteins is engaged in a cooperative
way (Fig. 6b). These proteins are recruited by other signals than the first set and localization to the
divisome is dependent on each other (Errington et al., 2003). GpsB (guiding PBP1-shuttling protein B)
cooperates with EzrA (Claessen et al., 2008). PBP2B, DivIC, DivIB, and FtsL are transmembrane
proteins that predominantly operate through their large extracellular domain (Errington et al., 2003).
PBP2B is involved in septal wall biosynthesis (Daniel et al., 2000). DivIC stabilizes FtsL, which is
suggested to be an essential regulator of B. subtilis cell division (Daniel et al., 2000; Bramkamp et al.,
2006; Wadenpohl and Bramkamp, 2010)(Daniel and Errington, 2000). Together, these proteins exert
all necessary activities for cell division.
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Formation of the division septum

When the divisome is completed, the Z ring starts to constrict. As the ring constricts, the cell
membranes of the two future daughter cells are gradually severed. A new patch of cell wall must be
produced to cover the new poles. Constituents such as peptidoglycan and teichoic acids are
fabricated at the division site, and the so-called septum or septal wall invaginates into the cell. The
existing lateral cell wall does not constrict in B. subtilis. When the membranes of the daughter cells
are completely disconnected, the septum is finished. PBP1 and PBP2B, recruited to the divisome, are
specifically localized to the septal wall (Scheffers et al., 2004; Daniel et al., 2000; Pedersen et al.,
1999) and thus directly involved in the biosynthesis (Scheffers et al., 2004; Pedersen et al.,
1999)(Scheffers et al., 2004; Pedersen et al., 1999; Pedersen et al., 1999; Pinho and Errington, 2005).
Also PbpX is localized exclusively to the division septum, dependent on FtsZ (Scheffers et al., 2004).
These three PBP types are division-specific and are not found in elongation complexes (Yanouri et al.,
1993; Wei et al., 2003; Scheffers et al., 2004). Additional enzymes are partially equal to the
elongation machinery, as are some non-specific PBPs. Although transmembrane proteins provide
specific anchors for the extracellular complexes, substrate recognition provides additional signals.
These are important during cytokinetic constriction, when the PBP2B remains spread over the entire
septum despite movement of the divisome (Daniel et al., 2000).

By Van-FL staining it was shown that the rate of peptidoglycan synthesis at the site of division
is higher than in the lateral cell wall (Daniel and Errington, 2003). (Scheffers et al., 2004)Van-FL
binding was absent at the cell poles, corresponding to previous studies. The peptidoglycan at the
poles is generally considered “inert”, as the rate of degradation and synthesis is much lower than in
the rest of the cell wall (Mobley et al., 1984; Schlaeppi et al., 1982).

Separation
After completion, the septum needs to be separated into two polar cell wall patches, primarily
mediated by peptidoglycan hydrolases. At this point, the hydrolases, which are indispensable for
normal cell shape, need to be specifically directed to the septum. In B. subtilis, LytC, LytD, LytE, LytG,
LytH, LytF and CwIS (YojL) are all associated with cell separation, although they are functionally
redundant (Ohnishi et al., 1999; Ishikawa et al., 1998; Blackman et al., 1998; Horsburgh et al., 2003b;
Horsburgh et al., 2003a; Fukushima et al., 2006). By means of fluorescent tagging, LytE and LytF were
proven to locate to separation sites and cell poles (Yamamoto et al., 2003). This specificity suggests
the existence of certain receptors in the septal wall, although nothing is known about potential
candidates. Interaction with the divisome may also play a role, as LytE depends on PBP2B for septal
localization (Carballido-Lopez et al., 2006). Besides that, LytE is involved in lateral wall hydrolysis, and
is then proposed to locate based on MreBH position (Carballido-Lépez et al., 2006). This interplay
was inferred from protein interaction in a yeast two-hybrid screen, and the helical pattern of LytE
immune-fluorescence. The resulting model states that after translation, LytE accumulates by binding
MreBH. MreBH supports LytE transport through the membrane, leading to the extracellular
accumulation of LytE enzymes on specific spots. At the same time, Mbl recruits PBPs. As a result,
synthases and hydrolases are combined to ensure tight regulation of the peptidoglycan layers
(Carballido-Lépez et al., 2006). Although controversial, this model could also apply to septal wall
localization of hydrolases.

Only after the complete septal wall is formed, the autolytic enzymes start to cleave the
peptidoglycan layer in two (Fig. 7). This is in contrast to E. coli, where septal wall synthesis and
cleavage occur almost simultaneously (see Chapter 5), leading to a characteristic furrow in the cell
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wall seen at the division site (Fig. 7). After complete separation, the daughter cells are ready to enter

a new cycle of cell division.

Figure 7: Electron microscopic photographs of division of B. subtilis (left)
and E. coli (right). CW = cell wall; CM = cytoplasmic membrane; S = septum; N
= nucleoid; OM = outer membrane. Bar = 0.2 um.

(Murray et al., 2002)
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Chapter 3: Staphylococcus aureus

Staphylococcus aureus is a spherical species, truly conforming to the name “cocci”. Daughter cells are
observed in three-dimensional clusters, from where the species obtains its name; the Greek word
“staphyle” means grape cluster.

Bacterial shape and orientation of the division plane

In contrast to B. subtilis, Staphylococcus aureus misses the genes for the cytoskeletal proteins MreB
and Mbl (Jones et al., 2001). While it does express MreC and MreD, these proteins are not essential
for S. aureus survival (Chaudhuri et al., 2009). Apparently, a cytoskeleton is not needed to maintain
the energetically favorable spherical shape. Additionally, for organizing PG synthesis machinery a
cytoskeleton is dismissible, as elongation synthesis does not occur in S. aureus. In S. aureus only one
type of cell wall synthesis occurs. All new PG synthesis takes place at the division septum, as shown
by radiolabeling (Briles and Tomasz, 1970; Giesbrecht et al., 1976) and Van-FL staining (Pinho and
Errington, 2003). There it relies on the FtsZ scaffold to assemble the synthesis machinery. In addition,
some inside-to-outside growth and recycling of old cell wall material is proposed to occur during the
vegetative state (Boneca et al., 2000; Giesbrecht et al., 1998).

In theory, S. aureus has an indefinite number of division planes stretching the full diameter of
the cell due to its shape. However, S. aureus divides in three dimensions, by alternating division
planes perpendicular to the previous (Tzagoloff and Novick, 1977). The division plane is also
characterized by formation of a Z ring.

Chromosome segregation and Z ring formation and regulation

How positioning of the division plane is regulated remains largely unknown. Little knowledge exists
on regulation of Z ring formation and chromosome segregation. It has been suggested that a Z ring
would only be stable when it forms at the maximum diameter of the cell, thereby guiding the Z ring
to the proper location (Zapun et al., 2008). In S. aureus, FtsZ is also anchored to the membrane via
interaction with FtsA (Yan et al., 2000). The question remains how the Z ring forms carefully between
the nucleoids, in a plane that differs upon each division.

It is known that nucleoid occlusion inhibits Z ring formation over the nucleoids (Veiga et al.,
2011). S. aureus Noc protein accumulates at the DNA, essential in preventing random cutting of the
DNA. In Noc mutants, many cells showed Z ring formation over the nucleoid or multiple Z rings. Like
in B. subtilis, Noc-mediated inhibition is relieved in between the nucleoids upon segregation.
Accordingly, nucleoid segregation occurs prior to Z ring formation in S. aureus (Veiga et al., 2011).
Interestingly, this means that chromosomal segregation has the lead in determining the alternating
division planes.

Veiga et al. proposed a model to explain nucleoid segregation patterns resulting in
perpendicular division planes (Fig. 8). In this model, the two oriC copies determine the direction of
the chromosomes segregation. The first division plane is chosen randomly. At the beginning of the
second division cycle, the daughter cell is momentarily not perfectly spherical but has a long and
short axis (Fig. 8A). This provides a recognition signal for the oriC, which pull the DNA along the long
axis of the daughter cell. Subsequently, in the third division cycle, the oriC are attracted to two
specific sites in the cell membrane, which seems to be where the two previous division planes
crossed each other (Fig. 8B). At this cross-point, an unidentified oriC binding protein is thought to
accumulate (Veiga et al., 2011). Another study supports this model by showing that cell division
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leaves “scars” on the S. aureus cell (Yamada et al., 1996). These ring-shaped scars could supply a
recognition site for an oriC binding protein, leading to a maximal concentration at the cross point
(Veiga et al., 2011). When the oriC move to these cross points, the nucleoids would segregate in such
a way to create a third perpendicular division plane. Although this model is yet to be confirmed, it
explains mechanisms of nucleoid segregation and divisional plane positioning. Additional
mechanisms of Z ring positioning might exist, although S. aureus holds no Min genes (Margolin, 2001;
Flardh, 2003).

First division Second division Third division

Figure 8: Model for determination of three perpendicular division planes in S. aureus. (A) The first round of division
is denoted by the red division plane. After division, the asymmetric daughter cell has a long and short axis (black
arrows). When the nucleoids (blue) segregate along the axis, Noc inhibition is relieved in the middle. Z ring formation
determines the next division plane (green), which is perpendicular to the previous. (B) The division plane of two
division cycles ago (n-2) and the previous division plane (n-1) form cross-points (small red circles). The two oriC copies
(yellow dots) are attracted to the cross-points and thereby determine the new plane of division (green). An
unidentified oriC-binding protein might accumulate at the cross-points. Upon each division, one hemisphere is
generated of new material, but the cross-points remain.

(Veiga et al., 2011)

As predicted from homology with proteins in E. coli and B. subtilis, the proteins SMC and
spolllE are involved in DNA movement during chromosome segregation (Yu et al., 2010). SMC was
already known for its role in chromosome organization. Now it was demonstrated that SMC or
spolllE single knock out mutants have defects in chromosome segregation, resulting in low
percentages of anucleated cells or cells with an abnormal amount of DNA (Yu et al., 2010). However,
proteins other than these two play a role, since in double SMC’spolllE" mutants, a relatively high
number of daughter cells inherits the normal amount of DNA (Yu et al., 2010). It has to be mentioned
that S. aureus cells have a rather small volume, which is after DNA replication almost completely
filled by DNA. Consequently, it is difficult for DNA to escape enclosure in a future daughter cell.
Nonetheless, random cutting of chromosomes by septal closure also does not occur very often in
these double mutants. The gene deficiency more severely affects chromosomal organization than
segregation (Yu et al., 2010).

Assembly of the division machinery

As mentioned, positioning of the septal PG synthesis machinery depends on FtsZ. If FtsZ is absent,
cell wall synthesis spreads over the entire cell surface and continues without any subsequent cell
division (Pinho and Errington, 2003). The cell obtains up to 8 times its normal volume before it lyses.
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To identify divisome subunits,
conserved S. aureus homologues of known
divisome subunits of B. subtilis were tested
in a bacterial two hybrid screen (Steele et
al., 2011). This resulted in many putative
divisome interactions (Fig. 9), similar to the
interaction webs found in E. coli and S.
pneumoniae. EzrA is also expressed in S.
aureus, and a GFP-EzrA fusion protein was
shown to localize to the division septum in
a ring-shape (Steele et al., 2011). When
FtsZ was knocked down, the ring-like
positioning of EzrA strongly decreased.

These data indicate that localization of EzrA
depends on the Z ring, similar to B. subtilis

EzrA. Correspondingly, EzrAis in S. aureus Figure 9: Web of interactions between putative divisome
subunits in S. aureus. These proteins were chosen for their

homology to B. subtilis divisome subunits. Interactions
inducible ezra-mutants, it was shown that were determined by means of a bacterial two-hybrid
screen. Positive interactions are denoted with a solid line,

. . o putative interactions with a dotted line.
and PBP2 to the Z ring, possibly via direct (Steele et al., 2011)

also involved in recruitment of a PBP. Using

EzrA is essential for localization of GpsB

interaction. The absence of EzrA strongly
reduces septal Van-FL staining. In B. subtilis, EzrA is mostly recognized as a negative regulator of
division, but this view should maybe be more refined. Overall, in S. aureus, EzrA is crucial for
bacterial division (Steele et al., 2011).

To assemble the rest of the divisome, a temporal system plays a role in S. aureus similar to B.
subtilis. After Z ring formation, the divisome is recruited in a sequential manner. The functions of the
other potential divisome subunits (FtsZ, FtsA, EzrA, GpsB, SepF, Pbp1, Pbp2, Pbp3, DivIB, DivIC, FtsL,
FtsW, RodA) require further research. It is not known why both putative flippases FtsW and RodA are
conserved in S. aureus, as only one synthesis machinery exists. DivIVA is also expressed in S. aureus,
where it localizes to the septum instead of the cell poles (Pinho and Errington, 2004). However it has
no vital function, as DivIVA knockouts do not show any defects during the division cycle (Pinho and
Errington, 2004).

Formation of the division septum
Where data exists, cytoplasmic production of PG precursors in S. aureus is largely similar to B.
subtilis. The extracellular polymerization of PG differs, as S. aureus has only 4 PBPs, type 1to 4, as
opposed to 16 in B. subtilis. PBP1 localizes to the septum independent of substrate recognition
(Pereira et al., 2009). It is essential for viability and functions in septation and cell separation.PBP2 is
essential for viability (Pinho and Errington, 2003), whereas PBP3 and 4 are not (Scheffers, 2005).
PBP4 is responsible for the unusually high degree of PG cross-linking in S. aureus (Memmi et al.,
2008). PBP4 localizes specifically to the septum, where it matures the nascent PG by cross-linking
(Memmi et al., 2008).

As mentioned in Chapter 1, S. aureus has an extraordinary linker-peptide with a 5 glycines
addition. This enables cross-linking of glycan strands that would otherwise be too far apart (Lapidot
and Irving, 1979; Lapidot and Irving, 1977), resulting in a high coverage of cross-linking of 80 to 90%
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(Gally and Archibald, 1993; Snowden et al., 1989). Mainly PBP4 is responsible for this high cross-
linking, which contributes to a higher resistance to antibiotics (Memmi et al., 2008; Leski and Tomasz,
2005). Methicillin-resistant S. aureus (MRSA) has a fifth subtype, PBP2a, which is resistant to B-
lactam antibiotics (Lim and Strynadka, 2002). This type originates from another bacterial species.

When the Z ring constricts, the septum peptidoglycan layer is formed by centripetal growth.
Centripetal growth can be described as the closing movement of a camera diaphragm. During
closure, PBPs remain dispersed over the entire septum, to complete and mature the PG layer (Pinho
and Errington, 2005). Simultaneously, teichoic acids and proteins are integrated. The septum is
sufficient to create two cell wall patches, which will form hemispheres probably due to osmotic
pressure.

Transmission electron microscopy of frozen-hydrated
thin sections of S. aureus showed that in the septum, two high-
density regions are sandwiched by three layers of lower density
(Matias and Beveridge, 2007) (Fig. 10). The two outer low-
density layers represent the periplasmic space, similar to the
one in Gram-negative bacteria (Matias and Beveridge, 2006).
The middle low-density layer represents ongoing degradation of
the middle of the septum. It develops shortly after initiation of
septum growth, indicating that PG synthesis and hydrolysis

happen simultaneously (Matias and Beveridge, 2007). Eventually

this will lead to separation of the two daughter cells. Because Figure 10: Two high-density
regions sandwiched by three

layers of lower density in the
the lateral membrane is not allowed to constrict simultaneously. invaginating septum.
Transmission electron microscopic

] . ) photograph of frozen-hydrated
sphere (Fig. 11). Only after the entire septum is formed, the section of S. aureus septum. A

lateral cell wall is retained during septal invagination (Fig. 10),
Therefore, if the septum is closed, the cell still looks like a single

lateral cell wall at the periphery of the septal wall gradually thins patch of lateral cell wall is

. . . . . retained during septal
and disappears, allowing full separation (Matias and Beveridge, invagination (Siorfarrow)

2007). Adapted from Matias and
Beveridge, 2007.

In S. aureus, convincing mathematical evidence is
obtained that supports the so-called “scaffold” model of PG arrangement (Dmitriev et al., 2004). This
model states that the PG glycan strands lie perpendicular to the cell membrane, with the cross-
linking peptides arranged parallel to the
membrane. Mathematically, this model would
fit best to explain the high degree of cross-
linking, the relatively short PG chains and
sequential alteration of the division plane
(Dmitriev et al., 2004). Also centripetal growth

can be accounted for in this model. Atomic
Force Microscopy is performed to visualize
peptidoglycan architecture, but individual
glycan strands could not be distinguished
(Touhami et al., 2004). No complete evidence

Figure 11: Electron microscopic photograph of two S. is provided in recent years to establish a new

aureus cells harboring a completed division septum. dogma.
Adapted from Zapun et al., 2008.
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Separation

To obtain full cell separation, PG hydrolases must be activated. Atl (autolysin) is a S. aureus protein
that is important for cell separation, as atl mutants form large cell clusters that do not detach
properly (Sugai et al., 1995). Atl is first translated as a large precursor protein (pro-Atl), which already
has PG hydrolase activity (Oshida et al., 1995). Its R1, R2 and R3 repeat domains cause specific
transportation to the equatorial ring, the surface rim of the septum (Baba and Schneewind, 1998).
Each of these domains is sufficient to generate the transportation signal. Extracellulary, the pro-Atl
gets cleaved twice, resulting in two autolytic enzymes, an amidase and a glucosaminidase, and a
propeptide of unknown function (Oshida et al., 1995). The amidase possesses the R1 and R2
domains, the glucosaminidase R3. The R1 and R2 domains are involved in direct binding of amidase
to the peptidoglycan. Both enzymes remain bound to the equatorial ring (Yamada et al., 1996).

A second hydrolase identified in S. aureus is Slel (Kajimura et al., 2005). This is a N-
acetylmuramyl-L-alanine amidase, meaning it cleaves N-acetylmuramyl-L-alanine bonds in the linker-
peptides of peptidoglycan. From the phenotype of a slel mutant its role in cell separation is obvious,
but whether it specifically localizes to the site of division has not been visualized yet.

Based on DNA sequence, S. aureus is predicted to have six more hydrolase genes, termed
LytX, LytY, LytZ, LytN, LytA and LytM (Wang et al., 1991; Ramadurai and Jayaswal, 1997; Baba et al.,
2008). Whether they are involved in septum splitting is unknown, as only LytN has been
characterized to date. Induced expression of a LytN-mCherry protein did show fluorescent signal at
the septum (Frankel et al., 2011). LytN mutants interfere with the normal structure of the septal wall,
confirming its crucial function in septum autolysis. Interestingly, the precursor of LytN contains a
YSIRK/GS motif, which was previously characterized as a signaling motif for secretion at the septal
wall (DeDent et al., 2008). Although recombinant mature LytN can bind to the entire cell wall after
exogenous administration, the signaling peptide causes the precursor LytN to be solely secreted at
the septum. There it directly binds its PG substrate and stays (Frankel et al., 2011).

Besides substrates, membrane proteins can function as anchors for autolytic enzymes. Very
recently the membrane proteins MsrR, SA0908 and SA2103 were suggested to play a role in septum
formation and cell separation (Over et al., 2011).

To explain the partial degradation of the lateral PG layer during septum invagination,
Giesbrecht et al. proposed the existence of murosomes. They described these as vesicular structures
at the equatorial ring, resulting in a ring of holes in the cell wall (Giesbrecht et al., 1998; Touhami et
al., 2004; Giesbrecht et al., 1985). In these extracellular organelles, autolytic activity is supposed to
be increased, leading to a hole in the peptidoglycan layer. Touhami et al. showed that with
progression of autolysis, the size of the holes increases until they merge. The degradation activities
would also spread towards the inside, progressively splitting the septum to achieve separation. This
is in agreement with the idea of lateral cell wall bridges that only gradually disappear after septum
completion as described above. However, the existence of murosomes is speculative and has not
been confirmed in later studies yet.

Because S. aureus divides in three perpendicular planes, the 8 daughter cells would in theory
be found in cubic arrangements. However, as observed by microscopy, S. aureus appear in irregular
groups, also referred to as grape clusters. This might be the result of lytic enzymes effecting cell
movement after separation (Koyama et al., 1977).
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Chapter 4: Streptococcus pyogenes

In contrast to the cell division mechanisms of rod-shaped and spherical bacteria, Streptococci use a

different machinery. This relates to the cell shape of these species that is neither a rod nor a sphere

but approaches a more ovoid shape, also referred to as ovococci.

Group A Streptococci (GAS) officially include all types of streptococci displaying group A

antigen, though GAS is often synonymous with Streptococcus pyogenes. This species is the only group

A member that can infect humans. Because it is an important human pathogen, a considerable

amount of literature has been published on infection characteristics, immune evasion and vaccine

candidates. However, little attention has been paid to the fundamentals of division in this bacterium.

In this chapter | will recap the existing knowledge.

Bacterial shape and orientation of the division plane

Although Streptococcus pyogenes is classified as an ovococcus, the cells often have a less elongated,

more spherical shape than other streptococci (Zapun et al., 2008). Similar to rod-shaped bacteria

their division plane lies perpendicular to the longitudinal axis of the cell, resulting in linear chains of

daughter cells. Like S. aureus, S. pyogenes does not possess the MreB and Mbl genes, so it does not

have an actin-like cytoskeleton to maintain shape (Jones et al., 2001). S. pyogenes is an outsider

within the ovococci, together with Streptococcus agalactiae, because they have additionally lost the
MreC, MreD and RodA genes (Zapun et al., 2008; Noirclerc-Savoye et al., 2003). Surprisingly, the
gene for the MreB-anchoring protein DivIVA is conserved, although its function is not clarified (Beres

et al., 2002).

Lateral cell wall synthesis
From S. pyogenes’ ovoid shape, it would be expected that the cell wall
slightly elongates prior to division to maintain the ovoid shape. Indeed, in
another ovococcus Streptococcus pneumoniae, a distinctive site and
machinery is distinguished for elongation synthesis. Lateral cell wall
synthesis was observed at a band around the equatorial ring in S.
pneumoniae and S. faecalis, by radiolabeling and Van-FL staining (Daniel
and Errington, 2003; TOMASZ et al., 1964; Higgins and Shockman, 1970).
This peripheral synthesis could be separated from centripetal septal growth
(Fig. 12). However, it has not been clarified whether S. pyogenes has two
mechanisms of cell wall synthesis too. In the landmark paper on S. pyogenes
division by Cole et al. (1962) this seemed to hold true, but no studies have
reexamined this issue. Moreover, it remains questionable whether PG
synthesis of S. pyogenes can be compared to PG synthesis in S. pneumoniae.
Some differences exist in the machinery subunits, for example in the
classification of PBP types. Additionally, S. pneumoniae is dependent on the
MreCD complex to direct peripheral synthesis machinery (Land and Winkler,
2011), whereas S. pyogenes has lost these genes. Taken together, it is
plausible that S. pyogenes only has a septal mode of cell wall synthesis,
similar to a few other Streptococcus species (Lleo et al., 1990).

The S. pyogenes PBPs are homologous to B. subtilis PBPs but the
number is lower. S. pyogenes has homologues to PBP1a, 1b, 2a, 2x and 3 but

Figure 12: Two different
modes of peptidoglycan
synthesis at the
equatorial ring of S.
pneumoniae. Depicted
in red is the peripheral
synthesis at the
equatorial ring, resulting
in cell elongation.

The centripetal synthesis
of the division septum is
depicted in green.
Adapted from Scheffers
etal., 2005.
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a striking absence of a PBP2B homologue (Zapun et al., 2008). Instead, it has two PBPs that are not
yet characterized (Zapun et al., 2008). This exemplifies the literature on S. pyogenes cell division.
Inferences are made based on genomic sequences and phenotypes of knock-out mutants, but the
underlying molecular mechanisms have not been elucidated yet.

Z ring formation and regulation

In streptococci, the Min system is absent. A functional nucleoid occlusion system has also not been
identified. It has been proposed that the Z ring can form at the largest cell perimeter, which is similar
to S. aureus (Zapun et al., 2008).() However, how the Z ring is regulated to form perpendicular to the
long axis has not been clarified. In S. pneumoniae, the Z ring and divisome are suggested to form
prior to nucleoid segregation (Morlot et al., 2004; Morlot et al., 2005; Morlot et al., 2003).

Formation of the division septum

It is plausible that FtsZ functions as a scaffold for the divisome and peptidoglycan synthesis
machinery in S. pyogenes too. Subsequently, the septal wall is produced by centripetal growth. Cole
et al. (1962) visualized cell wall synthesis by initial staining of the existing wall of S. pyogenes with
fluorescent antibodies. During a cycle of vegetative growth, newly formed cell wall appeared as a
non-fluorescent patch (COLE and HAHN, 1962). These patches originated from the septum and
extended both peripherally and centripetally (COLE and HAHN, 1962).

Separation
No definitive evidence exists on the function of any PG hydrolase during S. pyogenes cell separation
at the end of cell division. The PG hydrolase CdhA (CHAP-domain-containing and chain-forming cell
wall hydrolase from Group A Streptococcus) localizes to the septum, where it probably has a role in
daughter cell separation (Pancholi et al., 2010). In addition, S. pyogenes expresses a homologue of
PcsB, which is in S. pneumoniae recognized as a PG hydrolase (Ng et al., 2003). Putatively, it has a
similar function in S. pyogenes, although its indispensability for survival remains to be verified (Liu et
al., 2006a).

Furthermore, S. pyogenes possesses an open reading frame with a similar sequence to the S.
aureus gene encoding the PG hydrolase Slel (Kajimura et al., 2005). To my knowledge, the S.
pyogenes gene product has not been studied.
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Chapter 5: Escherichia coli, the Gram-negative model

Gram-positive and Gram-negative bacteria have a significantly different cell wall structure.
Therefore, it is interesting to compare these two classes in the mechanisms of cell division and cell
wall synthesis. Escherichia coli is the most studied Gram-negative species, accordingly considered as
a model organism for division. It is a rod-shaped bacterium with a medial division plane
perpendicular to the long axis, similar to B. subtilis. In this chapter | will highlight the similarities and
differences between E. coli and B. subtilis (Fig. 13).

Escherichia coli ) ) Bacillus subtils
Mudeoid ooclusion — | |
| Figure 13: Schematic
O Mucleoid O representation of
L MinC gradient ol | major differences and
similarities between
* \\\ Zring - * cell division in E. coli
—— and B. subtilis.
O o (O O) Adapted from Adams
e and Errington, 2009.
| |

Elongation of the cell wall

Intrinsic to its rod-shape, E. coli has separate mechanisms for elongation and septal wall synthesis.
Van-FL staining showed a helical pattern of lateral PG synthesis (Varma et al., 2007). E. coli also has a
helical arranged cytoskeleton based on MreB, C and D (Kruse et al., 2005). Conceivably, the
elongation complex associates based on the MreBCD protein complex (Fig. 14). Although the doubts
about the helical arrangement in B. subtilis, as opposed to moving patches, may also apply to E. coli
(Dominguez-Escobar et al., 2011; Garner et al., 2011; Swulius et al., 2011).

Intracellularly, MraY and MurG are responsible for generating Lipid Il and are most likely
integrated in the elongation complex (Mohammadi et al., 2007; Mengin-Lecreulx et al., 1991; Boyle
and Donachie, 1998; Bouhss et al., 1999; Brandish et
al., 1996; lkeda et al., 1991). Two proteins with 30%
sequence homology are candidates for the Lipid Il
flippase. RodA is proposed to act as a flippase in the

elongation complex, whereas FtsW is expected to
Cytoplasmic

act during septum formation (den Blaauwen et al., membrane : N "o

2008). PBP2 is an elongation-specific PBP and
associates to the elongation complex on the
periplasmic side (Den Blaauwen et al., 2003). PBP2-
GFP is observed in a helical pattern similar to the

MreBCD complex (Den Blaauwen et al., 2003).

Nevertheless, PBP2 can also locate to the septal wall - -
Figure 14: Hypothetical arrangement of the

where it helps to maintain the diameter of the new elongation complex of E. coli. The MreBCD

cell poles (Den Blaauwen et al., 2003). PBP1A and 1B | cytoskeleton probably serves as a scaffold for

f ti lin both el ti d t assembling all proteins needed for lateral
are runctional In potn elongation ana septum peptidoglycan synthesis.

synthesis (Scheffers and Pinho, 2005; Broome-Smith Adapted from den Blaauwen et al., 2008.
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et al., 1985). PBP1C depends on binding to PBP1B, 2 or 3 to exert its function (Scheffers and Pinho,
2005; Schiffer and Holtje, 1999). Interestingly, also lipoproteins in the outer membrane are
implicated in regulation of lateral PG synthesis (Typas et al., 2010).

Although the PG layer is much thinner in Gram-negative bacteria, the molecular structure is
similar. However, contrary to the inside-to-outside model of B. subtilis, an alternative model is
proposed for incorporation of new peptidoglycan strands in the existing layer (Fig. 15). The “three-
for-one” model states that three new, connected glycan strands are incorporated replacing one old
glycan strand, the “docking strand” (Holtje, 1998; Holtje, 1996). While the new strands are attached
via peptide bridges, the old strand is removed. Accuracy of this model, as well as the three-
dimensional arrangement of the PG polymers, remains to be elucidated. The scaffold model by
Dmitriev et al. (2004; see Chapter 3) is less plausible when applied to E. coli. As Vollmer en Héltje
(2004) pointed out, the amount of PG measured would not sufficiently cover the E. coli surface if it is
arranged perpendicular to the membrane.

docking strand
trimeric crossbhridge

\
— +\\\\\%\\\\\~+ —» stress bearing layer
A
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Figure 15: Three-for-one model of peptidoglycan incorporation in E. coli cell wall. Three new,
connected glycan strands are incorporated replacing one old glycan strand, the “docking strand”.

As soon as the new strands are connected, the old strand is removed.
Adapted from Scheffers et al., 2005.

Chromosome segregation

The E. coli genome consists of one circular chromosome with a single oriC and terC. Segregation of
the two condensed nucleoids is a largely similar process as for B. subtilis. The E. coli SMC complex is
called the MukBEF complex (Danilova et al., 2007). DnaA unwinds the DNA helix and during
replication the two oriC pull along the DNA copies toward the poles. Also in E. coli, the MreB
cytoskeleton is essential for chromosomal movement (Kruse and Gerdes, 2005). In addition, E. coli
expresses FtsK, a protein that actively aids in segregation (Begg et al., 1995). Six FtsK proteins insert
in the cell membrane as a complex and transport DNA away from the site of membrane constriction
(Massey et al., 2006; Saleh et al., 2004).

Z ring formation and regulation

Some proteins involved in E. coli Z ring formation are known in B. subtilis (see Chapter 3), others are
specific for E. coli. For example, the Z ring is tethered to the inner cell membrane via FtsA, but also
via ZipA (Hale and de Boer, 1997). Both proteins directly interact with FtsZ, functioning like Z ring
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promoters (Pichoff and Lutkenhaus, 2002; Hale and de Boer, 1999). Similar to B. subtilis, proper cell
division depends on a 1:5 ratio of FtsA to FtsZ (Rueda et al., 2003). ZipA is unique for
Gammaproteobacteria. Also the ZipA transmembrane domain may be involved in anchoring proteins
(Hale et al., 2000).

No regulatory mechanism dependent on nutrient availability has been identified yet, as E.
coli lacks UgtP. However, E. coli has a similar glucose-dependent metabolic pathway, for which a
function in Z ring timing may be discovered in the future (Weart et al., 2007).

To regulate Z ring positioning, E. coli also exhibits nucleoid occlusion and the Min system.
Similarly to B. subtilis Noc, the analogous protein SImA (synthetic lethal with a defective Min) binds
the DNA via specific binding sequences (Cho et al., 2011). SImA inhibits Z ring assembly by interfering
with FtsZ polymerization.

Figure 16: Oscillation
cycle of MinCDE
proteins in E. coli. The
cycle starts with MinD
binding to the poles.
There it recruits more
MinD subunits and
MinC and MinE to the
complex (2). MinE
proteins form an E ring
capping the pole
complex (3), which
stimulates disassembly
of the pole complex (4).
The complex then
moves toward the
other pole where the
cycle starts over (5).
Dark blue zones
indicate zones of Z ring
inhibition by MinCDE.
(Rothfield et al., 2005)

O MnC @ MinE © MinD‘

At the cell poles, the Min system consists of MinC, D and E. But characteristic for E. coli, the
Min proteins only assemble at one of the poles. To provide Z ring inhibition at both poles, the

proteins oscillate from one pole to the other (Fig. 16) (Raskin and de Boer, 1999). The process starts
with MinD binding ATP, whereupon it associates with the membrane and recruits further MinD-ATP
to generate long polymers (Suefuji et al., 2002; de Boer, 2010; Hu et al., 2003). Also homodimers of
MinC and MinE are recruited. Growth of the polymers toward the mid-cell is halted by the formation
of an E ring, a ring-like structure composed of MinE capping the pole complex (Fu et al., 2001; Shih et
al., 2002). Subsequently, the protein complex contracts toward the pole because the E ring
stimulates MinC release and the inherent ATPase function of MinD (Lackner et al., 2003). ATP
hydrolysis causes the MinD polymers to dissociate. The individual subunits then move toward the
other pole and there the assembly of the complex starts again. How this movement is established
and how MinD recognizes the poles has not been elucidated. The MinCDE complex inhibits Z ring
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formation by competing with FtsA and ZipA for binding FtsZ and by interfering with polymer
interactions (Dajkovic et al., 2008a; Shen and Lutkenhaus, 2010; Shen and Lutkenhaus, 2009). Due to
the fast oscillation, Z ring assembly is effectively prevented at both cell poles.

Other Z ring promoters and inhibitors have been identified. Similar to B. subtilis, E. coli ZapA
promotes Z ring formation, probably by direct binding to FtsZ (Gueiros-Filho and Losick, 2002; Small
et al., 2007; Low et al., 2004). Additionally, E. coli expresses ZapB and ZapC, which play redundant
roles in Z ring formation (Ebersbach et al., 2008; Hale et al., 2011). Specific for gammaproteobacteria
is the cell division inhibitor SulA, which directly inhibits FtsZ polymerization (Dajkovic et al., 2008b).
The earlier mentioned SepF and EzrA are only expressed in Gram-positive bacteria (Adams and
Errington, 2009).

Assembly of the division machinery
The Z ring functions as the scaffold for Periplasm
the assembly of the divisome, consisting
of FtsK, FtsQ, FtsL, FtsB, FtsW, PBP3 (also
called Ftsl) and FtsN (Fig. 17). The

putative functions of the divisome

membrane

ICytoplaamic

sununits were recently reviewed by Den Cytoplasm

Blaauwen et al. (2008). The E. coli
divisome is proposed to assemble in

three sequential sub-complexes

(Goehring et al., 2006). Figure 17: Hypothetical arrangement of the E. coli divisome.
(den Blaauwen et al., 2008)

Formation of the division septum and membrane constriction

Upon completion of the divisome, Z ring constriction is initiated by FtsN (Addinall et al., 1997; Moll
and Thanbichler, 2009). As the inner membrane constricts, the division septum is simultaneously
synthesized. Septum-specific PBP3, the equivalent of B. subtilis PBP2B, is attracted to the septum by
interaction with FtsW and FtsQ (den Blaauwen et al., 2008; Spratt, 1975; Weiss et al., 1999). PBP1B
directly interacts with PBP3 (Bertsche et al., 2006). As mentioned, PBP2 regulates the pole diameter.
PBPS translocates to sites of active PG synthesis depending on its substrate, thus also to the septum
(Potluri et al., 2010). For other PBPs (e.g. 4, 6, 7) of E. coli localization data are not available.

During septum synthesis, the septal cell wall is simultaneously divided in two pole patches.
Therefore, the outer membrane concurrently invaginates with the growing septum. This cooperative
movement is effected by the Tol-Pal system that connects the inner and outer membrane (Gerding et
al., 2007). The complex consists of TolA, TolQ and TolR in the inner membrane, TolB in the
periplasmic space and Pal anchored in the outer membrane. These proteins interact in the division
septum, depending on the presence of FtsN (Gerding et al., 2007). In this way, the divisome mediates
constriction of the outer membrane. In microscopic images, the invagination of the total cell
envelope is seen as a clear furrow separating the two daughter cells (Fig. 7). The required energy
could be supplied by Z ring constriction or the inwards growth of the PG layer.

Separation

The three amidases AmiA, AmiB and AmiC (N-acetyl-muramyl-L-alanine amidases) are the most
important PG hydrolases for septum separation in E. coli (Heidrich et al., 2001; Priyadarshini et al.,
2006; Uehara et al., 2010). Specific localization to the division septum in constricting cells was proven
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for AmiC, using a GFP-fusion protein. AmiC accumulates in the periplasm based on FtsN localization
(Bernhardt and de Boer, 2003). Additional proteins are needed to activate these amidases. The

periplasmic endopeptidase EnvC fulfills another function by activating AmiA and AmiB (Uehara et al.,

2010). The outer membrane lipoprotein NIpD activates AmiC. EnvC and NIpD localize specifically to
the division septum where they aid in cell separation (Bernhardt and de Boer, 2004; Uehara et al.,
2009). EnvC binds to a membrane complex of FtsE and FtsX that functions as an ABC transporter
system (Yang et al., 2011) (Fig. 18). The FtsEX ATPase activity is essential for EnvC-mediated
activation of AmiA and AmiB (Yang et al., 2011). The FtsEX-EnvC interaction facilitates an essential

conformational change in EnvC, enabling it to activate the amidase. Because FtsE interacts with FtsZ

as well, this mechanism couples Z ring constriction and initiation of septum autolysis (Corbin et al.,

2007).

inactive

active

Figure 18: Model of the
putative FtsEX complex
in the E. coli inner
membrane. The ATPase
activity of FtsE causes a
conformational change
in the FtsEX that is
transmitted to EnvC.
EnvC then activates the
amidase.

E = FtsE, X = FtsX.

(Yang et al., 2011)
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Chapter 6: Sporulation

Besides normal vegetative growth, B. subtilis has a second mode of cell division. When the
environment is unfavorable, B. subtilis can engage in asymmetric cell division creating endospores.
Endospores are compacted cells with a double membrane and a protein coat. They are extremely
resistant against e.g. UV light, heat and desiccation. This spore formation, called sporulation, ensures
survival of the bacteria. When circumstances become favorable, the spores can germinate and
engage in vegetative cell growth. Sporulation has been a major research interest in the past years,
mostly using B. subtilis as the model organism. Because MAC deposited on B. subtilis cell poles,
sporulation is of interest for this thesis. In this chapter | compare sporulation with normal cell growth
and look at the implications for cell wall composition during division.

Replication and Z ring formation during sporulation

The process of sporulation is initiated by phosphorylation of one major transcription regulator,
SpoO0A. External and internal signals integrate in a signal transduction pathway that leads to the
activation of a set of kinases (summarized in (Piggot and Hilbert, 2004). When the level of
phosphorylated SpoOA is above a certain threshold, it promotes expression of the spollA, spollE and
spollG loci (Piggot and Hilbert, 2004). Eventually, SpoOA initiates asymmetric septation and affects
chromosome positioning and prespore-specific gene expression (Fujita and Losick, 2003). The ABC
transporter complex FtsEX, which | discussed for its function in E. coli autolysis (see Chapter 5), can
delay the onset of sporulation in B. subtilis (Garti-Levi et al., 2008). Possibly, FtsEX transports
extracellular signals over the membrane, integrating them in the SpoOA pathway.

Sporulation starts with DNA replication, exactly the same as in vegetative cell division. The
activation status of DnaA is regulated by the ratio between sporulation proteins Spo0J and Soj
(Scholefield et al., 2011). The two oriC bind to the cell poles and pull along the chromosome copies.
The protein RacA binds the oriC by recognizing specific DNA sequences adjacent to the oriC (Ben-
Yehuda et al., 2005). RacA is recruited to the cell poles, presumably by DivIVA (Ben-Yehuda et al.,
2003; Wu and Errington, 2003). Independent of other division proteins, DivIVA localizes to the pole
(Quisel et al., 1999). Possibly, by recognizing the negative curvature of the pole membranes (Lenarcic
et al., 2009; Ramamurthi et al., 2009).

During sporulation, the chromosomes do not form compact nucleoids, but are stretched
along the full axis. This conformation is referred to as the axial filament, clearly visible by electron
microscopy (Kay and Warren, 1968). When the axial filament is positioned, FtsZ subunits translocate
from mid-cell toward the cell poles via a helical transport pattern (Ben-Yehuda and Losick, 2002). This
helical route was also demonstrated for FtsA and EzrA localization at both Z rings (Ben-Yehuda and
Losick, 2002). The mechanisms positioning the Z rings are not entirely known. The Min system does
not play a role in this process (Levin et al., 1992; Lee and Price, 1993). It is shown that the protein
SpollE is involved in positioning and stabilizing the Z ring, possibly via membrane tethering analogous
to ZipA and FtsA (Ben-Yehuda and Losick, 2002). SpollE arranges in a ring shape in the cell and can
directly interact with FtsZ (Lucet et al., 2000). In the end, only one of the Z rings persists. However,
the factors blocking maturation of the other division site remain to be identified.

Formation of the sporulation septum

After localization of SpollE and FtsZ, the septum synthesis machinery is recruited to the definite Z
ring. Although the machinery is almost the same as in the regular septum, it produces a much thinner
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septum PG layer. PpbX, PBP1, PBP2C, PBP2B and PBP2D have been shown to localize to the
sporulation septum (Scheffers et al., 2004; Daniel et al., 2000; Scheffers, 2005). PbpX is transported
to both Z rings, following the same helical pattern as FtsZ (Scheffers, 2005)(Scheffers et al., 2004)
(Scheffers et al., 2004)

(Scheffers et al., 2004)

. Since pbpX knockout mutants display no defects in sporulation or growth, PbpX is not essential for

septal synthesis (Scheffers, 2005). PBP1 and 2B are recruited only to the definite septum and are
crucial for proper sporulation (Scheffers et al., 2004; Daniel et al., 2000). PBP2C and 2D have
redundant functions during sporulation (McPherson et al., 2001). The recognition signals for the
various PBPs are unknown. Possibly, specific PG substrates play a role.

The resulting sporulation septum
divides the cell in two asymmetric
daughter cells (Fig. 19). The smallest cell
is called the prespore or forespore, the
larger cell is called the mother cell. When
the septum is formed, the prespore

contains only one third of its

Figure 19: Simplified representation of the engulfment process. chromosome (Dworkin, 2003).

The septum divides the cell in two asymmetric daughter cells Nonetheless, the plasma membrane and
(left panel). The septum curves toward the cell pole and . . .
continues to engulf the entire prespore. In the end, the prespore the septum constrict, enclosing the axial
is surrounded by a double membrane. filament in a narrow channel.

Adapted from Meyer et al., 2010.

Chromosome segregation

The endospore must receive a full copy of the bacterial chromosome. Therefore, the remaining two
thirds of the chromosome must be transported through the septum. This transport is effected by
SpolllE, a sporulation-specific addition to the divisome (Ramamurthi et al., 2009). SpollIE is a
transmembrane protein from the FtsK family that has a DNA translocase function similar to E. coli
FtsK (see Chapter 5). SpolllE complexes, consisting of six monomers, insert in the membrane at the
mother cell side of the septum (Sharp and Pogliano, 2002). After complete membrane constriction,
the SpolllE hexamer shapes the connecting channel containing the chromosome. As the chromosome
is transported, two channels are needed to enclose the two chromosomal branches (Wu and
Errington, 1998; Burton et al., 2007). The SpolllE complex actively transports the rest of the
chromosome into the prespore (Wu and Errington, 2004). The transport is guided by binding of the
complex to SpolllE recognition sequences (SRS) in the DNA (Ptacin et al., 2008). Once in the prespore,
small acid-soluble proteins (SASPs) compact the chromosome and protects it to exogenous factors.

Engulfment

After DNA translocation, the mother cell starts to engulf the prespore. The septum curves toward the
nearest cell pole (Fig. 19). By the continuous advancement of the septum ends, the entire prespore is
engulfed. The core, containing the DNA, will get enveloped by a double membrane with a PG layer in
between (Fig. 19). The two membranes bordering the septum now form the inner and outer
prespore membrane. The movement of the membranes is thought to be mediated by three different
mechanisms: the DMP complex, the SpollQ-SpolllAH protein pair and peptidoglycan synthesis (Fig.
20).
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Figure 20: Model for
membrane movement during
engulfment. The DMP complex

o hydrolyses the existing PG

DMP | Ty

layer. The SpollQ-SpolllAH

_hydrolase

[ Peptidoglycan’
Synthesis

[ Q-AH zipper + 7/ -
kBrownian Motion :
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complex connects the two
forespore membranes. The
peptidoglycan of the spore
cortex is synthesized in
between the two membranes.
For further information see the
text.

MC = mother cell, FS =
forespore, PG = peptidoglycan.
Adapted from Meyer et al.,
2010.

The DMP complex, consisting of SpollM and the PG hydrolases SpollD and SpollP, is inserted
in the future outer membrane (Abanes-De Mello et al., 2002; Morlot et al., 2010). At the corner
where the septum invaginated, the septal PG connects to the PG layer of the peripheral cell wall. This

connection persists at the tip of the membrane bulge that engulfs the prespore. To allow further

growth, the PG layer needs to open up. SpolID and SpollP mediate this PG lysis, allowing movement

of the engulfing mother cell membrane (Abanes-De Mello et al., 2002).

The two transmembrane proteins SpollQ and SpolllIAH form a membrane anchor (Broder and

Pogliano, 2006). After translation in the prespore, SpollQ inserts in the inner forespore membrane.

SpolllAH is produced in the mother cell and specifically migrates to the future outer membrane. The

extracellular domains connect the two membranes enclosing the septal PG. These bridging

complexes translocate along the engulfing membrane and function in membrane movement. When

the PG layer is absent, the DMP complex loses its function. Then the SpollQ-SpolllAH complex is

sufficient to effect engulfment (Broder and Pogliano, 2006). It is still unclear whether these

mechanisms work simultaneously or sequentially in B. subtilis (Higgins and Dworkin, 2012).

Formation of the spore cortex

The remnant of the septal wall, a thin layer of PG, surrounds
the inner forespore membrane (Fig. 21). This is called the
germ cell wall, as it will later form the cell wall of the
germinating spore. However, to render the spore highly
resistant to environmental factors, an additional, thick layer
of PG is formed in between the two membranes. This layer
is termed the spore cortex (Fig. 21). Cortex synthesis is
already initiated during engulfment, mediated by proteins
produced in the mother cell. From the cytoplasmic
membrane of the mother cell, the transmembrane protein
SpoVE translocates specifically to the outer forespore
membrane (Real et al., 2008). Here it recruits SpoVD, a
sporulation specific PBP, to aid in cortex synthesis (Daniel et

Coat

Outer Membrane

Cortex

o
»

Inner Membrane

Germ Cell Wall

Figure 21: The different parts of the
mature endospore.
Taken from htto://micro.cornell.edu.

al., 1994; Fay et al., 2010). A spoVD or spoVE mutant produces spores without a cortex. The SEDS

protein SpoVE acts, like its homologues FtsW and RodA, as a lipid Il translocase (Fay et al., 2010). It is

thought that the mechanical strain built up by glycan polymerization, has a role as driving force of
engulfment (Fig. 20) (Meyer et al., 2010). The cortex PG is similar to the cell wall PG, although the
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number of peptide side chains is lower, resulting in a lower degree of cross-linking (Popham, 2002).
PG cross-linking in the spore is partially regulated by the carboxypeptidases 5*, DacB and DacF
(Popham et al., 1999; Popham et al., 1995).

Membrane fusion and separation

When the two ends of the former septum engulf the prespore, they eventually meet and fuse to
complete engulfment. Surprisingly, the DNA translocase SpollIE is necessary for this membrane
fusion (Liu et al., 2006b; Sharp and Pogliano, 2003; Sharp and Pogliano, 1999). spolllE mutants are
not able to complete membrane fusion. During engulfment, SpolllE constitutively localizes to the
septum ends. Originating from the middle of the septum, it migrates along with the engulfing
membrane after DNA translocation has been completed. In accordance with its dual function,
membrane fusion is mediated by the transmembrane domain of SpolllE, whereas its cytoplasmic
domain functions in DNA translocation (Sharp and Pogliano, 2003; Becker and Pogliano, 2007). A
patch of newly synthesized PG simultaneously closes the cortex (Meyer et al., 2010).

Formation of the spore coat
Surrounding the double membrane, each B. subtilis endospore has a coat for extra protection. The

spore coat consists of more than 70 different proteins, which are specific for each bacterial species.

has four distinct layers: the basement layer surrounding the membrane, the inner coat, outer coat

It

and crust. Each layer is produced under regulation of its own major transcriptional regulator: SpolVA,

SafA, CotE and CotZ, respectively. The first regulatory proteins already localize during engulfment

(Pogliano et al., 1995; Webb et al., 1995). When engulfment is finished, the coat production starts at

one side of the prespore. In multiple waves the layers spread over the entire endospore surface
(McKenney and Eichenberger, 2011; Wang et al., 2009). It was recently demonstrated that SpollQ
and SpolllAH have crucial roles in coat formation (McKenney and Eichenberger, 2011).
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Chapter 7: Implications for MAC deposition

Little has been published about the distinctive features of the bacterial cell wall at certain spots or
cell cycle stages. Multiple studies have proposed that the septal wall contains some receptor to
explain the septal localization of their protein of interest. Nevertheless, no single receptor has been
undeniably identified in any bacterial species. In addition, due to resistance against MAC-mediated
lysis, the binding of complement factors of the MAC has never been studied in Gram-positive
bacteria. For these two reasons, we can only speculate about what causes the site-specific MAC
deposition on the investigated Gram-positive species. Confocal microscopy data indicate specific
binding of the MAC at the division septum. In S. pyogenes at the symmetric septum, in B. subtilis at
the cell pole.

My first hypothesis to explain site-specific MAC deposition on Gram-positive bacteria is that
the terminal complement components get access to the bacterial membrane. Possibly, insufficient
maturation of the septal peptidoglycan causes the cell wall to “leak” at this site, allowing
complement factors to reach the underlying cell membrane. Alternatively, site-specific activation of
PG hydrolases, meant to separate the daughter cells, might cause such leaks when the activity is ill-
balanced. In support of the idea that these leaks develop specifically at sites of active cell wall
synthesis, protein secretion systems (i.e. the Sec machinery) in the membrane of Gram-positive
bacteria often localize to these active sites (Buist et al., 2006). A porous cell wall could be preferable
for large secreted proteins that need to cross it. Only small proteins (<25 kDa) are able to translocate
across the cell wall at any location (Demchick and Koch, 1996). Conceivably, complement
components are able to reach the membrane via the same route as secreted proteins. However, if
the complement components do assemble on the membrane, it remains unclear why Gram-positive
bacteria are not susceptible to MAC-mediated lysis. In S. pyogenes the inhibitor SIC could play a role
in this.

On the other hand, the MAC may assemble outside a cell membrane, contrary to the current
consensus. Antibody-coated beads were shown to bind fully assembled MACs, rendering a lipid
bilayer non-essential (E. Berends, unpublished results). Therefore, bacterial surface proteins on the
cell wall of the septum or poles could be involved in MAC localization. Surface proteins might either
induce membrane-independent assembly of the MAC or function as a specific binding-site for the
MAC. Especially hydrophobic binding domains within surface proteins are potential candidates, as
conformational changes in the complement factors expose hydrophobic domains. Sites of PG
synthesis are characterized by other synthesis pathways such as those producing teichoic acids or
lipoproteins.

In relation to these two hypotheses, | will discuss existing knowledge on localization patterns
in the selected species in order to find target candidates for MAC deposition. For B. subtilis | will deal
with factors localizing to the sporulation septum and cell poles, whereas for S. aureus and S.
pyogenes | will focus on localization to the symmetric septum.

Bacillus subtilis

During B. subtilis elongation in the vegetative growth cycle, peptidoglycan is not synthesized at the
poles of the mother cell. But during sporulation, PG hydrolysis and synthesis cooperate in engulfment
of the prespore. The transforming septum could be susceptible to breaches in the PG layer, as the
existing germ cell wall around the prespore is thin and the spore cortex is under construction.
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However, it remains to be elucidated whether sporulation had occurred during the confocal
microscopy experiments.

Independent of division or sporulation, other factors distinguish the cell poles. McpB
(methyl-accepting chemotaxis protein B) and TIpA (Transducer-like protein A) are transmembrane
proteins mainly present at the cell poles (Kirby et al., 2000; Meile et al., 2006). They are asparagine
receptors mediating chemotaxis (Hanlon and Ordal, 1994). In addition, a secretion system is located
at the cell poles. The Tat system contains two separate translocase complexes, TatAdTatCd and
TatAyTatCy, and an individual protein, TatAc. TatAd and TatCd are the transmembrane subunits.
These translocases are responsible for transporting folded proteins over the cell membrane. TatCy,
TatAd and TatAc are clearly visualized in concentrated foci on the cell membrane, most prominently
at the cell poles (Meile et al., 2006; Ridder et al., 2009). Although fluorescence was too low to
visualize TatCd and TatAy, the presence of TatCd or TatAy was essential for TatAd localization. This
indicates that complete complexes are formed at these foci at the poles (Ridder et al., 2009). The
signals targeting these transmembrane proteins to the poles might be found in the content of site-
specific lipid rafts. Particularly cardiolipin is enriched in lipid rafts at the B. subtilis poles and septum
(Kawai et al., 2004).

As the division septum becomes two new poles, septal localization might lead to polar
localization in the nascent daughter cell. Factors remaining from division would be found in a single
pole. For example, the lipoprotein YerB localizes both to the poles and the division septum.
Currently, its function is unknown (Meile et al., 2006).

Other processes may cause temporal breaches of the PG layer. For example conjugation,
when a pilus is built on the cell membrane. Proteins of the plasmid conjugation machinery (VirD2,
VirB4, VirD4, VirB1 and VirB11) were found to concentrate at a single cell pole, although this
localization was not exclusive (Bauer et al., 2011). The localization disappears when the cell enters a
vegetative growth cycle. A second example is the uptake of naked DNA from the environment. This
state of “natural competence” is mediated by the family of Com (Competence) proteins, which also
localize specifically at the poles (Hahn et al., 2009). Potentially one of these mechanisms provides an
opportunity for MAC entry into the periplasmic space.

Staphylococcus aureus

As mentioned previously, PBPs, Atl and LytN are specifically targeted to the septum (Scheffers and
Pinho, 2005; Yamada et al., 1996; Frankel et al., 2011). Consistent with synthesis of new PG at the
septum, a PBP2-GFP fusion protein shows localization to the septum (Pinho and Errington, 2005;
Pinho and Errington, 2003). At the beginning of septum formation, PBP2-GFP is observed as two
dots, indicating it localizes in a ring around the division plane. When the septum forms, PBP2 travels
along to the interior of the cell, visualized as a line across the cell. Adding the B-lactam antibiotic
oxacillin to the bacterial culture inhibits this localization, causing PBP2 to disperse over the cell
surface (Pinho and Errington, 2005). Oxacillin irreversibly blocks the active site of PBP2 as it closely
resembles the PBP2 substrate, the D-Ala-D-Ala terminus of linker-peptides. Antibiotics modifying (D-
cycloserine) or blocking (vancomycin) the PBP2 substrate have the same effect on PBP2 localization
(Pinho and Errington, 2005). In conclusion, PBP2 depends on substrate recognition to localize to the
septum (Pinho and Errington, 2005). However, when PBP2a (only in MRSA) is simultaneously
expressed, it counteracts the ocaxillin-induced dispersion of PBP2 (Pinho and Errington, 2005). Thus
protein-protein interaction with PBP2a plays a subordinate role in localizing PBP2.
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PBP4 also localizes specifically to the septum. In contrast, this is not dependent on substrate
recognition. Its location is based on the synthesis of wall teichoic acids (Atilano et al., 2010), which is
coupled to PG synthesis in S. aureus (Campbell et al., 2011). Wall teichoic acids are important in
regulation of cell wall growth, since their absence results in irregular and displaced septa (Campbell
et al., 2011). Absence of functional TagO, the first enzyme in the WTA synthesis pathway, leads to
PBP4 delocalization (Atilano et al., 2010). Atilano et al. proposed a model in which PBP4 specifically
recognizes immature WTAs present at the septum, whereas mature WTAs are found in the rest of
the cell wall.

To explain the localization of the Atl autolytic enzymes, it has been proposed that the three R
domains recognize a specific receptor or PG modification at the septal wall (Baba and Schneewind,
1998). Recently it was discovered that the septal localization depends on WTAs, though in a different
manner than for PBP4. Normally, mature WTAs are spread over the entire surface of the cell wall, but
relatively low on the equatorial ring (Schlag et al., 2010). A S. aureus mutant without WTA expression
demonstrated dispersed, but higher Atl binding (Schlag et al., 2010). Atl is evenly secreted over the
cell surface, but this experiment indicates that Atl binding is inhibited at sites of high WTA content.
Schlag et al. suggested that mature WTAs inhibit Atl binding. As a result, the lateral cell wall is
protected against the lytic effect of Atl, in contrast to the septal PG layer. Atl also targets to the site
of the septum on protoplasts, bacteria stripped of their PG cell wall, suggesting that it binds a target
in the plasma membrane (Yamada et al., 1996). Therefore, recognition of immature WTAs, as
proposed for PBP4, would be an implausible explanation for Atl localization. In conclusion, Atl
localization to the septal membrane is determined by the absence of mature WTAs, instead of the
presence of immature WTAs.

In addition, the secreted protein IsaA (immunodominant staphylococcal antigen A) is also
observed specifically at the septal wall (Sakata et al., 2005). This housekeeping protein is presumed
to function as a lytic transglycosylase of PG, due to its sequence homology with the lytic
transglycolases of Gram-negative bacteria (Sakata et al., 2005; Mushegian et al., 1996). In
combination with its location, this implicates IsaA has a function in cell wall hydrolysis. The
mechanism of septal localization is unknown. Site-specific secretion might play a role, although a
YSIRK/GS motif has not been identified yet in IsaA (Buist et al., 2006).

Besides LytN, there are other S. aureus proteins with the YSIRK/GS motif (see Chapter 3),
which mediates septal secretion. These are CIfA (clumping factor A), Spa (Staphylococcal protein A),
FnbpB (fibronectin-binding protein B), SdrC and SdrD (serine-aspartate repeat protein C and D)
(DeDent et al., 2008). CIfA causes clotting of S. aureus in blood by interaction with fibrinogen, which
shields the bacteria from the immune system (Josefsson et al., 2008). FnbpB is a multifunctional
adhesin that can bind to fibronectin, fibrinogen and elastin in order to promote colonization of the
host and internalization of bacteria into endothelial cells (Burke et al., 2011). Protein A is well-known
for binding the Fc region of immunoglobulins, preventing opsonization (Sjoquist and Wadso, 1971).
SdrC and SdrD play an undefined role in adherence to host cells (Corrigan et al., 2009; Barbu et al.,
2010). These proteins all have in common that they recognize host factors. This indicates that,
around the septum, interaction with the host occurs. Interference with host factors at that site is
relevant for the bacterium, although the proteins might spread to other sites on the cell surface after
secretion. Conceivably, S. aureus might express complement-inhibitory proteins with a YSIRK/GS
motif. These would protect the bacterium against the complement system at the vulnerable site of
new PG synthesis.
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Streptococcus pyogenes

In addition to PG synthesis, Cole et al. investigated protein synthesis by radiolabeling (COLE and
HAHN, 1962). Alike peptidoglycan, synthesis of new transmembrane proteins appears to occur solely
at the division septum. To the best of my knowledge, more recent data on S. pyogenes protein
synthesis is non-existent.

Rosch et al. postulated that the Sec secretion system of S. pyogenes exclusively concentrates
in a single central point on the cell membrane, the so-called ExPortal (Rosch et al., 2007; Rosch and
Caparon, 2005). However, this view has been challenged by Carlsson et al. (2006), who showed that
the SecA subunit is dispersed on the cell surface. Some S. pyogenes proteins have signal sequences
that direct their site-specific secretion (Carlsson et al., 2006). The M protein signal sequence targets
to the septum (Carlsson et al., 2006). This sequence contains a YSIRK-like motif, namely YSLRK,
although this motif is dismissible for the function of the signal sequence.

Lastly, the protein sortase A is seen in foci around the division septum (Raz and Fischetti,
2008). Sortase A mediates the covalent linking of secreted proteins to the cell wall constituents. Thus
the site-specific secreted proteins could be specifically retained at the septum. However, the
mechanisms behind sortase A localization are completely unknown.

Physiological relevance of MAC deposition on Gram-positive bacteria

Based on this literature study, we can conclude that the factors mediating site-specific binding of the
MAC to Gram-positive bacteria remain unknown. A complicating factor is that the physiological
relevance of this binding remains unclear. The host does not seem to benefit from MAC deposition,
as the bacteria prove to be resistant against MAC-mediated killing. Also for the bacteria, no beneficial
effect of MAC binding has been found so far. Would MAC binding to specific sites result in specific
advantages or disadvantages for the bacteria, as opposed to equal spreading over the cell wall? As
long as effects of MAC deposition are unidentified, this question will be difficult to answer. Based on
the current knowledge, several possible explanations remain.

Protection against MAC insertion might be only relevant at sites of new cell wall synthesis,
because of the temporal porosity of the cell wall proposed in this chapter. A defense mechanism
might have evolved in which constituents of the septal wall capture the MAC before it can reach the
membrane. The cell wall might also be able to capture only complement subunits. We have to bear
in mind that the fluorescent MAC-antibody recognizes polymerized C9. Although C9 is known to only
polymerize when binding to the C5b678 complex, this view is part of the same consensus stating that
the MAC can only form when inserted in a lipid bilayer. Therefore, we have to consider the possibility
that a surface constituent is able to mediate C9 polymerization without the other MAC subunits.

Another possibility is that the developing septal cell wall does not yet contain a complement
inhibitor like the older cell wall. Little attention has been paid to MAC inhibitors of Gram-positive
bacteria, rendering it possible that these remain to be identified in the future.
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