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Abstract

During bacterial cell division, amidases hydrolyse peptidoglycan to allow daugh-
ter cell separation. During the final stages of cell division, septal peptidogly-
can between the two daughter cells prevents cell separation. Proteins called N-
acetylmuramoyl-L-alanine type 3 amidases hydrolyse the amide bond between
glycan strands. This allows successful daughter cell separation. This hydrolase
activity is tightly regulated by a pathway of protein interactions to avoid uncon-
trolled peptidoglycan degradation. The exact structural mechanism of the protein
interaction pathway involved in regulating the activity of such amidases is cur-
rently unknown. Here it is shown, the molecular regulatory mechanism by which,
Escherichia coli amidase, AmiA, is activated by the interaction of EnvC. It was
found that EnvC, an amidase regulator, is self-regulated by a restraining helix
over the amidase binding LytM domain evidenced by bacterial-two-hybrid and
co-purification analysis of EnvC truncated variants. By solving a 2.35 angstrom
structure of E. coli and building an AmiA bound to EnvC LytM domain model, the
molecular mechanism of the removal of a blocking helix over AmiA’s active site by
the interaction of an interaction helix in AmiA to EnvC. These results show a strin-
gently structurally regulated amidase activation pathway, with no availability of
the amidase active site without interaction with a regulator protein. This is a poten-
tially conserved regulatory system that could be use to model amidase regulation
in other bacterial species. As a part of fundamental biology in a model bacterial
system, it is anticipated that the understanding found in this research could extend
to understanding related cell division pathways in other bacterial species. As an
application of this regulation mechanism, there is a potential antibiotic target to be
found in cell division amidases, as without self-regulation, amidases may uncon-
trollably hydrolyse peptidoglycan, weakening the integrity of cells to make them

more susceptible to other antibiotic treatments.
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1 Introduction

1.1 Gram-Negative Bacterial cell wall

A significant proportion of bacteria are often classified into Gram-positive, Gram-
negative and Mycobacterial which represent differences in their cell wall and mem-
brane structures (Brown et al., 2020). Whether a bacterium is Gram-positive or
Gram-negative or Mycobacterial determines the method of synthesis by which a
bacteria maintains its outer layers to respond to the environment, other microor-
ganisms and antibiotics. The architecture and synthesis of the bacterial outer lay-
ers have been under continual scientific investigation due to its importance in cell

survival as well as a target for existing and potentially new antibiotic targets.

1.1.1 Structure

The structure of a Gram-negative cell wall differs significantly to that of Gram-
positive bacteria (Figure 1). There is an outer and inner membrane present in
Gram-negative bacteria encompassing a periplasmic space between them. A small
layer of cross-linked glycan strands called peptidoglycan resides in this periplas-
mic space, anchored to both membranes by a series of lipoproteins (Silhavy et al.,
2010).

The peptidoglycan layer consists of glycan chains of alternating units of N-acetylglucosamine
(GlcNAc) and N-acetylmuramic acid (MurNAc) cross-linked by two short peptide
chains of flexible peptides. This forms a hydrophilic lattice network, which com-
bined with the outer membrane, is resistant to hydrophobic compounds such as
bile salts, which are present in the human digestive system (May & Grabowicz,
2018). The outer membrane is a unique asset to Gram-negative bacteria as it pro-
vides structural integrity to confer resistance to harsh environments and prevents

antibiotics reaching intracellular targets (May & Grabowicz, 2018).

12
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Figure 1: Structural features of the cell wall of Gram-positives, Gram-
negatives, and mycobacteria. PG, peptidoglycan; PM, plasma membrane; LPS,
lipopolysaccharide; MM, mycomembrane; OM, outer membrane; AG, arabino-
galactan. Gram-positive exhibits a single plasma membrane with a large layer of
peptidoglycan, Gram-negative exhibits outer and inner membranes with a smaller
peptidoglycan layer compared to Gram-positive. Mycobacteria have an interme-
diate (compared to Gram-positive and negative) peptidoglycan layer with attached
arabinogalactan which form a scaffold fpgmycolic acids. (Brown et al., 2020)

(A) Source: (Brown et al., 2020)



1.1.2  Cell wall synthesis

An essential process to build and maintain the peptidoglycan layer in bacteria, the
cell wall synthesis pathway is a series of modifications of peptides and sugars in the
cytoplasm which are transferred to the periplasm (Figure 2). The pathway starts
with the formation of UDP-MurNAc-L-Ala-D-Glu-L-Lys-D-Ala-D-Ala, known as
Park’s nucleotide, in the cytoplasm, created from a series of precursors and modi-
fications (Garde et al., 2021). The Park’s nucleotide is transferred to a lipid carrier
located on the cytosolic side of the inner membrane, forming lipid I. A GIcNAc
molecule is added to the MurNAc of Lipid I to form Lipid II (Garde et al., 2021).
After translocation via the flippase MurlJ, Lipid II is transferred to the periplasm

side of the inner membrane (Garde et al., 2021).

A series of transpeptidation and transglycosylation reactions performed by peni-
cillin binding proteins (PBPs), RoadA, FtsW and MtgA, take place to integrate the
precursor into the peptidoglycan chain. The terminal D-alanine of the pentapep-
tide is either removed by D-alanyl-pD-alanine carboxypeptidase or substituted by
cross-linking to other peptides. As a result, the GIcNAc-MurNAc chain is grown,
cross-linked to other chains by pentapeptide cross-links (Garde et al., 2021). This
essential process in bacteria must be strictly coordinated with processes such as

spore formation, peptidoglycan elongation and cell division.

14
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Figure 2: Schematic depicting peptidoglycan biosynthetic pathway. Peptido-
glycan precursors are synthesized in the cytoplasm by a series of enzymes, MurA,
B, C, D, E, and F, that convert UDP-GIcNAc to form UDP-MurNAc-pentapeptide
(also referred to as Park’s nucleotide), which is subsequently attached to the lipid
transporter (undecaprenyl phosphate; C55P) by MraY to yield lipid-I that is con-
verted to the final peptidoglycan precursor lipid-1I, by addition of a GIcNAc moiety
by MurG. A flippase MurJ transports lipid-1I across the IM to the periplasm. Lipid-
II is polymerized into the peptidoglycan by synthases, with C55P being recycled
to the cytoplasm. Transglutaminase activity of RodA, FtsW, PBP1a, PBP1b, and
MtgA catalyzes glycan polymerization, whereas transglycosylase activity of PBP2,
PBP3, PBP1a, and PBP1b contributes to peptide cross-link formation (refer to Box
1). Hydrolysis mediated by d,d-endopeptidases, MepS, -M, and -H leads to cleav-
age of existing peptide cross-links to make space for the incorporation of nascent
glycan strands. Anh-MurNAc (green hexagon) is the terminal residue in a glycan
strand. The gray arrow indicates the direction of synthesis.

. Caption and image: (Garde et al., 2021)
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1.2 Escherichia coli Bacterial cell division

Gram-negative bacterial cell division is an essential process to the life cycle of a
bacterium, therefore, is a tightly regulated process. The process is achieved by a
collection of interacting globular and transmembrane proteins called the *divisome’
(de Boer, 2010; Du & Lutkenhaus, 2019; Haeusser & Margolin, 2016; Nanninga,
1991; Soderstrom & Daley, 2017). The system begins with a tubulin-like protein
called FtsZ, which localises to the mid-cell division site and forms a foundation for
the recruitment of subsequent divisome proteins while maintaining an organised
assembly of peptidoglycan (PG) cross wall via a protein distribution and coupling
mechanism, FtsZ dynamic treadmilling (Levin & Janakiraman, 2021; McCausland
et al., 2021).

FtsZ polymerises into a ring structure deemed ’z-ring’ and associates with the in-
ner membrane, mediated by the proteins FtsA, ZipA and ZapA (Du & Lutkenhaus,
2019). Later divisome proteins are recruited in a genetically determined order
(Figure 3): FtsEX, FtsK, FtsQ, FtsL/B, FtsW, FtsI, FtsN, AmiC (Aarsman et al.,
2005; Goehring & Beckwith, 2005). Although this order of proteins may not be
representative of the complexities of the temporal concentrations or true recruit-
ment of the divisome assembly in vivo, however, for clarity of explanation, this

chapter will follow this order.

The divisome perform a set of regulatory and structural roles including; recruitment
of downstream proteins, DNA-coupling, PG synthesis and PG hydrolysis . Once
the concentrations of divisome proteins reach optimum during the cell cycle, cell
wall septal PG hydrolysis and synthesis commences (via amidases and septal PG
synthases respectively), likely activated by protein conformational changes (Du &
Lutkenhaus, 2017; Levin & Janakiraman, 2021). Constriction of the membrane
occurs, driven by FtsZ-treadmilling while maintaining uniformity with synthesis
enzymes across the septum. The division process ends with the disassembly of the
divisome during the invagination of the outer membrane to leading to daughter cell
separation (Du & Lutkenhaus, 2017; Levin & Janakiraman, 2021).

16



FtsZ, FtsA, ZipA - FtsEX - FtsK - FtsQ - FtsLB - FtsWI - FtsN
| J L ]

Proto-ring Late proteins

Figure 3: Genetically determined hierarchical order of divisome recruitment
in E. coli. The true in vivo protein recruitment may be more temporally overlap-
ping. Source: (Aarsman et al., 2005; Goehring & Beckwith, 2005)
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1.2.1 FtsZ polymerisation and Z-ring assembly

The filamenting temperature sensitive mutant Z (FtsZ) is an essential cell division
protein with a series of solved crystal structures from multiple species all which
show a significant structural homology to the eukaryotic derived cytoskeleton pro-
tein tubulin, including the Escherichia coli FtsZ (Figure 4) (Schumacher et al.,
2020).

FtsZ consists of two main domains (Figure 4), a protofilament-forming globular
N-terminal GTP-binding domain; containing six 3-sheets in parallel surrounded by
six a-helices then, connected by a long a-helix, a C-terminal linker (CTL) which
appears as an intrinsically disordered region (Levin & Janakiraman, 2021; Schu-
macher et al., 2020) which varies greatly in length and primary sequence between
bacterial phylum (Gardner et al., 2013). Interestingly, the GTP binding activity of
this tubulin-like GTP-binding core is crucial in the formation of straight protofil-
aments in vitro (Lowe & Amos, 1998; Schumacher et al., 2020). The protein
concludes with a C-terminal peptide (CTP), which is a highly conserved region of
14 amino acids that are involved in the interactions with FtsA, ZipA and other ac-
cessory proteins,resulting in the association to the membrane (Gardner et al., 2013;
Ortiz et al., 2016). This is possible due to the flexibility of the CTL to allow the
CTP to interact with multiple different proteins of varied structures (Schumacher et
al., 2017). Lastly, at the extreme C-terminus of FtsZ, there is a C-terminal variable
region (CTV) which is a determinant of lateral interactions between FtsZ polymers
(Buske & Levin, 2012) (Levin & Janakiraman, 2021).

18
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Figure 4: Overall structure of the EcFtsZ(L178E)-GDP complex
(PDB:6UNX). (TOP) FtsZ (L178E)-GDP complex is shown with the N-
terminal subdomain (residues 9-178) colored yellow, the connecting H7 helix
colored red and the C-terminal subdomain (residues 201-216) colored cyan. The
structure is rotated along a vetical axis by 90 degrees. The positive and negative
ends of FtsZ polymerisation are indicated. GDP and the T7 loop are labelled.
(BOTTOM) A domain diagram showing key features of FtsZ with corresponding
colours to the above structure, note the green domains are not present in the
structure. Structure sourced from PDB and diagram created by Pymol (LLC,
2023). Structure, domain information, diagram colours and caption information
all sourced from (Schumacher et al., 2020).
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1.2.2 Z-ring assembly and Polymerisation

The polymerisation of FtsZ is crucial to its function in the formation of the z-ring
and recruitment of subsequent divisome proteins (Figure 5). The N-terminal core
of FtsZ, GTP-binding in vitro is required for FtsZ assembly into protofilaments
(like eukaryotic tubulin) and GTP-hydrolysis destabilises the polymer (Erickson
et al., 2010; Romberg et al., 2001). This GTP binding and hydrolysis loop drives
FtsZ treadmilling (Bisson-Filho et al., 2017; X. Yang et al., 2017)), which is the
act by elongation of the FtsZ polymer at one end while the other end shortens on
the same polymer, while subunits within the polymer are stationary as the positive
end adds subunits and the negative end loses subunits (Loose & Mitchison, 2014).
The Z ring in vivo is an arrangement of polymerised FtsZ protofilaments located at
the midcell with pools of FtsZ molecules from cytoplasmic and membrane-bound
pools dynamically interacting with it (Anderson et al., 2004; Y. Chen & Erickson,
2005).

The Z-ring formation and localisation in the cell is suggested to be regulated by
a number of systems. Firstly, FtsZ concentration during different culturing condi-
tions does not appear to have an effect on z-ring assembly (Rueda et al., 2003) as
although under nutrient-poor and slow growing conditions, z-rings are still present
in around 60 % of the cells (Ménnik et al., 2018). Richer medium indicate mostly
unaltered FtsZ concentrations while 94 % of cells contain z-rings (Weart & Levin,

2003), understandably as a nutrient-rich medium promotes cell growth.

A pivotal Z-ring formation control is the localisation of high concentrations of
FtsZ polymers to the midcell ready for division. Several protein systems work
together to achieve this; the Min system inhibits FtsZ assembly at the cell poles
(Boer et al., 1989; Lutkenhaus, 2009; Rowlett & Margolin, 2013), SImA stop FtsZ
assembling over unsegregated chromosomes (Bailey et al., 2014) (during nucleoid
occlusion when DNA replication overlaps with cell division (W. R. Cook et al.,
1989; Woldringh et al., 1991) and the Ter-MatP linkage system meet the FtsZ
with the termination of DNA replication and is the only known positive positional
regulator of FtsZ known in E. coli (Bailey et al., 2014; J. A. Buss et al., 2017).
Lastly, these systems are supported by Zaps (FtsZ-associated proteins) which pro-
mote FtsZ polymerisation and stabilise the Z-ring (J. A. Buss et al., 2017; Huang
et al., 2013).

20
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Figure 5: FtsZ longitudinal interface mutants and the scheme used to deter-
mine FtsZ polymer polarity. (A) Two possible scenarios for the growth of FtsZ
polymers. In the first case (top-end growth), FtsZ polymerizes in the same direc-
tion as tubulin with the bottom surface of an incoming subunit interacting with the
top surface (GTP end) of the subunit at the growing end of a polymer, called the
plus (+) end in tubulin. Subunits at the shrinking end dissociate from the filament
following GTP hydrolysis. In this case, the top-surface mutant (FtsZL178E) adds
to a treadmilling filament blocking further subunit addition resulting in disassem-
bly from the shrinking end, while the bottom-surface mutant (FtsZL272E) does not
have an effect. In the second situation, FtsZ polymerizes in the opposite direction
of tubulin. In this case, the bottom-surface mutant FtsZL.272E adds to the growing
end of the filament and would block further growth, while the top-surface mutant
does not have an effect. (B) FtsZ interface mutants used in this study. The Ft-
sZL.178E monomer was superimposed on the FtsZ filament from Staphylococcus
aureus (PDB::3VOB). The GTP-binding domain (N-terminal) is the top interface
(light cyan), while the domain containing the T7 synergy loop (C-terminal) is the
bottom interface (dark cyan). GDP is pink. Figure and caption sourced from (Du
et al., 2018)
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1.2.3 Formation of the proto Z-ring

The formation of the proto z-ring is the recruitment and polymerisation of FtsZ
polymers to the cytoplasmic membrane with the aid of essential divisome proteins;
FtsA, ZipA and the Zap proteins. The assembly of the z-ring ring is beginning of
the formation of the divisome. It begins with essential division proteins FtsA and
ZipA (Pichoff & Lutkenhaus, 2002; RayChaudhuri, 1999) assisting FtsZ polymers
to associate to the inner membrane, forming the core of the cytokinetic ring at the
midcell (Hale & Boer, 1997; Pichoff et al., 2019). Division cannot occur with-
out both FtsA and ZipA (Pichoff & Lutkenhaus, 2002; RayChaudhuri, 1999). A
critical ratio of FtsA:FtsZ and ZipA:FtsZ concentrations are needed for division to
occur and excess (compared to FtsZ concentration) of either FtsA or ZipA inhibit
the process (Dai & Lutkenhaus, 1992; Hale & Boer, 1997). Both FtsA and ZipA
are independently recruited and can either interact with FtsZ at the CTP and/or
can anchor FtsZ polymers to the membrane and support FtsZ assembly (Hale & de
Boer, 1999; Haney et al., 2001; Z. Liu et al., 1999; Ma & Margolin, 1999). Lastly,
the Zap proteins; ZapAB, ZapC and ZapD all bind to FtsZ and promote FtsZ poly-
mer interactions in the proto z-ring (Huang et al., 2013). This would appear to
be in an individually redundant overlapping role (J. Buss et al., 2013; J. Durand-
Heredia et al., 2012; J. M. Durand-Heredia et al., 2011; Hale et al., 2011) as cells
only exhibit moderate filamentation in double or more Zap knockouts (J. Buss et
al., 2013; J. Durand-Heredia et al., 2012; J. M. Durand-Heredia et al., 2011; Hale
etal., 2011).

1.23.1 FtsA

FtsA is a peripheral membrane protein which aside from mediating FtsZ polymer
interaction with the cytoplasmic membrane, will also interact and promote the re-
cruitment of downstream divisome proteins, including FtsQ, FtsI, FtsN and FtsEX
(Bernard et al., 2007; Corbin et al., 2004; Pichoff et al., 2012). FtsA is a generally
conserved ATPase within the actin superfamily and forms actin-like protofilaments
which if prevented by mutation, temperature-sensitive FtsA cells elongate, indi-
cating the importance of FtsA filament formation (Fusinita van den Ent & Lowe,
2000; Szwedziak et al., 2012).
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To mediate FtsZ polymer interactions, FtsA acts by exerting force on membranes
and causing a redistribution of the membrane architecture and directly engaging
FtsZ polymers in a reconstituted system (Conti et al., 2018) (Figure 6). FtsA
also recruits FtsZ to phospholipid vesicles via direct FtsZ C-terminal interactions
and regulation of FtsZ assembly kinetics (Conti et al., 2018). The ATP hydrol-
ysis activity of FtsA lacks a clear function although mutations close to the ATP-
binding site of FtsA cause cells to arrest during cell division (Herricks et al., 2014).
This may indicate a similar polymer ATP-hydrolysis disassembly function found in
FtsZ/tubulin/actin where other FtsA mutants which produce defective oligomeri-
sation in FtsA, generally have reduced ATP hydrolysis rates (Conti et al., 2018;
Herricks et al., 2014).

1.2.32 ZipA

ZipA is a type 1 inner membrane protein, present only in Gammaproteobacteria
(Levin & Janakiraman, 2021) which anchors FtsZ polymers to the inner membrane
(Hale & Boer, 1997) (Figure 6). Further functions include promoting the stability
of the cytokinetic ring, possibly by bundling FtsZ polymers at the midcell by a
potential ZipA ability to cross-link FtsZ polymers shown in vitro (Hale et al., 2000;
RayChaudhuri, 1999). ZipA contains two main domains, firstly, a FtsZ binding
domain which binds to the last 20 amino acids on the C-terminal end of FtsZ and is
essential for ZipA function, where cells lacking ZipA are not rescued by mutated
ZipA lacking the FtsZ binding domain domain (Hale et al., 2000).
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Secondly, the N-terminal membrane anchor domain is also essential for function
although a specific function of this domain is unknown (Hale et al., 2000). FtsA
gain-of-function mutants (ftsA* (ftsA-R286W)) appear to bypass the requirement
of ZipA suggesting ZipA is primarily a membrane anchor for FtsZ (Geissler &
Margolin, 2005; Pichoff et al., 2012). Another function of ZipA does arise however
in gain-of-function FtsA mutants regarding downstream protein interactions. FtsA
in these strains generally form shorter oligomers, which appear to expose more
sites of interactions in these divisome downstream proteins which can be obstructed
by larger FtsA oliogmers (Haney et al., 2001; Krupka et al., 2017; Schoenemann
et al.,, 2018; Szwedziak et al., 2012). FtsA and ZipA also have been shown to
directly interact (Vega & Margolin, 2019). This suggests ZipA is a modulator and
an enhancer of FtsA by competing for the FtsA/ZipA binding site on the FtsZ CTP,
disrupting the FtsA oligomers into shorter chains, promoting function (Levin &
Janakiraman, 2021; Pichoff et al., 2012; Vega & Margolin, 2019).
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Figure 6: Overview of potential protoring protein interactions. (A) ZipA, with
its N-terminal transmembrane domain, unstructured linker domain, and C-terminal
(CT) FtsZ-binding domain, is shown attached to an FtsZ protofilament undergoing
subunit treadmilling. FtsZ has its own unstructured linker, shown as a green squig-
gle. FtsA, tethered to the cytoplasmic membrane with its C-terminal amphipathic
helix and a putative linker domain (shown as an orange squiggle), forms oligomeric
minirings (shown here) that, like ZipA, bind to treadmilling FtsZ protofilaments.
The figure was created with Biorender. Figure and caption sourced from (Schoen-
emann et al., 2020)
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1.2.3.3 Zap proteins

The Zap (Z-associated protein) proteins are the last notable collection of proteins
which modulate Z-ring formation by increasing lateral interactions between FtsZ

protofilaments; ZapAB complex, ZapC and ZapD (Huang et al., 2013).

Each Zap protein is noted to have varying mechanisms of action. ZapA forms
tetramers and cross-links FtsZ filaments via the FtsZ core domain (Hale et al.,
2000; Roseboom et al., 2018) and ZapD performs a similar function while as a
dimer forming cross-links via interactions with the FtsZ CTD (Huang et al., 2016;
Schumacher et al., 2017). ZapC monomers bind to the large FtsZ globular core (in-
stead of the CTD) to cross-link FtsZ polymers possibly by using two pockets elud-
ing to a ZapC-medicated FtsZ bundling (J. M. Durand-Heredia et al., 2011; Hale
et al., 2011). Interestingly, ZapA has an additional function to recruit ZapB which
appears to sense the presence of nucleoids, perhaps aiding in the localisation of
ZapA without FtsZ (Roseboom et al., 2018). This appears to be a semi-redundant
system but non-essential, as cells lacking single Zap genes present moderate Z-ring
diffuse phenotypes however cells lacking two or more Zaps, suffer typical division
elongation phenotypes (J. Buss et al., 2013; J. Durand-Heredia et al., 2012; J. M.
Durand-Heredia et al., 2011; Hale et al., 2011).

As the Z-ring is now anchored to the cytoplasmic membrane, its growth regu-
lated by the accumulation of FtsZ polymers with aid of essential divisome proteins.
Downstream divisome proteins are now recruited via FtsA and ZipA to form the

termed, ’late’ divisome.
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1.2.4 The transmembrane Divisome assembly

As division progresses, cross wall septal PG must be hydrolysed, new septal PG
must be synthesised, cell constriction and separation must be directed, all of which
is tightly regulated. This is the role of the transevelope divisome. As mentioned
earlier, divisome proteins have been genetically-hierarchically determined to form
a possible order of assembly (Goehring & Beckwith, 2005), although, multiple of
these ’late’ divisome proteins have unaffected concentrations during the cell cycle
(Vischer et al., 2015; Weart & Levin, 2003). Perhaps a hypothesis closer to reality,
that similar to FtsZ, the threshold concentrations of divisome proteins at the nascent
septal site prompts PG synthesis at the midcell, and not just the recuirtment of said
proteins (Si et al., 2019).

1.24.1 FtsEX

Aside from the cytoplasmic division proteins, FtsZ/FtsA/ZipA/Zaps, the first genetically-
hierarchically determined protein complex of the "late’ divisome is FtsEX (Goehring
& Beckwith, 2005). During the early stages of division, a type VII ABC trans-
porter, FtsEX localises to the midcell via the interactions with FtsA and FtsZ at
the cytokinetic ring (Corbin et al., 2007; Du et al., 2019; Reddy, 2007; Schmidt
et al., 2004). FtsEX holds a dual role in the divisome, firstly, FtsEX appears to
interact and antagonise FtsA polymerisation, promoting divisome assembly as un-
polymerised FtsA favors cell division (Du et al., 2016). Secondly, FtsEX interacts
with a murein amidase regulator, EnvC, which regulates septal peptidoglycan hy-
drolysis via periplasmic amidases (J. Cook et al., 2020). E. coli FtsEX knockouts
suffer from the cell elongation and chaining phenotype and while E. coli Aftsex
will grow in standard conditions, growth is significantly hindered under low osmo-
larity or detergent conditions (J. Cook et al., 2020; Du et al., 2016).
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1.2.4.2 FtsK, a DNA translocase

A DNA translocase, FtsK localises to the septum via the interactions with FtsZ
and FtsA (Pichoff & Lutkenhaus, 2002; L. Wang & Lutkenhaus, 1998; X. C. Yu
et al., 1998). FtsK corrects aberrant division due to unsegregated chromosomal
material via a pumping mechanism, which removes DNA from the division sep-
tum (Jean et al., 2020). This multidomain membrane protein is composed of three
main domains; FtsKy, Ftsp, Ftsc (Dubarry et al., 2010; Massey et al., 2006; L.
Wang & Lutkenhaus, 1998; X.-C. Yu et al., 1998). The FtsKyx domain contains
four transmembrane helices localised and embedded into the inner membrane of
the divison septum and is essential for the cell to coordinate chromosome segre-
gation with cell division(Barre et al., 2000; Massey et al., 2006; X. Wang et al.,
2005). Although extremely variable in other strains in terms of length and compo-
sition, the Ftsy, linker domain is essential in E. coli for chromosomal dif (deletion
induced filamentation) recombination and cell division (Bigot et al., 2004; Boyle
et al., 2000). Lastly, the Ftsc 512 residue C-terminal DNA-dependent ATPase do-
main is a member of the RecA-like family which form rings and create nucleotide
binding pockets between subunits. The functions of this Ftsc derivative were found
to be both the translocation of dsNA and the activation of ZerCD site-specific re-
combination at dif (Aussel et al., 2002; Massey et al., 2004; Pease et al., 2005;
Saleh et al., 2004; X.-C. Yu et al., 1998). FtsK appears to have two key roles in cell
division, one essential, which is the recruitment of of downstream proteins, pri-
marily the FtsQLB complex and the other function, a non-essential chromosome
partitioning role, in which E. coli cells lacking Ftsc, are defective in chromosomal
segregation and septation (L. Wang & Lutkenhaus, 1998; X.-C. Yu et al., 1998).
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1.2.4.3 FtsQLBWI complex, a recruiting turned PG synthesis system

A trio of widely conserved bitopic membrane proteins, FtsQ, FtsL and FtsB hold a
range of essential functions for the assembly of the divisome; initially as a protein
scaffold, to a sensing mechanism for the subsequent cell wall remodeling processes
(Begg et al., 1980; D’Ulisse et al., 2007; B. Liu et al., 2015; Park et al., 2020;
Scheffers et al., 2007; Tsang & Bernhardt, 2015). As the first point of contact for
the FtsQLB complex, FtsQ is dependent on FtsK for localisation to the cell division
site, although prior to this, FtsL. and FtsB (both containing a leucine zipper-like se-
quence) depend on each other and FtsQ for division site localisation, interact with
FtsQ and perform a pre-assembly of the FtsQLB complex, likely before FtsQ inter-
acts with FtsK, localising the whole complex together (Buddelmeijer & Beckwith,
2004; D’Ulisse et al., 2007; Ghigo et al., 1999).

FtsQ’s main roles are localisation and recruitment due its significant interaction
catalogue, FtsA, FtsK, FtsX, FtsL, FtsB, FtsW, Ftsl, FtsN and YmgF (an inner
transmembrane divisome interacting protein), where FtsA and FtsK interact at the
FtsQ cytoplasmic tail, where other interactions all occur in the large periplasmic
domain or transmembrane region (Figure 7) (Di Lallo et al., 2003; D’ Ulisse et al.,
2007; Karimova et al., 2005).

As mentioned, FtsL and FtsB interact which forms a scaffold basis for the recruit-
ment of other divisome proteins to the division site, namely, FtsW, Ftsl and FtsN
(Gonzalez et al., 2010; Park et al., 2020). Interestingly, FtsLL appears to have an
essential role in the activation of septal peptidoglycan synthesis. Interacting with
the cytoplasmic domain of FtsL, FtsWI complex is recruited to the division site
which FtsN may interact with the FtsQLB complex and convert it from a recruit-
ment complex into an an activator using FtsL to interact with FtsI to activate FtsW,

promoting septal peptidoglycan synthesis (Gonzalez et al., 2010; Park et al., 2020).

29



Recently, the structure of the FtsQLBWI complex was solved in Pseudomonas
aeruginosa (Figure 7), although with several regions of low resolution the overall
structure supports previous mutational studies of the complex (Kdshammer et al.,
2022). The structures of the five proteins support their current function predictions;
FtsQ transmembrane domain is not present in the FtsWIQBL complex but the 8
domain is further suggesting the recruitment role, FtsBL extend together into the
periplasm interacting with FtsWI, ready for activation (Kdshammer et al., 2022).
The structure shows the inactive scaffold state of the complex with predictions
of a active state extending FtsWI into the peptidoglycan for their PG remodelling
functions (Kdshammer et al., 2022).

30



a Cell division site Peptidoglycan Lipid Il

Pepidospean PP
[I § J g dad
Y O GloNAc C55
MurNAC sk
8 Diphosphate
| Peptide stem
0,CC '. 3 2
, F Yranspapluiase l O Fts!
e ol I
t"@;\ P""QSIaI O \,\ l
\('\ \\)r 2Oy

Trans-
J glycosylase

'—;“/’_
—

- ;i 1(<_
T g
,t‘#‘}n}

Figure 7: Biochemical and structural characterisation of the core divisome
complex FtsWIQBL from P. aeruginosa. (A) Septal peptidoglycan synthesis
by FtsWIQBL during Gram-negative bacterial cell division. The transglycosylase
FtsW (red), and transpeptidase FtsI (blue) bind the non-enzymatic subcomplex Ft-
sQBL (green, violet and yellow, respectively). The complex contains 14 transmem-
brane helices — ten from FtsW and one each from FtsIQLB. The transglycosylase
FtsW catalyses the polymerisation of GlIcNAc-MurNAc disaccharides from Lipid
II. The transpeptidase FtsI crosslinks the peptides from the nascent chain to ad-
jacent peptides in the peptidoglycan layer between residues three and four. OM:
outer membrane, IM: inner membrane, GIcNAc: N-acetylglucosamine, MurNAc:
N-acetylmuramic acid, CC: coiled coil, TM: transmembrane. (LEFT) side-view of
the PaFtsWIQBL cryo-EM density at an overall resolution of 3.7 A. Protein colours
are the same as those in (A). Residual density from the detergent micelle is visible
around the transmembrane domain in grey. Right panel: model of PaFtsWIQBL,
rotated by 120° with respect to the density on the left-hand side. The putative FtsW
active site residue D275 is indicated, as is the FtsI active site residue S294. The
FtsW loop 219-233 and Ftsl loop 45-50 are shown as a dotted line as they were too
flexible to build. FtsQ™ and FtsQ” were not resolved and are not shown. Caption
and figure adapted and sourced from (Kdshammer et al., 2022)
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1.2.44 FtsWI

Another protein complex of the divisome, FtsW and Ftsl are essential proteins
which mediate the synthesis of septal peptidolgycan (Begg et al., 1980; Egan et
al., 2020; Taguchi et al., 2019; L. Wang et al., 1998; Weiss et al., 1999). Both
proteins recruited to the by the FtsQLB complex although FtsI appears to depend
on its own membrane anchor and multiple division proteins; FtsZ, FtsA, FtsQ and
FtsL (L. Wang et al., 1998; Weiss et al., 1999). FtsW is a 10-pass transmembrane
monofunctional glycotransferase which polymerises lipid II into peptidoglycan,
however, this activity only occurs when FtsW is in a complex with FtsI (Egan
et al., 2020; Taguchi et al., 2019; L. Wang et al., 1998). FtsW may also have
flippase activity to translocate lipid II across the inner membrane although this
has not been shown in vivo and the flippase Mur] appears to be primary lipid II
flippase in E. coli (Egan et al., 2020; Meeske et al., 2015; Ruiz, 2008; Sham et al.,
2014; Taguchi et al., 2019). Ftsl (also known as PBP3) is a class B penicillin-
binding protein which has a monofunctional transpeptidase activity to crosslink

peptidoglycan layers (Egan et al., 2020; Sauvage et al., 2014).

The divisome proteins described to this point (FtsZ, FtsA, ZipA, FtsEX, FtsK,
FtsQLBWI) are assembled, although inactive, the last recruited protein, FtsN is

essential in the activation and stabilisation of the assembled divisome.
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1.24.5 FtsN

Often termed as an activator and stabiliser of the divisome machinery, a small con-
centration of FtsN initially localises to the septum via a direct interaction with the
1C subdomain of FtsA, mediated by ZipA, before the onset of constriction (Addi-
nall et al., 1997; Busiek et al., 2012; J. C. Chen & Beckwith, 2001; Dai et al.,
1993; Weiss, 2015; Wissel & Weiss, 2004). Another bitopic transmembrane pro-
tein (J.-C. Yang et al., 2004), FtsN contains a short, N-terminal positively charged
cytoplasmic domain, a 19 long residue periplasmic subdomain and a C-terminal
SPOR (sporulation related repeat) domain (Figure 8) (Busiek et al., 2012; Duncan
et al., 2013; Goehring et al., 2007; Yahashiri et al., 2015). For further accumula-
tion of FtsN at the septum, FtsI and FtsQ must have been recruited (Addinall et al.,
1997). The SPOR domain of FtsN activates a self-enhanced accumulation via the
binding to denuded septal peptidoglycan that is only transiently available during
the constriction process (Duncan et al., 2013; Gerding et al., 2009; Yahashiri et al.,
2015).
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FtsN holds a number of roles in the divisome machinery; the binding of FtsN to
septal peptidoglycan appears to stabilise divisome machinery (Ursinus et al., 2004)
leading to FtsN activating septal peptidoglycan synthesis by two pathways (Weiss,
2015). The interaction between FtsN and FtsA structurally alters FtsA into a form
of "ON’ conformation while the short periplasmic subdomain of FtsN interacts
with FtsQLB causing another conformational change to ’ON’. Both interactions
lead to the allosteric activation of septal peptidoglycan synthesis while also di-
rectly interacting with its assembly partner FtsI (Addinall et al., 1997; Busiek et
al., 2012; Goehring et al., 2007; Weiss, 2015). FtsN interacts with periplasmic,
transmembrane and cytoplasmic components of the divisome, presumably aiding

in the coordination of septal peptidoglycan synthesis.

In FtsN overexpressed cells, the protein can rescue multiple divisome mutants in-
cluding; ftsK, FtsQ, Ftsl, FtsEX by an enhanced direct interaction between FtsN
and FtsA (Goehring et al., 2006; Pichoff et al., 2018) however, cells with gain-
of-function mutations in ftsA, FtsL, FtsB, FtsW, Ftsl can bypass FtsN function
(Bernard et al., 2007; Du et al., 2016; B. Liu et al., 2015; Park et al., 2020; Tsang
& Bernhardt, 2015; X. Yang et al., 2021). Although the function of FtsN can be
overridden by overexpressions of other divisome proteins, under standard condi-
tions, FtsN is required for the activation of septal peptidoglycan synthesis and the
stabilisation of divisome complexes, connecting the deemed early and late divi-

some components, in a potential feedback regulation role.
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Table 1: Key components of the divisome. C= Cytoplasm, P = Periplasm, IM = Inner membrane, OM = Outer membrane

Protein Function Location Size (kDa) Protein-protein inter- | References
actions
FtsZ Tubulin-like polymerising scaf- | C 40.3 FtsZ, FtsA, ZipA, Zap | (Anderson et al., 2004; Y. Chen
fold for the early divisome. Regu- proteins, FtsEX, FtsK | & Erickson, 2005; Erickson et al.,
lates septa PG synthesis and Ftsl 2010; Romberg et al., 2001; Schu-
macher et al., 2020)
PDB: 6UNX, 6UMK, 8GZX Es-
cherichia coli
FtsA Polymerising Actin-like primary | C, IM 45.3 FtsZ, FtsA, FtsEX, | (Bernard et al., 2007; Conti et al.,
membrane tether and mediator FtsQ, FtsI and FtsN 2018; Corbin et al., 2004; Pichoff
of FtsZ. Recruits multiple down- etal., 2012)
stream division proteins. PDB: 7Q6F Vibrio maritimus
ZipA A second membrane anchor | C,IM, P 36.5 FtsZ and FtsA (Geissler & Margolin, 2005; Hale
pf FtsZ and FtsZ polymer & Boer, 1997; Hale et al., 2000;
crosslinker. Modulator and Pichoff et al., 2012)
enhancer of FtsA oligomers. PDB: 1F47 Escherichia coli
Zaps Increase lateral interactions be- | C ZapA (12.6), | FtsZ, ZapABCD (Hale et al., 2011; Huang et al.,
tween FtsZ ZapB (9.6), 2013; Huang et al., 2016)
ZapC (20.6), PDB: 5EIL (ZapC) Escherichia

ZapD (28.3)

coli




LE

Protein Function Location Size (kDa) Protein-protein inter- | References and PDB
actions
FtsEX Regulator of septal peptidoglycan | C, IM, P FtsX (38.5), | FtsEX, FtsA, FtsZ, | (J. Cooketal., 2020; Corbin et al.,
amidases. Recruitment of down- FtsE (24.4) FtsQ, EnvC 2007; Du & Lutkenhaus, 2019;
stream divisome proteins. Condi- Du et al.,, 2016; Reddy, 2007;
tionally essential under low osmo- Schmidt et al., 2004)
larity conditions PDB: 8160 Pseudomonas aerug-
inosa, 6TPI Escherichia coli
FtsK Coordination and correction of | C, IM 146.7 FtsZ, FtsK, FtsQ, FtsL | (Dubarry et al., 2010; Jean et al.,
chromosome segregation, recruit- and Ftsl 2020; Massey et al., 2006; Pichoff
ment of other divisome proteins & Lutkenhaus, 2002; L. Wang et
al., 1998; X. C. Yu et al., 1998)
PDB: 2IUS, 2J5P Escherichia coli
FtsQ Recruits other divisome proteins. | IM, P 314 FtsA, FtsK, FtsQ, | (Buddelmeijer & Beckwith, 2004;

Activator and regulator of septal

peptidoglycan synthesis.

FtsL FtsB, FtsW, Ftsl
and FtsN

Di Lallo et al., 2003; D’Ulisse et
al., 2007; Ghigo et al., 1999; Ka-
rimova et al., 2005)

PDB: 2VHI1 Escherichia coli,
8BH1 Pseudomonas aeruginosa
PAOI




8¢

Protein Function Location Size (kDa) Protein-protein inter- | References and PDB
actions
FtsLL Recruits other divisome proteins. | IM, P 13.6 FtsK, FtsQ, FtsL, FtsB, | (Buddelmeijer & Beckwith, 2004;
Activator and regulator of septal FtsW, and Ftsl Di Lallo et al., 2003; D’Ulisse et
peptidoglycan synthesis. al., 2007; Ghigo et al., 1999; Gon-
zalez et al., 2010; Karimova et al.,
2005; Park et al., 2020)
PDB: 8HHH Escherichia coli,
8BH1 Pseudomonas aeruginosa
PAOI
FtsB Recruits other divisome proteins. | IM, P 11.6 FtsQ, FtsL, FtsB, and | (Buddelmeijer & Beckwith, 2004;

Activator and regulator of septal

peptidoglycan synthesis.

FtsI

Di Lallo et al., 2003; D’Ulisse et
al., 2007; Ghigo et al., 1999; Gon-
zalez et al., 2010; Karimova et al.,
2005; Park et al., 2020)

PDB: 4IFF Escherichia coli,
8BH1 Pseudomonas aeruginosa
PAOI
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Protein Function Location Size (kDa) Protein-protein inter- | References and PDB
actions
FtsW Septal transglycosylase IM, P 46 FtsQ, FtsL, and FtsI (Egan et al., 2020; Ruiz, 2008;
Sham et al., 2014; Taguchi et al.,
2019; L. Wang & Lutkenhaus,
1998)
PDB: 8BH1 Pseudomonas aerug-
inosa PAOI
FtsI (PBP3) Septal transpeptidase M, P 63.9 FtsA, FtsK, FtsQ, FtsL, | (Egan et al., 2020; Sauvage et al.,
FtsB, FtsW, and FtsI 2014)
PDB: 70NO, 70NN, 70NW
Escherichia coli, 8BH1 Pseu-
domonas aeruginosa PAO1
FtsN Activator and stabiliser of the as- | IM, P 35.8 FtsA, FtsQ, Ftsl, and | (Addinall et al., 1997; Busiek et

sembled divisome. Regulator of

septal peptidoglycan synthesis.

FtsN

al., 2012; J. C. Chen & Beckwith,
2001; Dai et al.,, 1993; Weiss,
2015; Wissel & Weiss, 2004)

PDB: 6YNO, 1UTA Escherichia

coli




014

Protein Function Location Size (kDa) Protein-protein inter- | References and PDB
actions

EnvC Regulator of amidase activity P 46.5 FtsX, AmiA and AmiB (Heidrich et al., 2001; Peters et
al., 2013b; Priyadarshini et al.,
2007; Uehara et al., 2009; Uehara
et al., 2010)
PDB: 6TPI Escherichia coli

NipD Regulator of amidase activity OM, P 40.1 YraP and AmiC (Heidrich et  al, 2001;
Priyadarshini et al., 2007;
Uehara et al., 2009; Uehara et al.,
2010)
PDB: N/A

AmiA Hydrolysis of septal peptidogly- | P 314 EnvC and ActS (Crawford et al., 2011; Gurnani

can

Serrano et al., 2021; Sham et
al., 2011; Vermassen et al., 2019;
D. C. Yang et al.,, 2011; D. C.
Yang et al., 2012b)

PDB: 8C20 Escherichia coli




I

Protein Function Location Size (kDa) Protein-protein inter- | References and PDB
actions
AmiB Hydrolysis of septal peptidogly- | P 48 EnvC and ActS (Crawford et al., 2011; Gurnani
can Serrano et al., 2021; Sham et
al., 2011; Vermassen et al., 2019;
D. C. Yang et al.,, 2011; D. C.
Yang et al., 2012a, 2012b)
PDB: 8CO0J Escherichia coli
AmiC Hydrolysis of septal peptidogly- | P 45.6 NIpD and ActS (Crawford et al., 2011; Gurnani

can

Serrano et al., 2021; Rocaboy et
al., 2013; Sham et al., 2011; Ver-
massen et al., 2019; D. C. Yang
et al.,, 2011; D. C. Yang et al,,
2012b)

PDB: 4BIN Escherichia coli

End of Table




1.2.5 Activating the assembled Divisome

During the introduction of FtsN, the assembled divisome machinery begins to sta-
bilise and activate. A set of process begin to couple together during the final stages
of cell division; coordination of septal peptidoglycan synthesis and hydrolysis, dis-
tribution of divisome components across the septum and the constriction of the

membranes.

1.2.5.1 Coordination of division with DNA replication and cell growth

The intricate interactions between cell growth, DNA replication, division and the
temporal nature of each stage of division must be coordinated for successful pro-
duction of viable daughter cells. DNA replication is coordinated with the divi-
some through a number of systems; the Min negative positional regulator system
(which inhibits FtsZ assembly at the cell poles) (Boer et al., 1989; Lutkenhaus,
2009; Rowlett & Margolin, 2013), nucleoid occlusion which prevents Z-rings from
constricting over unsegregated nucleotide (Rowlett & Margolin, 2015), Ter-MatP
positive positional regulator linkage system which interacts with FtsZ at the termi-
nation of DNA replication (Bailey et al., 2014; J. A. Buss et al., 2017) and finally
FtsK which pumps chromosome material away from the division septum (Jean et
al., 2020).

Coordinating cell growth with division is a process that is currently not well under-
stood. What is known is there are two main mechanisms in the divisome; division
proteins must accumulate to a threshold amount at the division site and the sub-
sequent changes of interactions within the divisome (Park et al., 2020; Si et al.,
2019; Tsang & Bernhardt, 2015). These situations lead to the activation of sep-
tal peptidoglycan synthesis via FtsW and Ftsl, however the mechanism on how
septal peptidoglycan synthesis converts from elongation to cross wall formation is
unknown (Egan et al., 2020; Levin & Janakiraman, 2021)
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1.2.5.2 Activation of septal peptidoglycan remodelling

As mentioned in Section 1.2.4, FtsW and FtsI are localised and activated by interac-
tions between FtsN, FtsQLB and FtsA throughout the division process. During the
early cell cycle, the concentrations of transmembrane divisome proteins including
FtsN and FtsQLB are low along with the levels of FtsZ polymers present at the di-
vision site (Si et al., 2019). As the cell grows, the concentrations of these divisome
proteins increase as does the availability of FtsN binding sites of FtsA (Corbin et
al., 2004; Goehring et al., 2006; Pichoff et al., 2018). During this period, further
amounts of FtsQLB, FtsWI and FtsN are recruited and further enhanced by ZipA
and FtsEX interactions with FtsN and FtsA which expose the FtsN binding site in
FtsA (Corbin et al., 2007). As local concentrations of divisome proteins rise as
the cell grows, FtsN interaction with FtsQLB is promoted to confer a conforma-
tional change in FtsQLB from a recruitment only ’OFF’ state to an active ’ON’
state while this is likely promoted by the interaction between FtsN N-terminal cy-
toplasmic domain and FtsA (Addinall et al., 1997; Busiek et al., 2012; Gerding
et al., 2009; Goehring et al., 2007; Weiss, 2015). The combination of interactions
from FtsQLB and FtsA onto FtsW1 initiates septal peptidoglycan synthesis (B. Liu
et al., 2015; Park et al., 2020; Tsang & Bernhardt, 2015).

As the synthesis of new septal peptidoglycan continues at the septum edge, periplas-
mic peptidoglycan hydrolases called amidases, hydrolyse the peptide side chains
from the glycan chains near the outer membrane, which helps facilitate cell con-
striction and separation (Egan et al., 2020; Priyadarshini et al., 2007). In E.
coli, there are three main amidases responsible for peptidoglycan hydrolysis dur-
ing division; AmiA, AmiB, AmiC which are strictly regulated (Egan et al., 2020;
Priyadarshini et al., 2007). AmiA and AmiB are regulated by the the cross-membrane
EnvC-FtsEX complex in an ATP-dependent reaction which may cause a conforma-
tional change throughout FtsEX, transferred into EnvC which activates AmiA/AmiB
(Bernhardt & De Boer, 2004; J. Cook et al., 2020; Egan et al., 2020; Priyadarshini
et al., 2007; D. C. Yang et al., 2011). AmiC is regulated by the outer-membrane
NlpD although this interaction is not well understood (Tsang et al., 2017). AmiB
and AmiC appear to only localise to the septum after FtsN has been localised
(Bernhardt & de Boer, 2003; Tsang et al., 2017), however AmiA is suggested
to be distributed throughout the periplasm during the whole cell cycle (Bernhardt
& de Boer, 2003). Only in triple mutant Aamiabc knockout cells does a clear

43



cell chaining phenotype occur where cells fail to separate properly (Heidrich et al.,
2001; Uehara et al., 2010). This suggests a possible redundant system, where an
essential process as PG hydrolysis could be affected by the external environment,

thus function overlap is a survival mechanism (Mueller & Levin, 2020).

In a positive feedback loop, the products of amidase activity producing denuded
glycans is bound by the FtsN SPOR domain, further enhancing recruitment of
FtsN to the septum leading to further activation of FtsWI via FtsQLB (B. Liu et
al., 2015). Related by the SPOR domains, other proteins localise to the septum
including DedD which again interact with FtsQLB and up-regulate the activation
of FtsWI (B. Liu et al., 2019) in-conjunction with FtsN. Interestingly, DedD can
compensate for FtsN if the activity of FtsN is reduced by mutation (B. Liu et al.,
2019).

Another addition to the septal peptidoglycan synthesis system, bi-functional class
A penicillin-binding protein, PBP1b, has both glycotransferase and transpeptidase
activities to assist in division (Bertsche et al., 2006; Egan et al., 2014). While
PBPBI1b generally localises throughout the cell, it can accumulate at the division
site (Bertsche et al., 2006; Egan et al., 2014). This PBP is regulated both by FtsWI
and LpoB-CpoB lipoprotein-periplasmic linkage systems (Gray et al., 2015) along
with SPOR domain proteins (like DedD) can up-regulate the function of PBP1b
(Pazos et al., 2020).

1.2.6 Final division stages

1.2.6.1 Constriction

The final stages of division involves parallel septal peptidoglycan synthesis and
cleavage leading to the invagination of the outer membrane reaching a point of con-
striction, disassembly and closing of the final pore between daughter cells (Levin
& Janakiraman, 2021). The ending stages are coordinated by the pushing force of
new septal PG synthesis, leading to inner membrane constriction, guided by FtsZ
treadmilling, leading to the invagination of the outer membrane via the Tol system,
ending in the disassembly of the divisome and closing of the pore to produce two

daughter cells (Levin & Janakiraman, 2021).
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1.2.6.2 Constriction; FtsZ treadmilling guiding PG synthesis

Septal PG synthesis is the most significant force in which constriction of the cyto-
plasmic membrane occurs and is guided by FtsZ treadmilling (Spratt, 1975). The
rate of FtsZ treadmilling, while guides septal PG synthesis, appears to not be the
rate limiting step of cytoplasmic membrane constriction, the rate of PG synthesis
is. Key pieces of evidence of this includes quantitative super-resolution imaging of
E. coli cells, showing strains of mutated FtsZ (including GTPase activity) did not
affect constriction but was limited by PG synthesis enzymes and divisome chromo-
some coupling (Coltharp et al., 2016; Monteiro et al., 2018; Whitley et al., 2021).
A second key piece of evidence indicates that FtsZ dissembles before the final pore
is closed, suggesting it is not essential in these final division stages (Skoog et al.,
2012; Soderstrom et al., 2014).

While not the limiting part of septation, FtsZ treadmilling is still key in the co-
ordination of PG synthesis enzymes. As previously mentioned, FtsZ treadmilling
is powered by GTP binding and hydrolysis, and treadmilling evenly directs PG
synthesis enzymes circumferentially across the septum (Figure 9) (X. Yang et al.,
2017). FtsZ distributes divisome proteins via a diffusion and capture mechanism
(Baranova et al., 2020). Cytoplasmic tails of FtsN and FtsQ co-migrate direc-
tionally with treadmilling FtsZ-FtsA co-filaments however these cytosolic peptides
showed random motion and transient confinement, suggesting moving zone of sig-
nalling activity at FtZ-FtsA co-filaments but diffusion of proteins after transient
FtsZ interactions (Baranova et al., 2020). In single-molecule analysis experiments,
this dynamic appears also true for FtsWI and FtsN however, fluorescence recov-
ery after photo-bleaching (FRAP) and super-resolution imaging indicates that FtsZ
and FtsN have a spatial separation and form different macromolecular complexes

instead of one large complex (Soderstrom et al., 2018).
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1.2.6.3 FtsWI dynamics

The interactions of FtsZ-treadmilling and FtsW/FtsI complexes appear to differ to
FtsN and FtsQ. FtsW and Ftsl are dynamically in two states: a fast-track pop-
ulation coupled with FtsZ-treadmilling and a slow-moving population dependent
on active PG synthesis (and independent on FtsZ-treadmilling activity) (X. Yang
et al., 2021). The slow-moving population still exhibits a directional movement
but is independent of FtsZ and is sensitive during the inhibition of transglyco-
sylase and transpeptidase activities indicating this slow-track population is active
in septal PG synthesis (X. Yang et al., 2021). This evidence produces a model
of FtsZ-treadmilling distributing PG synthesis enzymes evenly circumferentially
across the septum (Levin & Janakiraman, 2021). Similar to FtsQ and FtsN, FtsWI
appears to end-track FtsZ polymers directionally across the septum while the pos-
itive and negative ends of FtsZ polymers grow and shrink respectively (X. Yang
et al., 2017). This distributes PG synthesis enzymes evenly across the septum, in
the case for FtsWI, FtsN and FtsQLB switch FtsWI into the active state. Interest-
ingly this appears to occur when FtsWI dissociates from FtsZ polymers, into the
slow-moving population state (X. Yang et al., 2021). This is further supported by
E. coli FtsZ GTPase mutants have a reduced ability to evenly distributed PG syn-
thesis enzymes while not significantly affecting the whole PG synthesis activity
(X. Yang et al., 2017). The FtsZ treadmilling activity therefore regulates the di-
rectional movement of multiple divisome proteins, distributing them evenly across
the division septum, while aiding in the control of PG synthesis enzyme activation
coupled with FtsN and FtsQLB.
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1.2.6.4 Invagination of the outer membrane

The Tol-Pal complex couples outer membrane invagination with PG synthesis.
This complex, which reaches across the whole cell envelope, is composed of five
proteins, the TolA / TolQ / TolR complex in the cytoplasmic membrane and the
TolB / Pal complex in the periplasm and outer membrane respectively (Szczepa-
niak, Press, et al., 2020). Leading up to division, the TolB-pal complex laterally
diffuse across the outer membrane while TolA and the TolQ / TolR complex as-
sociate to the cytoplasmic membrane, where TolA binds to form the TolA / TolQ
/ TolR triple protein complex (Szczepaniak, Holmes, et al., 2020; Szczepaniak,
Press, et al., 2020). During cell division, TolQAR accumulates at the septum while
a proton motive force causes a conformational change in the complex which leads
to the extension of TolR to bind to the cell wall and TolA to extend and bind to
TolB at the outer membrane (Szczepaniak, Press, et al., 2020). This consequently
causes Pal to dissociate from the outer membrane and TolB to bind septal PG . In-
terestingly, only in the presence of localised TolQAR complex will Pal dissociate
from TolB and bind the septal PG, then leaving TolB to interact with non-septal
Pal, anchoring it to the outer membrane, which appears as a regulatory mechanism
for septal invagination (Gerding et al., 2007; Szczepaniak, Holmes, et al., 2020;
Szczepaniak, Press, et al., 2020).

Once Pal is bound to septal PG, it stabilises the link between the outer membrane
and the peptidoglycan layer in the daughter cells (Szczepaniak, Holmes, et al.,
2020; Szczepaniak, Press, et al., 2020). The interactions between in the Pal / TolB
complex and the Pal interactions with PG are essential for normal efficient outer
membrane invagination (Petiti et al., 2019; Szczepaniak, Holmes, et al., 2020).
Mutants lacking Tol-Pal proteins exhibit chaining, outer membrane vesiculation,
membrane integrity defects and outer membrane invagination delay (Gerding et
al., 2007).

The Tol-Pal system couples with PG synthesis and cleavage via indirect regulation,
for example, TolA binds to PBP1B to reverse the inhibitory affects of CpoB (regu-
lator of transpeptidase activity) or that it is theorised that Tol-Pal regulates amidase
activity to an extent via NlpD, although no direct interactions have been found
(Szczepaniak, Press, et al., 2020). This shows the Tol-Pal system as a driving force

of outer membrane PG stabilisation, invagination and a potential indirect regulator
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to couple PG synthesis and cleavage together with outer membrane invagination.

1.2.6.5 Closing of the pore and the disassembly of the divisome

The end steps of division involve the constriction, closing of the daughter cell’s
pore and disassembly of the divisome. These final steps are not well understood
with only a hand-full of studies highlighting what is known so far. Firstly, as
mentioned before, constriction is determined by the rate of PG synthesis and in-
fluenced by chromosome segregation, a hypothesis supported by mutants such as
cells lacking matP (which interacts with DNA and promotes correct chromosome
segregation), close the pore faster compared to wild-type (Coltharp et al., 2016).
Prior to closure, the cytoplasm of both daughter cells is separated by cytoplasmic
membrane fusion and/or the final synthesis of PG (Skoog et al., 2012). The outer
membrane is then closed after the final stages of PG synthesis via periplasmic ami-
dases (Skoog et al., 2012). How both of these membrane fusion events occur and

their mechanisms are still unknown (Levin & Janakiraman, 2021).

Disassembly of the divisome machinery is again another mostly unknown process.
The signal which drives disassembly is unclear, it could be biophysical (such as
membrane curvature) and/or transient interactions during the closing septal pore
with unknown protein factors (Levin & Janakiraman, 2021; Soderstrom et al.,
2014) although ZapB and ZapE are suggested to be factors in the disassembly
of the divisome (Marteyn et al., 2014; Pazos et al., 2013). What is known about the
disassembly process is based upon super-resolution microscopy with fluorescent
divisome fusion proteins which determined that disassembly occurs at a seemingly
similar order to assembly; FtsZ:ZapA, ZipA:FtsA, FtsL:FtsQ, FtsL:FtsN, FtsN in-
dicating a potential first in, first out mechanic (Soderstrom et al., 2016). The other
divisome proteins however are only hypothesised to follow this order. As previ-
ously mentioned, FtsZ is not required for the constriction of the outer membrane
and thus leaves the septum before the closure of the pore (Soderstrom et al., 2014).
Curiously, a small population of FtsN molecules remain in a ring, the SPOR do-
main remains at the division site as it may be that the final FtsN molecules will
disperse when all the denuded glycan strands are processed back into the peptido-
glycan cell wall (Alcorlo et al., 2019; Soderstrom et al., 2018).

This divisome is a complex network of transiently interacting proteins all work-
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ing to mediate and perform a successful cell division. While there is a wealth
of information regarding the structures, interactions and localisation of proteins
throughout the division process there is still much to research regarding the tempo-
ral localisation of all proteins present and their respective structural mechanisms,
to the unknown of the final disassembly steps of division. There are still multiple
protein networks of interactions which are still unclear to why E. coli and other
bacterial species differ from one another, however understanding the E. coli is an
essential model to understanding other divisome systems in other bacterial species

and for potential antibiotic targets.
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1.3 FtsEX and EnvC pathway

As described in the previous section, the FtsEX:EnvC:AmiA/AmiB pathway regu-
lates the activities of two out of the three periplasmic amidases tasked with cleaving
peptidoglycan during the late stages of cell division. Although not essential in cell
division, this pathway is important to the survival and proper septation of the cell
and the structural basis of amidase regulation maybe conserved which means a

potentially worthwhile antibiotic target worth investigating.

1.3.1 Type VII ABC transporters

FtsEX is an unusual member of a large family of ATP-binding cassette (ABC)
transporter proteins. These are usually transmembrane proteins, present in all three
domains of life, which use nucleotide binding and hydrolysis to transport substrates
like drugs, sugars, ions, proteins and amino acids across membranes . ABC trans-
porters generally exhibit four characteristic structural domains; two variable trans-
membrane domains (TMDs) and two core conserved nucleotide-binding domains
(NBDs), located in the cytoplasm (Rees et al., 2009). These domains share a set
of highly conserved motifs which are present in ABC transporters. Due to the va-
riety of substrates, the sequences and structures of TMDs can differ along with the
addition of other protein components such as a high affinity binding protein in the

periplasm for example (Rees et al., 2009).

There are seven structurally distinct ABC transporter families which are further
classed by their function. Type I/II/III ABC transporters are importers, type [V/V
are exporters and type IV/VII are more unusual as mechanotransducers (Figure 10)
(Greene et al., 2018).

Type VII ABC transporters such as MacB (Crow et al., 2017; Greene et al., 2018),
LolCDE (Tang et al., 2021) and FtsEX (Crow et al., 2017) have been shown to
have a general mechanism dependent on the binding and hydrolysis of ATP. This
ATP-dependent activity causes conformational changes in the nucleotide binding
domains leading to a switch between inward-open and outward-open states allow-
ing substrates to pass through the membrane (Wilkens, 2015). During the inward
state, the NBDs are separated allowing for substrate binding to the cytoplasmic
side of the TMDs. When ATP binds to the NBDs, these domains associate closely
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with each other leading to a conformational change in the TMDs in the conserved
coupling helix (Wilkens, 2015). This produces the outward-open state which has
a significantly lowered affinity for the bound substrate which allows the release of
said substrate on the other side of the membrane. To reset the process, ATP hy-
drolysis changes the transporter conformation back to inward-open state (Wilkens,
2015). In other ABC transporter types and variations of this mechanism are known
with states coupled by a proton motive force (e.g. MsbA) (H. Singh et al., 2016)
but type VII transports can lack a substrate but instead a transfer of a signal in a

signalling pathway (Crow et al., 2017).
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Figure 10: Seven ABC transporter superfamilies. A single representative from
each superfamily is shown colored by protein chain. PDB identifiers are given in
parentheses. The seven ABC folds are here further divided into three “classes”
based on function. Families I-III are importers, Type IV and V are exporters and
Types VI and VII are mechanotransducers. Note that the two ABC exporter fami-
lies here termed Type IV and Type V are also sometimes referred to as type I and
II ABC exporters. From left to right: the molybdate transporter (Hollenstein et al.,
2007) (ModABC), vitamin B12 transporter (Korkhov et al., 2012) (BtuCDF), fo-
late importer (Xu et al., 2013) (Ecf-FolT), multidrug exporter (Dawson & Locher,
2006) (Sac1866), the sterol transporter (J.-Y. Lee et al., 2016) (ABCG5/G8), the
lipopolysaccharide extractor (Luo et al., 2017) (LptBFG) and the enterotoxin and
macrolide transporter (Crow et al., 2017) (MacB). Folds are named by extension
of a previously established convention (ter Beek et al., 2014). Figure and caption
sourced from (Greene et al., 2018).
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1.3.1.1 Type VII founder, MacB

As FtsEX is a type VII ABC transporter, it is important to outline why this type is
unique in the superfamily. Firstly, it is key to note that ABC transporters in Gram-
negative bacteria, instead of the classic exporter model of transporting substrates
independently across a membrane, other ABC transporters can form as a part of
larger structures called tripartite efflux pumps; this is the case for the founding
member of the type VII ABC transporter family, MacB (Crow et al., 2017; Greene
et al., 2018).

MacB is part of the MacAB-TolC tripartite efflux pump system which is suggested
as an antibiotic resistance mechanism as by ejecting antibiotics out of the cell
(Greene et al., 2018). The structure and mechanism defines the type VII transporter
class (Figure 11), as there is no direct substrate but a transmembrane conforma-
tional change that transfers a signal to drive substrate through TolC-like exit ducks
(Crow et al., 2017). MacB monomers consists of four transmembrane helices, an
N-terminal NBD, a periplasmic domain between helices 1 and 2, short extracyto-
plasmic loops on helices 3 and 4 and finally a cytoplasmic N-terminus amphipathic
helix connecting helix 1 to the NBD (Crow et al., 2017).

The MacB in vivo resides as a dimer with the mechanism beginning in a nucleotide-
free state with NBDs parted and the periplasmic domains also parted (Figure 11)
(Crow et al., 2017). This allows substrates to enter the pump system via the cavity
between MacB and MacA. Upon ATP binding, a conformational change where
the NBDs reversibly dimerise together causing the transmembrane stalk helices
to associate together which lastly causes the MacB periplasmic domains to closely
associate together (Crow et al., 2017). This creates a pressure system which pushes
the substrate though the MecA channel. Substrates are prevented from back flow
by a valve in MacA (Crow et al., 2017). ATP hydrolysis resets MacB with the
periplasmic domains and stalk helices parting leading to the separation of the NBD
dimer on the cytoplasmic side. This mechanism has been compared to a molecular

bellow driven by mechanotransmission (Crow et al., 2017).
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Figure 11: Structure and Mechanotransmission mechanism of MacB. (A,
TOP) Linear domain organization of the MacB polypeptide. (A. BOTTOM) Topol-
ogy of MacB. (B) Nucleotide-free (Left) and ATP-bound MacB (Right). Both
models represent E. coliMacB; the nucleotide-free form is extracted from the cry-
oEM structure of the MacAB-TolC complex (SNIL), and the ATP-bound form is
a homology model generated from the crystal structure of the nucleotide-bound
AaMacB (5LIL). Figures and captions adapted from (Crow et al., 2017)
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1.3.1.2 The Lol system, confirmation of mechanotransmission

As the class of type VII ABC transporters became more understood, more recently,

another ABC transporter system has been investigated, the LolCDE system.

Like many Gram-negative bacteria, the E. coli outer membrane contains lipopro-
teins as a key structural component which hold a variety of functions including;
translocation / insertion of outer membrane proteins/lipids (e.g. phospholipids
(Bishop et al., 2000; Malinverni & Silhavy, 2009; Raetz et al., 2007; Rowlett et
al., 2017), and outer membrane lipoproteins (Knowles et al., 2009; Kovacs-Simon
et al., 2011; S.-1. Narita et al., 2004)). The end result is to maintain the integrity
and function of the outer membrane bilayer. In E. coli, around 90 outer membrane
proteins are transported and sorted by the lipoprotein outer membrane localisation
(Lol) pathway (S.-I. Narita & Tokuda, 2017; Yakushi et al., 2000) involving five
proteins, LOICDEAB which are stationed between the inner and outer membranes
(Tokuda & Matsuyama, 2004).

The lipoprotein transport Lol pathway begins with the synthesis and transloca-
tion of a pre-prolipoprotein from the cytoplasm to the periplamic side of the inner
membrane by the translocaon SecYEG (Mori & Ito, 2001; S.-I. Narita & Tokuda,
2017).The pre-prolipoprotein is modified into a lipoprotein with the signal peptide
cleaved and the conserved N-terminus cysteine N-acylated with a diacylglycerol
added to the same cysteine (Hillmann et al., 2011; Mao et al., 2016; Vogeley et
al., 2016).The ABC transporter complex LolCDE is located on the periplasmic
side of the inner membrane and binds to mature lipoproteins to transfer them to
the periplasmic chaperone protein LolA (Gennity & Inouye, 1991; Masuda et al.,
2002; Seydel et al., 1999). This occurs via the ATP hydrolysis in the ATPase
LolD coupled with the association of the periplasmic domain LolC to LolA (Ka-
plan et al., 2018; Okuda & Tokuda, 2009). LolA then transports the lipoprotein
to the outer membrane lipoprotein LolB of which integrates the new lipoprotein
into the outer membrane (Matsuyama et al., 1997; Nakada et al., 2009; Takeda
et al., 2003; Tsukahara et al., 2009). The Lol system is conserved and deemed
essential in Gram-negative bacteria (S.-i. Narita et al., 2002) and is known to be
powered by a lipoprotein affinity gradient (Matsuyama et al., 1997; Takeda et al.,
2003; Tsukahara et al., 2009). Due to the importance of this system, it is a prime

target for antibiotic developments and LolCDE is known to bind to small-molecule
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inhibitors producing an antibacterial effect (Lorenz et al., 2016; McLeod et al.,
2015; Nayar et al., 2015; Nickerson et al., 2018).
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Figure 12: Proposed model for lipoprotein extraction and transfer to LolA.
ATP and ADP are shown as balls in red and purple, respectively. The dashed
arrow indicates the path for lipoproteins entry into the cavity. The apo-LolCDE,
RcsF-LolCDE and AMPPNP-LolCDE structures represent structures in 1, 2, and
3, respectively. Figure and caption sourced from (Bei et al., 2022)
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LolCDE ABC transporter crystal structure shows it is a heterodimer of transmem-
brane domains of LolC and LolC bound to a homodimer of LolD, nuleotide-binding
domains (Figure 12) (Tang et al., 2021). The type VII ABC transporter, MacB
has a similar configuration with the homo-dimerisation of a nucleotide-binding do-
main, transmembrane helices and a periplasmic domain (Crow et al., 2017). Unlike
other ABC transporters there is a ’"door bar’ which is an extension of transmem-
brane helix 3 of LolE which protrudes into the periplasm and bends towards LolC
until it runs parallel to the inner membrane (Tang et al., 2021). The nucleotide-
binding domains of LolCDE contain RacA-like subdomains and structural folds
which are typical for ABC transporters (Locher, 2016; Tang et al., 2019).

The mechanism of action of LolCDE appears mostly typical for a type VII ABC
transporter using a mechanotransducing mechanism, like that of MacB (Figure 12)
(Crow et al., 2017). LolCDE begins in a apo state in a relaxed conformation with
NBDs far separated. During lipoprotein binding into the central transmembrane
channel, the NBDs move closer together but insufficient for dimerisation. LolA
binds to the periplasmic ’door bar’ on LolC however does not affect the LolCDE
conformation. When ATP binds however, the NBDs dimerise into a closed state
causing a conformational change in the transmembrane domains, closing the cen-
tral channel, moving the lipoprotein upwards towards LolA. The LolE periplasmic
domain remains blocking access of the lipoprotein to LolA. Once ATP hydroly-
sis occurs, the NBDs draw apart causing a conformational change in the trans-
membrane domains rotating the periplasmic domain of LolC, creating a deformed
transmembrane interface and allowing LolA to bind to the lipoprotein leading to
the LolA bound lipoprotein dissociates from LolC into the periplasm. The cycle
then begins anew in the apo state (Tang et al., 2021).

This structure was another piece of evidence of the type VII ABC transporter
mechanotransmission mechanism to transfer substrates through or from a mem-

brane.
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1.3.2 FtsEX

1.3.2.1 FtsEX of the past

Originally thought to be only relevant for bacterial growth in different osmolal-
ity conditions (Ricard & Hirota, 1973) and a potential indirect division role with
inserting division proteins with FtsY (a signal recognition particle receptor) into
the membrane (Crickmore & Salmond, 1992; Gibbs et al., 1992; Gill et al., 1986;
Salmond & Plakidou, 1984). It was later discovered that FtsEX forms a predicted
ABC transporter complex and is essential to the stability of the divisome in low
osmolarity conditions (Corbin et al., 2007; Karimova et al., 2005; Reddy, 2007;
Schmidt et al., 2004), however it was only more recently the true functions and
interactions of FtsEX were discovered (J. Cook et al., 2020; Pichoff et al., 2019).
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1.3.2.2 FtsEX functions

As mentioned previously, FtsEX holds multiple roles in cell division and is condi-
tionally essential in low osmolarity conditions (Leeuw et al., 1999; Reddy, 2007;
Ricard & Hirota, 1973; Schmidt et al., 2004; Taschner et al., 1988). FtsEX lo-
calises to the septum with FtsE (once in a complex with FtsX), which is the main
factor to localise the complex to the Z-ring based on the FtsX independent inter-
action of FtsE with only the C-terminal peptide of FtsZ (Du & Lutkenhaus, 2019).
This is supported by the overexpression of FtsEX appears to displace FtsA and
ZipA binding to the CTP on FtsZ (Du & Lutkenhaus, 2019).

The removal of FtsEX provides understanding on its function. In E. coli, mutants
lacking FtsEX did not affect Z-ring formation, however, a filamentation pheno-
type occurred before slower growth along with the downstream division proteins
prevented from localising; FtsK, FtsQ, FtsI and FtsN (Schmidt et al., 2004). These
phenotypes can be suppressed however if FtsN is overexpressed or gain-of-function
mutated FtsA can all rescue cells lacking FtsEX to a significant degree to produce
only a mildly filamenation phenotype (Du et al., 2016; Pichoff et al., 2018; Reddy,
2007; Schmidt et al., 2004). This was later deduced to be the result of the upreg-
ulation of FtsN to interact with FtsA while FtsN is recruited to the septum early,
thus recruiting FtsWI and FtsQLB earlier (Pichoff et al., 2018).

The proto z-ring protein, FtsA, requires the interaction with FtsX in order to recruit
the late divisome proteins to the septum. Interestingly, mutations in FtsA (R63H
or G366D) or FtsX (A4-69) prevent the recruitment of the downstream divisome
proteins with no effect on FtsEX localisation (Du et al., 2019; Du et al., 2016),
indicating if mutations promote FtsA interactions with FtsN and/or negatively af-
fect FtsA self-interaction, remove the requirement for the FtsA:FtsEX interaction
and bypass ZipA (which is also a requirement for downstream divisome protein
recruitment by anchoring FtsZ polymers). This is thought to be FtsEX directly
antagonising FtsA polymerisation which allows FtsA to interact and recruit down-
stream divisome proteins (Du & Lutkenhaus, 2017; Du et al., 2016; Pichoff et al.,
2012).
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1.3.2.3 FtsEX structure

FtsEX is a type VII ABC transporter where FtsE contains the cytoplasmic nu-
cleotide binding domain and FtsX contains the transmembrane domains along with
a periplasmic domain (Gibbs et al., 1992; Leeuw et al., 1999). The periplasmic
loop between TM1 and TM2 present indicates it is unlikely to be a substrate chan-
nel (Arends et al., 2009; Daley et al., 2005). As an ABC transporter, ATP hydroly-
sis should cause a conformational change in FtsX moving the periplasmic domain
further into the periplasm (Arends et al., 2009). This would be consistent with the
type VII ABC transporter’s mechanotransmission mechanism such as in MacB and
LolCDE where the conformational change is crucial for their function (Crow et al.,
2017; Greene et al., 2018). A structural model of FtsEX based on MacB supports
this claim (Figure 13) (Du et al., 2019; Pichoff et al., 2019).
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Figure 13: MacB as a model for the Type VII subfamily of ABC transporters
and comparison to a model of FtsEX. (A) The structures of a MacB dimer in
the nucleotide free form (SNIL) and the ATP bound form (5LJ7) are depicted. The
NBD (light orange), the membrane component (green) and the large extracellular
domain (ECL1) are depicted. ECL1 is split into two domains: porter (cyan) and
sabre (pink). ATP binding brings the NBDs together causing the long TM1 and
TM2 helices to form a tight helical bundle distal to the membrane causing confor-
mational changes in the ECL1. The linkage between the NBD and the membrane
component is not resolved in the structure and is indicated by a dotted line. (B)
A model of the ATP form of FtsEX (Du et al., 2019); FtsE (pink) FtsX (cyan).
The ECL1 of FtsX has a porter domain and a unique FtsX domain (called X-lobe
[red]) instead of a sabre domain. This domain is responsible for interaction with
the coiled coil region of its effector. The coupling helix of the TMD (FtsX) is in-
serted into a cleft of the NBD (FtsE). Figure and caption sourced from (Pichoff
et al., 2019)
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The FtsEX model (Figure 13) highlights the similarities between MacB and FtsEX
within type VII ABC transporters. Each FtsX monomer has four transmembrane
domains and a porter domain like MacB monomers (Crow et al., 2017). FtsEX
periplasmic domain contains a X-lobe instead of a sabre (small alpha beta rich
extracytoplasmic) domain (Mavrici et al., 2014; Rued et al., 2019). FtsE NBDs
appear to dimerise when ATP binding (like that of MacB) which may lead to con-
formational changes in the transmembrane domains that in turn alters the confor-
mation of the periplasmic domains assuming is important for function (Crow et al.,
2017). The FtsEX ATP hydrolysis mechanism and its effect on function is explored
later.

1.3.2.4 FtsEX ATPase activity and PG hydrolysis

The function of the ATPase activity of FtsE has multiple implications for the re-
cruitment of the divisome, constriction activation and PG hydrolysis. It was found
that when mutating residues in the conserved Walker A and Walker B motifs
of FtsE, FtsEX still localised to the Z-ring and recruited the downstream divi-
some proteins, however the assembled divisome was inactive (Arends et al., 2009).
These ATP mutants produce a similar phenotype to inhibiting FtsI and FtsE mutant
D162N indicating that without ATP binding and/or hydrolysis, this blocks FtsA
from starting constriction (by FtsA interaction with FtsN) although an overexpres-
sion of FtsN will bypass this block and activate the divisome (Du et al., 2019; Du
et al., 2016). Therefore FtsE ATPase activity regulates divisome activation but not

assembly by modulating PG synthesis.

To separate daughter cells, the septal PG must be hydrolysed. As previously men-
tioned, in E. coli, there are three periplasmic amidases; AmiA, AmiB and AmiC,
which cleave septal PG (Heidrich et al., 2002). These are regulated by EnvC (for
AmiA and AmiB) and NlpD (AmiC) (Peters et al., 2011; Rocaboy et al., 2013).
FtsEX has been found to be a regulator of PG hydrolysis in E. coli and in other
species such as Streptococcus pneumoniae (Alcorlo et al., 2020) and Mycobac-
terium tuberculosis (Mavrici et al., 2014). In E. coli FtsEX is believed to interact
with EnvC which in turn interacts with EnvC to activate AmiA/AmiB Figure 14
(Pichoff et al., 2019).

64



inactive active

amidase

out

Figure 14: Model for FtsEX function in regulating PG amdiase activity at the
division site. Shown is a schematic diagram of a putative FtsEX-EnvC-amidase
complex at the Z-ring. We propose that conformational changes in FtsEX induced
by FtsE-mediated ATP hydrolysis are transmitted to EnvC to control its ability to
activate the amidases so that they can cleave the septal PG (not drawn). The model
is not meant to reflect actual interaction stoichiometries, because they have yet to
be determined. In addition, it is not yet clear if the amidases remain in complex
with EnvC as drawn or if this interaction is also regulated. Figure and caption
sourced from (D. C. Yang et al., 2011)
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As Figure 14 indicates, FtsEX requires its ATPase activity to control PG hydrol-
ysis as supported by; FtsEX mutants with defective ATPase activity do not rescue
chained cells which lack NlpD and FtsEX (D. C. Yang et al., 2011), additionally,
in S.pneumoniae, the ATPase function of FtsE is essential to activate PcsB and for
in proper membrane constriction (Arends et al., 2009; Briggs et al., 2021; Sham et
al., 2013). In another system, in B.subtilis, FtsEX interacts with a similar protein,
CwlO, an endopeptidase, in with cannot be activated by FtsEX if FtsE cannot bind
or hydrolyse ATP (Dominguez-Cuevas et al., 2013; Meisner et al., 2013). This sys-
tem however is used in cell elongation not cell division, suggesting in potentially
other roles of FtsEX outside of cell division in other systems (Pichoff et al., 2019).

Figure 14 raises further questions however; Are amidases bound to EnvC through-
out their activation or do they interact, become active and then dissociate in an
active conformation? Why does EnvC need to bind to FtsEX in order to interact
with AmiA/AmiB? How are the amidases structurally regulated? These questions

are addressed in this section and in this thesis.
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1.3.3 Env(C, an amidase regulator

Throughout bacterial genomics, there are a collection of PG hydrolases with a
range of functions to hydrolyse specific bonds in peptidoglycan all for varying pur-
poses (Firczuk & Bochtler, 2007; van Heijenoort, 2011; Vollmer et al., 2008). A
number of these hydrolases contain LytM-domains which attribute to their func-
tion of PG hydrolysis, interestingly, there are some proteins which contain LytM-
domains but lose their catalytic activity, in favor of other functions, such as the

amidase regulator, EnvC (Uehara et al., 2010).

Proteins which contain LytM (Peptidase M23) domains (Finn et al., 2008) are
named after lysostaphin (LytM) from Staphylococcus aureus which was the first
thoroughly-characterised zinc metallo-endopeptidase that hydrolysed pentaglycine
cross-links in the PG (Browder et al., 1965; Firczuk & Bochtler, 2007; Firczuk et
al., 2005; Peters et al., 2013b). Of the structurally characterised proteins containing
related LytM domains, most of them are also metallo-endopeptidases (Cohen et al.,
2009; Lu et al., 2006; S. K. Singh et al., 2012), and can be found to have functions
in systems such as cell division/elongation, sporulation and cell-shape formation
(Bonis et al., 2010; Cohen et al., 2009; Goley et al., 2010; Meisner & Moran, 2011;
Moll et al., 2010; Peters et al., 2013b; Poggio et al., 2010; S. K. Singh et al., 2012;
Sycuro et al., 2010; Uehara et al., 2009). There are some unusual exceptions to
these endopeptidases including SpollQ from Bacillus subtilis (J et al., 2012; Lev-
dikov et al., 2012; Meisner & Moran, 2011) and EnvC / NlpD / ActS from E. coli
(Peters et al., 2013a; Uehara et al., 2010), which do not appear to have hydrolytic
activity.

EnvC and NIpD are LytM domain proteins which do not have metallopeptidase
activity and appear to have regulatory roles on periplasmic PG amidases (Uehara
et al., 2010). EnvC and NlpD are missing conserved metal-binding and catalytic
residues, thus potentially missing a metal ion, which active metallopeptidases con-
tain, essential for function (Uehara et al., 2010).As mentioned previously, the 3 PG
amidases in E. coli are required to cleave the septal PG in order for daughter cells to
separate at the end of cell division (Heidrich et al., 2001; Priyadarshini et al., 2007;
Uehara et al., 2009). If all 3 amidases or both EnvC and NlpD are removed in E.
coli knockout strains, it produces the classic chaining phenotype with cells con-

nected with PG and partially constricted outer membranes (Heidrich et al., 2001;
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Priyadarshini et al., 2007; Uehara et al., 2009). Amidases are currently hypothe-
sised to be activated by the removal of the autoinhibitory alpha-helix which blocks
the active site (D. C. Yang et al., 2012b). EnvC / NlpD do not appear to cleave this
autoinhibitory helix as the molecular weight of amidases does not change upon
LytM domain incubation with the conclusion that the helix is moved via structural
rearrangement imposed by EnvC or NlpD (Uehara et al., 2010). More recently,
ActS, is another LytM domain protein shown to lack activity but hold a regulatory
role on E. coli periplasmic amidases although primarily under lipopolysaccharide
depletion cellular stress (Gurnani Serrano et al., 2021). This collectively suggests a
primary regulatory role of EnvC and NlIpD on peptidoglycan periplasmic amidases

during cell division.

As EnvC is not itself an active metallopeptiase, but a regulatory LytM factor, it
is not unreasonable to suggest itself if being regulated. EnvC appears to activate
AmiA and AmiB via the control of the aforementioned type VII ABC transporter,
FtsEX (D. C. Yang et al., 2011). It is thought that through the ATP binding and
hydrolysis powered conformational changes, FtsEX regulates EnvC to activate and
cause the release of the inhibitory domain of AmiA and AmiB (Crawford et al.,
2011; Sham et al., 2011; D. C. Yang et al., 2011). The structural mechanism of this

regulation however is currently not well understood.
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1.3.3.1 EnvC LytM structure

In support of EnvC as a regulatory LytM factor, a structure of only the LytM do-
main has been solved (Figure X) (Peters et al., 2013b). Unsurprisingly, this LytM
domain is highly similar to other LytM proteins however lacks a metal ion, metal-
binding residues and active site residues which are common in active metallopepti-
dases (Peters et al., 2013b). Therefore EnvC cannot cleave PG but further believed
to regulate AmiA and AmiB in the periplasm that can (Peters et al., 2013b). By
site directed mutagenesis in EnvC LytM domain, the key residues required in the
interaction and activation of amidases have been deduced (Figure 15) (Peters et
al., 2013b). Key residues found in vivo and in vitro for EnvC regulatory function
reside in the degenerate active-site cleft including; K321, Y350, V353, Y401 and
R405 (Peters et al., 2013b). EnvC constructs with mutations in these sites do still
localise to the septum during cell division however have significantly reduced ac-
tivation ability onto AmiB in vitro (Peters et al., 2013b). How these mutants affect
the full length EnvC protein is still largely unknown at the molecular level. Al-
though the molecular mechanism of how FtsEX interacts and regulates EnvC to
regulate periplasmic amidases is still largely unknown. How EnvC alters the ami-

dases conformation to produce an active amidase also remains to be elucidated.
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Figure 15: EnvC residues important for function cluster in and around the
degenerate active-site cleft. Residues important for EnvC function are shown as
yellow coloured sticks on the structure of LytEnvC including two corresponding to
those required for metallo-endopeptidase activity in other LytM domains. The two
remaining ‘degenerate’ active-site residues are shown as purple coloured sticks.
Both ribbon (A, C) and surface (B, D) representations of the structures are shown.
Side views (A, B) and front views (C, D) of the cleft are shown. Structures in (C)
and (D) are rotated roughly 90 degrees clockwise relative to the structures in (A)
and (B). Figures and captions sourced from (Peters et al., 2013b)
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1.4 Periplasmic amidases

1.4.1 Bacterial peptidoglycan cleaving enzymes

In bacteria, there are a vast range of cell wall peptidoglycan cleaving enzymes
which vary on the bond in peptidoglycan they cut, specifically there are 3 classes
of these peptidoglycan cleaving enzymes; amidases, glycosidases and peptidases
of which all hold differing functions ranging from cell division, cell wall rearrange-
ment, recycling and cell lysis (Fenton et al., 2010; Rigden et al., 2003; Szweda et
al., 2012; Vermassen et al., 2019). These differ in terms of their structure and
function but have conserved catalytic domains within each class of peptidoglycan
cleaving enzyme (Alcorlo et al., 2017). N-acetylmuramoyl-L-alanine amidases
(PG amidases) are the focus of this section. Peptidoglycan amidases hydrolyse
the amide bond linking the glycan strand with the stem peptide, specifically be-
tween the MurNAc and L-alanine residues (Figure 16) (Holtje, 1995; Vollmer et
al., 2008). There are three types of N-acetylmuramoyl-L-alanine amidases in bac-
teria; type 2, type 3 and type 5, these differ in their catalytic domains (Vermassen
et al., 2019).
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Figure 16: Targets of the bacterial cell wall hydrolases (or peptidoglycan
cleaving enzymes) (CWHs) in Cell wall-monoderm and LPS-diderm bacte-
ria. (A) In the Cell wall (CW) of CW-monoderm bacteria, the alternating sub-
units of N-acetylglucosamine (GlcNac) and N-acetylmuramic acid (MurNac) are
amide linked to the alanine of the wall peptide alanine, glutamine or isoglutamine,
meso-diaminopimelic acid (mDAP) or lysine and alanine. In S. aureus, the pen-
taglycine cross bridge is linked to the alanine of the CW peptide. (B) In the CW
of LPS-diderm bacteria, the alternating subunits of N-acetylglucosamine (GlcNac)
and N-acetylmuramic acid (MurNac) are amide linked to the alanine of tetrapep-
tide alanine, glutamine, mDAP and alanine. N-acetylglucosaminidase hydrolyses
the glycan component of the cell wall on the reducing side of the GlcNAc. N-
acetylmuramidases cleave the same bond but form N-acetyl-1,6-anhydro-muramyl
intermediates during cleavage. N-acetylmuramoyl-L-alanine amidase cleaves a
critical amide bond between the glycan moiety (MurNAc) and the peptide moi-
ety (L-alanine) of the peptidoglycan. Peptidase cleaves an amide bond between
two amino acids (depicted in green). CWA, CW amidase; CWG, CW glycosidase;
CWP, CW peptidase. Figure and caption sourced from (Vermassen et al., 2019)
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In E. coli, AmpD and AmiD are the most characterised type 2 amidases (Hei-
jenoort, 2001; Holtje et al., 1994). AmpD quickly cleaves the 1,6-anhydro-MurNAc-
L-Ala bonds present in MurNAc and tetrapeptides (Heijenoort, 2001; Holtje et al.,
1994). The lipoprotein, AmiD cleaves 1,6-anhydro-MurNAc-L-Ala and MurNAc-
L-Ala bonds as a broader specificity (Pennartz et al., 2009). Hydrolysis is a zinc-
dependent reaction occurs in a L-shape cavity where a Zn>* ion is present between
the glycan and peptide stem binding sites (M. Lee et al., 2013; Martinez-Caballero
et al., 2013). The type 2 amidase is regulated via an open and closed conforma-
tion system in which the substrate and peptide-stem binding sites become available
upon a significant secondary structural rearrangements after activation (Carrasco-
Lépez et al., 2011; Liepinsh et al., 2003).

Another zinc-dependent amidase, type 3 amidases have a number of well charac-
terised examples. AmiA, AmiB, AmiC are examples of periplasmic PG amidases
in E. coli which have been shown to produce L-Ala-D-Gly-mDAP tripeptide and L-
Ala-D-Glu-mDAP after cleaving the amide bond between the stem peptide L-Ala
and MurNAc (Biittner et al., 2014; Rocaboy et al., 2013; Zoll et al., 2012). Again,
similar to type 2, a solved E. coli AmiC structure suggests an open and close mech-

anism, changing the availability of the active site (Rocaboy et al., 2013).

Lastly, type 5 amidases is the least understood family. There is a type 5, cell wall
hydrolyse present in Dp-1, a bacteriophage of S. pneumoniae in which was found
to require choline for full activity (Garcia et al., 1983; Lopez, 1981). This family
of amidases is generally still an unknown with no structural information available
(Vermassen et al., 2019).
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1.4.2 N-acetylmuramoyl-L-alanine type 3 E. coli periplasmic amidases

As previously mentioned, the three N-acetylmuramoyl-L-alanine type 3 periplas-
mic amidases in E. coli are crucial for the end stages of cell division. As new
peptidoglycan is synthesised at the division site, the old peptidoglycan must be
hydrolysed for proper constriction and daughter cell separation to occur (Attaibi
& den Blaauwen, 2022). Without these amidases, cells cannot properly sepa-
rate, as exhibited by triple amidase mutants (Aamiabc) in E. coli which show a
long chained phenotype, and this phenotype is copied if their regulators, EnvC and
NlpD are removed together (Heidrich et al., 2001; Priyadarshini et al., 2007; Ue-
hara et al., 2009). In an apparently redundant amidase system, the three amidases
do still present differences in terms of sequence, structure, localisation, regulation

and potentially function.
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1.4.2.1 Localisation of E. coli cell-division associated amidases

During cell division E. coli amidases are directed to the periplasm of the gram-
negative bacteria (Bernhardt & de Boer, 2003; M0dll et al., 2014; Yakhnina et al.,
2015). Beginning in the cytoplasm, the three amidases appear to transfer into the
periplasm by different molecular systems. AmiA and AmiC are suggested to use
the Tat system to transport folded AmiA and AmiC into the periplasm due to Tat-
targeting motifs in their signal sequence and GFP fusions appear to remain in the
cytoplasm when the Tat system is removed (Bernhardt & de Boer, 2003). Interest-
ingly, AmiB lacks a Tat-targeting motif in the signal sequence and does appear to
rescue the chaining phenotype of Tat™ cells, suggesting that AmiB may use the Sec
system instead to reach the periplasm (Bernhardt & de Boer, 2003), although Tat
cells still express all three amidases (including AmiB which does not appear to use
this route), the chaining phenotype maybe caused by other issues in this pathway

and/or limited AmiA and AmiC reaching the periplasm.

For cell division amidases to be effective, they localise to the division site to hydrol-
yse the septal peptidoglycan. Firstly, AmiC has been strongly suggested to localise
to the septum in E. coli cells via GFP tagged amidase fusions with fluorescence
microscopy (Bernhardt & de Boer, 2003). This GFP fusion consistently rescued E.
coli cells lacking AmiA and AmiC (Bernhardt & de Boer, 2003). Although AmiB
has not been directly shown to localise to the septum in E. coli, it is generally as-
sumed to as other AmiB proteins in Pseudomonas aeruginosa and Vibrio cholerae
have been clearly shown that the equivalent AmiB localises to the setpum (via fluo-
rescence microscopy) and is required for cell division in these systems (M®oll et al.,
2014; Yakhnina et al., 2015). Interestingly, E. coli AmiA localisation is more con-
flicting. Again using fluorescence microscopy, AmiA does not solely localise to
the septum but is reported to distribute throughout the periplasm (Bernhardt & de
Boer, 2003), however on closer inspection of the microscopy , it appears that AmiA
has a mild preference for the septum while still present throughout the periplasm
although this is difficult to support without further evidence. AmiA is the smallest
of the three E. coli type 3 amidases, lacking a targeting domain AmiB and AmiC
have, which could theoretically contribute to the difference in localisation.
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1.4.2.2 Structure of E. coli cell-division associated amidases

AmiC

There is currently only one type 3 E. coli amidase solved structure, AmiC (Figure 17)
(Rocaboy et al., 2013). The 2.5 angstrom structure highlights two main domains,
the AMIN and the catalytic domains, connected by a linker. The AMIN domain
is a superimposable four-stranded anti-parallel S-sheets with conserved outer sur-
faces (Rocaboy et al., 2013). The (3-sheets are closed on one side by a small «
helix (Rocaboy et al., 2013). This is the first report of an AMIN domain fold. The
function of this AMIN domain is reported to be essential for the proper localisa-
tion of AmiC to the active site (Bernhardt & de Boer, 2003) and has been shown
via pull-down experiments that the domain binds to peptidoglycan (Rocaboy et al.,
2013).
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Figure 17: Crystal structure and catalytic domain of AmiC. (A) The AMIN do-
main, the linker and the catalytic domain are respectively shown in orange, violet
and cyan.(B) Topology of AmiC. Stretches of missing residues are represented as
dashed lines. Residues preceding and following the missing segments are labelled.
(C) Cartoon representation of the catalytic domain. The fragment removed to pro-
duce the mutant AmiCAHS (see in text) is depicted in orange. The catalytic zinc is
shown in green.(D) Close-up on the catalytic site of AmiC. The catalytic zinc and
the obstructing helix a5 are shown in green and orange respectively. The chelating
residues are represented as sticks (nitrogens and oxygens are shown in blue and red
respectively). Figure and captions sourced from (Rocaboy et al., 2013)
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The catalytic domain (Figure 17) is overall conserved in comparison with other
amidase type 3 family proteins (Korndorfer et al., 2006; Mayer et al., 2011; D. C.
Yang et al., 2011). The fold contains a strongly twisted 6-stranded 3-sheet flanked
by six « helices (Rocaboy et al., 2013). There are four residues essential for cat-
alytic activity which are stringently conserved; His196, His265 and Glu211 all
chelate the key catalytic Zn>* ion (Rocaboy et al., 2013). Lastly there is Glu373
which is suggested to be important in the proton transfer during catalysis in metallo-
proteases (Rocaboy et al., 2013). There is an « helix which appears to obstruct the
active site in AmiC which aligns with an AmiB structure in Bartonella henselae,
where another inhibiting helix blocks the active site (D. C. Yang et al., 2012b).
This is in contrast however to other amidase type 3 proteins which lack this regu-
latory helix such as the amidase from Neisseria meningitidis (Zhang et al., 2008).
In this AmiC structure however, there is a missing region between helices 5 and 6
which is reported to be motile, thus resulting in reduced electron density in model
building. This region could be important in the activation mechanism required for

the movement of the blocking helix from the active site.

Unsurprisingly, the regulator to AmiC, NIpD was shown to directly interact (al-
though only in vitro), believed to lead into a conformational change in AmiC to
move the blocking helix away from the active site (Rocaboy et al., 2013). To sup-
port this claim, this paper removed the blocking helix and found this AmiC vari-
ant was consecutively active regardless of NIpD presence (Rocaboy et al., 2013).
This structure paints a picture of an amidase with a regulatory system based on a
self-inhibition mechanism controlled by another protein regulator which alters the

amidase structural conformation, altering active site availability.
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AmiB

Currently there is no E. coli structure of the type 3 amidase, AmiB, there is how-
ever a solved catalytic domain of an AmiB orthologue from Bartonella henselae
(Figure 18) (D. C. Yang et al., 2012b). Unsurprisingly, the overall fold of this ami-
dase is very similar to that of the E. coli AmiC (Rocaboy et al., 2013) and another
type 3 amidase in Bacillus(Paenibacillus) polymyxa var.colistinus (Yamane et al.,
2001). There is again a clear regulatory « helix which blocks the active site sug-
gesting a conserved regulatory system across type 3 amidases (D. C. Yang et al.,
2012b). The zinc binding residues which include; H188, E203, H257, D259 and
E290 all appear conserved when compared to the E. coli AmiB sequence and E.
coli AmiC structure (Rocaboy et al., 2013; D. C. Yang et al., 2012b). This model
however does lack the additional assumed targeting domain present in this AmiB
orthologue and in E. coli AmiB which this domain is still largely an unknown in
terms of structure and function. The connecting residues between helices 3 and 4 in
this structure were also missing, similar to that of the E. coli AmiC structure (Ro-
caboy et al., 2013; D. C. Yang et al., 2012b) perhaps due to high residue mobility
or clipped to aid in crystallisation.
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CwlVc (1JWQ)

S2800
a3

BHAMIB (active site)

Figure 18: Crystal structure of Bartonella henselae AmiB. (A and B) Shown are
rainbow-coloured cartoon diagrams of the CwlVc (A) and B*AmiB (B) structures
with the N-termini in blue and the C-termini in red. The catalytic Zn?* ion is drawn
as a sphere. All secondary structures are labelled. In numbering a-helices, a3 is
omitted from the numbering of CwlVc so that all common elements are numbered
identically for CwlVc and B¥ AmiB. The regulatory region unique to cell separation
amidases is coloured pink in the B AmiB structure with the structurally disordered
loop region (E303-T308) represented by a dotted line. The unique a3 helix is
labelled in pink. (C) Close-up view of the B AmiB active site and regulatory helix.
All residues are drawn in stick format and the Zn”* ion is represented as an orange
sphere. The Zn?* ion is co-ordinated by H188, E203, H257, D259 (bidentate)
and E290 with their carbon atoms drawn in yellow. Residue numbers for E. “”coli
AmiB are provided in red underneath those for B AmiB. Positions in the structure
corresponding to amino acid substitutions in the lytic AmiB variants are drawn
with their carbon atoms in cyan. The residue corresponding to Q333 of E. “”coli
AmiB (T315 of BHAmiB) is located in the N-terminal region of the a4 helix and
they are out of view in this figure. Hydrophobic residues on the floor of binding
cleft are also displayed in white. Figure and captions sourced (D. C. Yang et al.,
2012b).
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As another support of the regulatory model in the type 3 amidases, lytic E. coli
AmiB mutants were created of which the mutants which affected the predicted reg-
ulatory helix in the E. coli AmiB caused higher levels of cell lysis if over-expressed
in E. coli cells. This suggested that the predicted regulatory helix prevents AmiB
from performing its function and hydrolysing peptidoglycan uncontrollably. In-
terestingly as a continuation of the lytic experiment, E. coli AmiA mutants were
created in the equivalent regulatory helix which caused lysis in wild-type cells
when again over-expressed (D. C. Yang et al., 2012b), further evidencing poten-
tial conservation of self-regulation across all three division associated amidases in

E.coli, and potentially other bacterial species..
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AmiA

Lastly, the E. coli type 3 amidase AmiA is also a mystery in terms of structural
information. There is a structure of an AmiA from Staphylococcus aureus bound
to a peptidoglycan-derived ligand (Biittner et al., 2014) however this is a type 2
amidase, more closely resembling AmiD from E. coli (Kerff et al., 2010).

From alpha-fold and sequence analysis, the overall fold appears similar to that of
other type 3 amidase catalytic domains, including a blocking helix covering a po-
tential active site(Jumper et al., 2021) with a potentially flexible helix region (of
unknown function) unresolved in the AmiC structure (Rocaboy et al., 2013). The
alpha-fold model prediction (Figure 19A) contains high confidence in the main
amidase fold and internal residues however the blocking helix and deemed mo-
bile helix have lower confidence indicating potential unique residues for a specific
function present in AmiA. Unsurprisingly, alpha-fold struggles to predict the signal
peptide and both termini of the structure as these regions are usually not modelled
in crystallography. AmiA was aligned and overlayed with the E. coli AmiC struc-
ture (Rocaboy et al., 2013) to place an assumed zinc in the predicted active site
covered by the blocking helix, although the model is not able to determine any
zinc-binding active site residues accurately (Figure 19B). The E. coli AmiA does
however lack the AMIN/targeting domain of AmiB and AmiC and only presents a
catalytic domain which asks the question on the difference of AmiA localisation,

function and regulation.
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Model Confidence:

W Very high (pLDDT > 90)
Confident (90 > pLDDT > 70)
Low (70 > pLDDT > 50)

I Very low (pLDDT < 50)

Figure 19: Alphafold prediction of E. coli AmiA. (A) Alphafold output of E. coli
AmiA rotated along a vertial axis by 90 degrees with confidence grading legend
from Alphafold. (B) Feature highlights of E. coli AmiA lacking the signal sequence
for clarity rotated along a vertical axis by 90 degrees. From an alignment with E.
coli AmiC 4BIN (Rocaboy et al., 2013), a zinc ion was added to the AmiA model
with a prediction to be a zinc co-factor based amidase, like AmiC. A potential
active site blocking helix was highlighted red with a similar flexible helix (which
unsolved in E. coli AmiC 4BIN (Rocaboy et al., 2013)) shown in yellow.
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1.4.2.3 Regulation and function of E. coli cell-division associated amidases

These E. coli cell-divison associated type 3 amidases are responsible for the hy-
drolysis of septal peptidoglycan during cell division (Levin & Janakiraman, 2021).
As indicated by the E. coli AmiC structure (and AmiC constitutively active con-
struct), without a form of self-regulation, the amidases would be uncontrollably
active, causing peptidolgycan damage to the cell (Rocaboy et al., 2013). It is
known that the non-active LytM proteins EnvC and NlpD regulate AmiA/AmiB
and AmiC respectively (Levin & Janakiraman, 2021; Vermassen et al., 2019). The
reasons for different amidase regulators and three different amidases in E. coli nor

the complete regulatory picture is however not well understood.

At the start of this PhD, in terms of EnvC regulating AmiA/AmiB activity, while
it is known the key residues in the LytM domain of EnvC which interact with
AmiA/AmiB to during activation, it is however the structural mechanism by which
FtsEX interacts with EnvC which in turn interacts with AmiA/AmiB is unknown.
To add to the complexity of the system, another regulator ActS has been shown
to also contain an inactive LytM domain and activate AmiA, AmiB and AmiC
with a preference to AmiC, perhaps only under lipopolysaccharide depletion stress
although this requires further data to explore the direct protein-protein interactions

(Gurnani Serrano et al., 2021).

NIpD is a further mystery with limited structural information available with only a
potential interacting partner or activator, YraP identified (Tsang et al., 2017). NlpD
is known to be anchored to the outer membrane suggesting AmiC acts at a different
location in the periplasmic AmiA/AmiB EnvC FtsEX system which is localised to
the inner membrane (Tsang et al., 2017). The variation in periplasmic positioning
of amidase regulators may suggest subtle differences in AmiC functions to that of

AmiA/AmiB in terms of temporal and peptidoglycan cleaving enzyme functions.

Although it has not been widely discussed, the roles of each of the three cell-
division E. coli amidases while all work to conclude a successful daughter cell
separation, the difference in localisation, periplasmic transport, varying extra do-
mains (aside from the conserved catalytic domain) and the presence of different
regulators. Answers to these unknown factors have been touched on with a po-
tential staggered activity of AmiA/B/C towards the end cell division, where AmiC

arrives later than EnvC suggesting a late acting AmiC is key for the final con-
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striction and daughter cell separation, although AmiA and AmiB will perform the
same function if AmiC is mutated out (Priyadarshini et al., 2007). The EnvC:
AmiA/AmiB system is therefore suggested to initiate septal peptidoglycan hydrol-
ysis and NlpD:AmiC concludes the process (Priyadarshini et al., 2007) although

further evidence is required.

1.4.2.4 Other amidase-regulator systems

Recently, as a potential model for other type 3 amidases, there has been the first
characterised type 3 amidase structurally solved bound to its respective regulator,
CwID:GerS complex from Clostridioides difficle (Figure 20) (Alves Feliciano et
al., 2021). This complex is key to hydrolyse muramic-§-lactam, a key component
in the protective layer called the cortex in spore forming bacteria (Alves Feliciano
et al., 2021).
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Figure 20: Structure of the CwlD:GerS complex. (A) Shown is the cartoon rep-
resentation of the CwlD:GerS complex within the crystal with CwlD in blue tones
and GersS in grey. The crystallographic asymmetric unit contains a single protomer
of each with the 2 GerS/2 CwID assembly formed by domain swapping of the GerS
monomers. (B) The assembly is shown in space filling representation. (C) Least
squares superposition of CwlD (cyan throughout) and its homologs performed us-
ing Superpose (Winn et al., 2011) in CCP4. (D) Close-up view of the metal binding
site for CwID with GerS from a fortuitous crystal packing (grey) providing coor-
dination of the ion. (E) CwID homolog structures (CwlD Paenibacillus polymyxa
PDBID 1JWQ, unpublished; C. difficile CD2761 amidase 3 family member, 4RN7,
unpublished; Nostoc punctiforme, AmiC2, SEMI (Biittner et al., 2016); and C. dif-
ficile Cwp6, 5J72 (Usenik et al., 2017)) in the active form have the Zn2+ atom
accessible to the solvent. They also have water molecules serving as 1-2 ligands
(blue spheres), one of which is coordinated by a conserved glutamate. (F) CwlD
homolog structures (Bartonella henselae AmiB PDBID 3NE8 (D. C. Yang et al.,
2011) and E. coli AmiC 4BIN (Rocaboy et al., 2013)) in the inactive forms have
residues from their respective inhibitory helices providing Zn2+ ligands. Figure
and caption sourced from (Alves Feliciano et al., 2021)
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The solved structure reports a GerS homodimer bound to two CwlD monomers
which produces exposed active sites in CwlD. While CwlD appears to contain sim-
ilar catalytic domain folds to the type 3 amidases already solved, there are some
curious differences. Interestingly, while CwID can bind a Zn>* co-factor, it can
only stably do so while bound to GerS, otherwise the binding is unstable (Alves
Feliciano et al., 2021). Curiously, the CwlD amidase present in Bacillus subtilis is

active without a regulator (Gilmore et al., 2004).

As a metallo-enzyme, without the zinc ion, CwlD is inactive, therefore the stabil-
isation of the zinc ion binding is the self-regulatory mechanism of which is sys-
tem uses (Alves Feliciano et al., 2021). Unsurprisingly, the active site where zinc
binding residues are present, the residues are again conserved from CwlD (His
49, Glu65, His133, Glu199) when compared to other type 3 amidases like AmiC
(Alves Feliciano et al., 2021; Rocaboy et al., 2013).

This zinc stabilisation mechanism is an exciting contrast to the E. coli amidase
self-inhibition blocking helix method suggesting different bacterial systems adapt

to use different structural methods to regulate essential processes in their life cycle.
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1.5 Project Aims and Objectives

The aim of this PhD thesis is to investigate the structural regulation of periplasmic

type 3 amidases involved in bacterial cell division in E. coli.
Objectives:

1) To understand the interactions of EnvC:

* What is the structural basis of the FtsEX:EnvC interaction?
* How is EnvC structurally regulated?

* Are there any other potential regulators, targets or competitors of EnvC?

2) Characterise the effect of divisome knockouts:

* How essential are specific divisome components to cell growth, outer mem-
brane stability, permeability and cell morphology?

* Characterise extent of the redundancy in the amidase system in bacterial cell
division

3) To solve the structure of the E. coli amidase, AmiA:

* How is AmiA activity regulated?
» What are the key residues required for interactions?

* What are the key residues in the active site?

4) To understand how AmiA is functionally regulated:

* What are the key residues involved in EnvC interaction and amidase activity?
* How does AmiA interact with its regulator, EnvC?

* How does EnvC binding induce activation in AmiA?
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2 Materials and Methods

2.1 Chemical and reagent suppliers

All reagents used were obtained from the following suppliers if not stated other-
wise; New England Biolabs (USA), Sigma-Aldrich (USA), Integrated DNA tech-
nologies (USA), Invitrogen (USA), Thermofisher scientific (USA), Fisher Scien-
tific (UK), Merck (Germany), Promega (USA), Cleaver scientific (UK), VWR
(USA), Sartorius stedim biotech (Germany), Nanotemper Technologies (Germany),
Biotium (USA), GE Healthcare (USA), Roche (Switzerland). All chemical reagents
used were analytical grade.

2.2 Buffer solutions

All buffer solutions were prepared using purified water from a water purifier sys-
tem. All buffers involved in microbiological work were either autoclaved or filtered

using a 0.2 pm syringe filter.

2.3 Bacterial Growth and manipulation

2.3.1 Bacterial growth media

Luria-Bertani (LB) liquid medium (Bertani, 1951) was prepared by dissolving 10
g tryptone, 10 g sodium chloride, 5 g yeast extract in a final volume of one litre
and autoclaved. The appropriate antibiotic was then added prior to any bacterial

inoculation.

2YT liquid medium was prepared by dissolving 16 g tryptone, , 5 g sodium chlo-
ride, 10 g yeast extract in a final volume of one litre and autoclaved. The appropri-

ate antibiotic was then added prior to any bacterial inoculation.

Lbon50 medium was prepared by dissolving 10 g tryptone and 5 g yeast extract
(Standard LB lacking NaCl) then 2-fold diluted with water in a final volume of

one litre and autoclaved. The appropriate antibiotic was then added prior to any
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bacterial inoculation.

LB agar plates were prepared by autoclaving LB media supplemented with 20 g
of agar per litre. When cooled to 50°C, the appropriate antibiotics or compounds
were added, and plates poured into sterile petri dishes and stored at 4°C for later

use.

2.3.2 Bacterial strains

The bacterial strains used in this report are presented in Table 2. DHS alpha
cells were used for all cloning and C43 (DE3) E. coli cells were used for all pro-
tein expression. As a base strain, all knockout mutational studies, parental strain
BW25113 was used as a control. For all bacterial two-hybrid assays, the BTH101

strain was utilised.
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Table 2: Cell lines used in this thesis

Name Species | Genotype Notes Figure Source
5-alpha E. coli | fhuA2A(argF- Exclusively | - New England
Competent lacZ)U169 used for Biolabs
DH5«a phoA ginV44 | cloning
?d80A(lacZ)M15
gyrA96 recAl
relAl endAl thi-1
hsdR17
C43 (DE3) E. coli F — ompT hsdSB | Used for ex- | Figures 39, Sigma-
(rB- mB-) gal dcm | pression and | 50, 52 | Aldrich
(DE3) purification | and 53
of proteins
BTHI101 E. coli F-, cya-99, | Used for all | Figures 23, Euromedex
araD139, galEl5, | Bacterial 24, 26,
galK16, rpsL1 (Str | two-hybrid 31
r), hsdR2, mcrAl, | experiments | and 49
mcrBl.
BW25113 E. coli A(araD-araB)567 | Used for as | Figures 33, (Baba et
AlacZ4787(::rrmB- | a control | 34 al., 2006;
3) A- rph-1 | strain for | and 36, | Datsenko
A(rhaD-rhaB)568 | all divisome | Sec- &  Wanner,
hsdR514 knockout tion 4.3.3, | 2000)
experiments | and ??
JW2428-1 E. coli A(araD-araB)567 | Used as a | Figures33, (Baba et
AlacZ4787(::rrmB- | strain lack- | 34 al., 2006;
3) A- | ing  AmiA | and 36, | Datsenko
AamiA764::kan for comple- | Sec- &  Wanner,
rph-1 A(rhaD- | mentation tion4.3.3, | 2000)
rhaB)568 hsdR514 | experiments | and ??
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Name Species | Genotype Notes Figure Source

JTW4127-1 E. coli A(araD-araB)567 | Used as a | Figures33, (Baba et
AlacZ4787(::rrmB- | strain lack- | 34 al., 2006;
3) A- rph-1 | ing  AmiB | and 36, | Datsenko
A(rhaD-rhaB)568 | for comple- | Sec- &  Wanner,
AamiB790: :kan mentation tion 4.3.3, | 2000)
hsdR514 experiments | and ??

JW5449-1 E. coli A(araD-araB)567 | Used as a | Figures 33, (Baba et
AlacZ4787(::rrmB- | strain lack- | 34 al., 2006;
3) A- | ing  AmiC | and 36, | Datsenko
AamiC742::kan for comple- | Sec- &  Wanner,
rph-1 A(rhaD- | mentation tion 4.3.3, | 2000)
rhaB)568 hsdR514 | experiments | and ??

JW5646-3 E. coli A(araD-araB)567 | Used as a | Figures33, (Baba et
AlacZ4787(::rrmB- | strain lack- | 34 al., 2006;
3) A- | ing  EnvC | and 36, | Datsenko
AenvC725: :kan for comple- | Sec- &  Wanner,
rph-1 A(rhaD- | mentation tion4.3.3, | 2000)
rhaB)568 hsdR514 | experiments | and ??

JW2712-2 E. coli A(araD-araB)567 | Used as a | Figures 33, (Baba et
AlacZ4787(::rrnB- | strain lack- | 34 al., 2006;
3) A- | ing NIpD | and 36, | Datsenko
AnlpD747::kan for comple- | Sec- &  Wanner,
rph-1 A(rhaD- | mentation tion 4.3.3, | 2000)
rhaB)568 hsdR514 | experiments | and ??

JC7 E. coli A(araD-araB)567 | Used as a | Figures33, Dr Jonathan
AlacZ4787(::rrmB- | strain lack- | 34 Cook, this
3) A- AFtsEX::kan | ing  FtsEX | and 36, | project
rph-1 A(rhaD- | for comple- | Sec-
rhaB)568 hsdR514 | mentation tion 4.3.3,

experiments | and ??
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Name Species | Genotype Notes Figure Source
TB1 E. coli A(araD-araB)567 | Used as a | Figure32 | Tyler Baver-
AlacZ4787(::rrmB- | strain lack- stock, this
3) A- AamiA764 | ing AmiA project  and
rph-1 A(rhaD- | with no (Baba et
rhaB)568 kanomycin al., 2006;
AamiB790: :kan cassette Datsenko
hsdR514 during  the &  Wanner,
creation of 2000)
the double
amidase
knockout
(AAmiAB)
TB2 E. coli A(araD-araB)567 | Used as a | Figures32| Tyler Baver-
AlacZ4787(::rrnB- | strain lack- | to 34 | stock, this
3) A- | ing  AmiA | and 36, | project and
AamiA764::kan and AmiB | Sec- (Baba et
rph-1 A(rhaD- | for comple- | tion4.3.3, | al., 2006;
rhaB)568 mentation and ?? Datsenko
AamiB790: :kan experiments &  Wanner,
hsdR514 2000)
TB3 E. coli A(araD-araB)567 | Used as a | Figure32 | Tyler Baver-
AlacZ4787(::rrmB- | strain lack- stock, this
3) A- AamiA764 | ing  AmiA project  and
rph-1 A(rhaD- | and AmiB (Baba et
rhaB)568 with no al., 2006;
AamiB790 kanomycin Datsenko
hsdR514 cassette & Wanner,
during the 2000)
creation of
the triple
amidase
knockout
(AAmIABC)
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Name Species | Genotype Notes Figure Source

TB4 E. coli A(araD-araB)567 | Used as a | Figures32| Tyler Baver-
AlacZ4787(::rrmB- | strain lack- | to 34 | stock, this
3) A- | ing  AmiA, | and 36, | project and
AamiC742::kan AmiB and | Sec- (Baba et
AamiA764::kan AmiC  for | tion4.3.3,| al., 2006;
rph-1 A(rhaD- | comple- and ?? Datsenko
rhaB)568 mentation &  Wanner,
AamiB790: :kan experiments 2000)
hsdR514

End of Table
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2.3.3 Bacterial vectors

All plasmid and mutation constructs used or created in this project are listed in
Table 5 (appendix).

2.3.4 Preparation of E. coli competent cells for DNA transformation

A method adapted from (Hanahan, 1983) was used. A 5 ml overnight culture of
a single colony was inoculated and incubated overnight at 37 °C, shaking at 180
RPM. This was used to inoculated a larger 50 ml culture in a 1 L flask and incubated
at 37 °C, shaking at 180 RPM to ODgg 0.48-0.5. Cells were cooled on ice for 10
minutes and subsequently centrifuged at 4, 500 x g for 15 minutes at 4 °C. Cell
pellets were gently re-suspended in a third of the final growth volume in cold (4
°C) RF1 buffer (100 mM RbCl, 50 mM MnCl,.4H,0, 30 mM CH3COOK, 10 mM
CaCly, 15 % glycerol, pH 5.8) and stored on ice for 15 minutes. Cells were again
pelleted at 4, 500 x g for 15 minutes at 4 °C. Final re-suspension in 1 in 12.5 growth
volume in cold (4 °C) RF1 buffer (10 mM MOPS, 10 mM RbCl, 75 mM CaCl,,
15 % glycerol, pH 5.8). Competent cells were transferred into 100-200 pl aliquots
in dry-ice chilled Eppendorf tubes and frozen at -80°C for later use. Competency

checked using the transformation with a standard plasmid such as pET21a.

2.3.5 Bacterial heat shock transformation

The transformation protocol was derived from the New England Biolabs protocol
(Biolabs, 2022). Add 1-2 ng of plasmid DNA to 50 pl of thawed cryo-stored chem-
ically competent cells. Cells were incubated on ice for 45 minutes, heat shocked
at 42 °C for 40 seconds then cooled on ice for 5 minutes. For recovery, 450 pl of
LB media was added and cells were incubated for 1 hour at 37 °C with shaking
at 180 RPM. Transformed cells were plated on the appropriate selection agar plate

antibiotic and incubated at 37 °overnight.
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2.4 DNA manipulation techniques

2.4.1 Primer and plasmid design for cloning

Primer oligonucleotides were designed based on available restriction cloning sites
and using the Benchling software (Benchling, 2022). Primers were designed to be
at least 20 nucleotide of complementary sequence with the desired restriction site
and an extra five nucleotides adjacent to the restriction site for enzyme binding. All
primers were ordered from either Sigma/Merck or Integrated DNA technologies.
All whole plasmid synthesis was performed and purchased from Genetech. All

cloned or synthesised constructs can be found in Table 5 (appendix).

2.4.2 Primer and plasmid design for mutagenesis

Mutagenesis primer oligonucleotides were designed using the QuikChange Primer
Design online software available from Aligent . All primers were ordered from
either Sigma/Merck or Integrated DNA technologies. All constructs containing
mutated genes are listed in Table 5 (appendix).

2.4.3 Polymerase Chain Reaction

Polymerase Chain Reactions (PCR) were performed with temperatures and con-
ditions optimised using the online NEB Tm calculator tool (NEB).PCR reaction

mixtures followed the manufacturers protocol for Q5 polymerase (NEB).

2.4.4 Mutagenesis Polymerase Chain Reaction

Mutagenesis PCRs were performed on with temperatures and conditions sourced
from the Aligent QuikChange protocol (Aligent). PCR reaction mixtures followed
the manufacturers protocol for pfu DNA polymerase (Aligent).
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2.4.5 Agarose gel electrophoresis

Agarose gels were made between 1-2 % and prepared with 1 x TAE buffer (1 mM
EDTA disodium salt, 40 mM Tris, 20 mM acetic acid) and Gel Red (Biotium).
DNA samples were prepared with 6 x DNA loading buffer (NEB) and run for 1
hour at 120 V for optimal band separation. Gels were imaged using a UV transil-

luminator.

2.4.6 Purification of PCR products

All PCR products were purified using Monarch DNA Gel Extraction Kit (NEB)

following the manufacturers protocol.

2.4.7 Restriction Cloning

All cloning was performed using the traditional restriction cloning method adapted
from NEB. Alterations include extending all restriction digests to a minimum of 2
hours up to 3 hours at 37 °C. In the ligation of cut vector and insert, all incubations

were performed at room temperature for minimum of 3 hours, up to overnight.

2.4.8 Preparation of plasmid DNA

All preparation of bacterial plasmid DNA was performed using a QIAprep Spin
Miniprep Kit (QIAGEN) following the manufacturer’s protocol.

2.4.9 Quantifying DNA

All DNA samples were quantified using a Multiskan SkyHigh Microplate reader
pdrop plate (Thermofisher) by measuring the absorbance at 260 and 280 nm. DNA
purity was calculated using the ratio of absorbance between 260/280 nm. Sufficent
purity DNA has a ratio between 1.6 to 2.0.
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2.4.10 Sequencing plasmid constructs

To validate constructs, plasmid or fragment DNA was checked using Sanger se-
quencing. Sequencing was performed by (Genewiz) and samples prepared as per

the manufacturer’s protocols.

2.4.11 Generation of amidase genomic knockouts

The single single knockout amidase strains (JW2428-1 and JW4127-1) lacking
amiA or amiB respectively were sourced from the keio collection (Table 2) which
contain a kanamycin cassette in place in the chromosome of the gene encoding the
amidase. These strains are derivatives of the parent strain E. coli BW25113 and
their genotypes can be found in Table 2. To create TB2 (Table 2), the E. coli strain
lacking both amiA or amiB in the chromosome, first JW2428-1 had the kanamycin
cassette removed via FLP-FRT recombination (creating TB1, Table 2) and then
using lambda red recombination (both processes using Gene Bridges gene dele-
tion kit), to add a kanamycin cassette into the amib gene. For the triple amidase
knockout strain (TB4, Table 2, Aamiabc), the same process occurred with the TB2
strain having the kanamycin cassette removed via FLP-FRT recombination from
the amib site (creating TB3, Table 2) and the using lambda red recombination, to
add a kanamycin cassette into the amib gene, creating TB4 (Table 2). All four
strains were checked for kanamycin resistance and verified using PCR amplifica-
tion and Sanger sequencing (Genewiz) of the three gene locations using primers on
either side of each genetic locus. All three amidase sites were checked in all four

of the strains created to ensure no misguided or deletions occurred.
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2.5 Microbiology Assays

2.5.1 Bacterial two-hybrid

The Euromedex BACTH system kit (Euromedex, 2022) was used for all Bacterial
two-hybrid experiments to test in vivo protein-protein interactions. All stock plas-
mids and created plasmids are presented in Table 5 (appendix). A modified version
of the BACTH system kit was used.

As a brief explanation of the experimental system, the kit uses the interaction-
mediated reconstitution of the catalytic domain adenylate cyclase (CyaA) from
Bordetella pertussis. It exploits that complementary fragments T25 (first 224 amino
acids of CyaA) and T18 (amino acids 225-399 of CyaA) are inactive when phys-
ically separated. When heterodimerisation occurs between the fragments occurs,
causes cyclic AMP synthesis to occur. The cyclic AMP binds to catabolite acti-
vator protein, CAP which as a complex, cAMP/CAP activates gene expression for
a reporter gene, such as the lac operon for blue white colony screening using x-
galactose. Therefore proteins can be fused to T25 and T18 fragments and this sys-
tem can be used to detect protein-protein interactions with blue colonies showing
interaction and white showing no detected interaction when grown on x-galactose

agar plates. (Euromedex, 2022)

The gene of interest was cloned (using the methods outlined in Section 2.4) into
the four stock T25 or T18 plasmids (Table 5, appendix) to result in either N- or
C- terminus orientation T18 or T25 fragments added to the gene of interest. A co-
transformation of all orientations T18 and T25 constructs to be tested into BTH101
cells was performed and plated on ampicillin (100 ug/ml) and kanamycin (50
pg/ml) plates then glycerol stocks created. To setup the bacterial two-hybrid plate,
all transformed BTH101 cells with desired constructs are spotted onto ampicillin
(100 pg/ml) and kanamycin (50 pg/ml) IPTG (0.5 mM) X-GAL (40 pg/ml) plates
(in triplicate) and incubated at room temperature for 3 days. Plates are scanned af-
ter 2 and then 3 day incubation using a standard document scanner. Colour change
of colonies is observed in comparison with positive (blue) and negative (white)

controls.
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2.5.2 Bacterial growth curves

Bacteria to be tested had overnight cultures setup before the experiment. Three
growth medias were prepared with the appropriate antibiotic; LB only, Lbon50
and LB supplemented with 0.1 % Sodium dodecyl sulfate. Overnight cultures were
serially diluted from ODggg 1 to 0.001. All three medias were added to a sterile 96
well plate in triplicate and the diluted cultures to the plate added by a dilution of
1 in 10, culture to media. The plate was incubated at 37°C with periodic shaking
in a Multiskan Skyhigh Microplate Spectrophotometer (Thermofisher) with whole

plate spectrophotometer readings at ODggg every 15 minutes for 24 hours.

2.5.3 Cell wall stability spot plate assay

Bacteria to be tested had day cultures setup on the day of the experiments. Three
agar plates were prepared with the appropriate antibiotic; LB IPTG (1 mM), Lbon50
IPTG (1mM) and LB IPTG (1 mM) supplemented with 0.1 % Sodium dodecyl
sulfate. Sterile 96-well plates were prepared with the appropriate antibiotics; LB
IPTG (1 mM) or Lbon50 IPTG (1 mM). Day cultures were diluted from ODggg
1 down to ten, 10-fold serial dilutions in the pre-prepared 96-well plates with the
respective growth medias. Each dilution was spotted onto the three different agar
plates in triplicate, left to dry and incubated overnight at 37°C. Plates were scanned

and imaged by a flatbed scanner the next day.

2.5.4 Minimum inhibitory concentration

Bacteria to be tested had day cultures setup on the day of the experiments. The
growth media used was LB IPTG (1 mM) supplemented with AMP (50 pg/ml).
Growth media was inoculated with a glycerol stock of the desired bacterial strain
to be tested. This day culture was growth until the ODggg was 1.0.

For the vancomycin MICs, vancomycin dissolved in DMSO (Thermofisher) was
directly added to the growth media (containing 25 pg/ml Ampicillin and 1 mM
IPTG) to 1024 pg/ml (as the highest concentration used in the experiment) and
filter sterilised (2 pm filter). To maintain consistently across each set of repeats, a

set of falcon tubes containing growth media (containing 25 pg/ml Ampicillin and
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1 mM IPTG) was used to create a 2-fold serial dilution using a 20 ml glass pipette,
from 1024 pg/ml down to 1 pug/ml. The vancomycin serial dilution was transferred
by multi-channel pipette into sterile 96-well plates for 200 pl in each well with
a control well lacking vacnomycin. The day cultures at ODggg = 1 were serially
diluted in another sterile 96-well plate down to ODgpp = 0.001. Finally 5 p1 of the
diluted bacterial culture was added to each well in the 96-well plates containing

vancomycin. Each plate contain 8 technical repeats.

For the SDS MICs, SDS was dissolved directly into the growth media (containing
25 pg/ml Ampicillin and 1 mM IPTG) to 1024 pig/ml (as the highest concentration
used in the experiment) to 5.12 % w/v and filter sterilised (2 pm filter). To maintain
consistently across each set of repeats, a set of falcon tubes containing growth
media (containing 25 pg/ml Ampicillin and 1 mM IPTG) was used to create a 2-
fold serial dilution using a 20 ml glass pipette, from 5.12 % w/v down to 0.05 %
w/v. The SDS serial dilution was transferred by multi-channel pipette into sterile
96-well plates for 200 ul in each well with a control well lacking SDS. The day
cultures at ODggg = 1 were serially diluted in another sterile 96-well plate down to
ODggp = 0.001. Finally 5 pl of the diluted bacterial culture was added to each well

in the 96-well plates containing SDS. Each plate contain 8 technical repeats.

All plates were incubated for 18 hours static at 37°C overnight. Plates were cooled

at RT for 30 minutes the next day and read at ODg( by a plate spectrophotometer.

2.5.5 Microscopy

Bacteria to be tested had overnight cultures setup before the experiment using LB
IPTG (1 mM) and ampicillin (100 pug/ml) supplemented with glycerol stocks and
incubated at 37°C overnight with shaking. Cells were directly added to an agarose
covered glass microscope slide for immediate observation. Images were taken us-

ing a Leica DMi8 inverted microscope under phase contrast conditions.
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2.6 Protein Expression and Purification
2.6.1 E. coli protein expression

All protein expression was performed with 2YT media with appropriate antibiotic,
inoculated with overnight cultures. Protein expression was performed 1 L flasks
and grown at 30°C with 180 RPM shaking, up to ODggg 0.6 before inducing with
1 mM IPTG. Cultures were incubated overnight at 30°C with 180 RPM shaking.
Cells were collected by centrifugation at 7,000 x g for 15 minutes, collated and
frozen at -80°C.

2.6.2 Preparation of crude cell lysates

Cell pellets were thawed at room temperature and gently re-suspended in binding
buffer (50 mM HEPES, 300 mM NacCl, 35 mM Imidazole, 5 % glycerol, pH 7.2).
All protein purification buffers are altered depending on the protein, which will be
highlighted in the respective results sections. Re-suspended pellets were sonicated
at 70 % power for 30 10-15 30 second bursts with a 30 second cool down on ice
between each burst. Cell lysates were spun at 30, 000 x g for 25 minutes at 4
°C. The protein crude extract supernatant was collected and all further purification

steps were performed at 4 °C.

2.6.3 Immobilised Metal Affinity Chromatography

PD-10 empty disposable gravity columns (SLS) were used in conjunction with
Profinity™ IMAC Ni-charged resin (BIORAD). The crude cell lysate was incu-
bated with Ni-charged resin (750 ul per 50 ml lysate) for 1 hour with gentle tum-
bling at 4°C. The empty PD-10 column was equilibrated with binding buffer and
500 pl Ni-charged resin. The resin lysate mixture was run down the equilibrated
PD-10 column to collect the protein bound resin. The resin was washed with bind-
ing buffer for 5-10 column volumes. To elute protein bound to the Ni-charged
resin, two 10 minute incubations of 1.3 ml elution buffer (50 mM HEPES, 300
mM NaCl, 250 mM Imidazole, 5 % glycerol, pH 7.2) were performed, eluting

the liquid after each incubation. Further elution incubations were done if further
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protein could be eluted.

2.6.4 Gel filtration

To remove imidazole from the protein elution, PD-10 desalting columns (Cytiva)
were used according to the manufacturers protocol. The buffer used in the protocol
was storage buffer (20 mM HEPES, 350 mM NaCl, 5 % glycerol, pH 7.2).

2.6.5 Sodium dodecyl sulfate—polyacrylamide gel electrophoresis

Protein samples were analysed using sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) was performed using a Mini-PROTEAN tetra system
(BIORAD) using manufacturers protocol with 12 % acrylamide gels. To visualise
proteins, gels were incubated with instant blue (Expedeon) and then washed in

water. Gels were imaged using a Chemidoc gel documentation system (BIORAD).
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2.7 X-ray Crystallography

2.7.1 Setup of crystal trials

Protein crystallisation trials were performed using the sitting drop method in 96-
well SWISSCI MRC 2 Lens Crystallisation plates. Proteins were concentrated to >
10 mg/ml in storage buffer (Section 2.6.4). Pre-prepared crystallisation conditions
were used to setup crystal plates (Molecular Dimensions, Hampton Research). A
Formulatrix NT8 machine was used to dispense buffer and protein drops in a 2 to
1, 1 to 2 ratio per 2 drops respectively. Plates were sealed and incubated at RT or 4
°C.

2.7.2 Crystal collection and transit

Protein crystals were observed under light microscopy for potential diffraction can-
didates. Selected crystals were collected by loop, immersed in 20 % glycerol and
stored in liquid nitrogen. Under these conditions, crystals were transported by

courier to Diamond Light Source, Oxford.

2.7.3 AmiA X-ray diffraction structure determination

AmiA was used for crystallisation trials immediately after successful purification
but centrifuged for 10 min at 15, 000 x g at 4 °C to remove any debris or precip-
itate proteins. Crystallisation trials used the sitting drop vapour diffusion method
at RT. Diffraction quality crystals were obtained in the structure screen 1+2 screen
(Molecular dimensions) in condition A7/C5/C6 in a 96-well plate: A7 =2 M Am-
monium acetate, 0.1 M sodium citrate, 30 % PEG 4000, pH 5.6, C5 =14 M
Sodium citrate tribasic dihydrate, 0.1 M sodium HEPES, pH 7.5 and C6 =2 M
Ammonium sulphate, 0.1 M sodium HEPES, 2 % PEG 400, pH 7.5. Crystals ap-
peared after 2 weeks and grew to diffraction size after another 2 weeks. Dr Allister
Crow harvested crystals in litholoops and plunge-frozen in liquid nitrogen ready
for data collection at Diamond synchrotron (UK). Data was collected remotely for
several crystals by Dr Allister Crow, the best diffracting to 2.35 angstrom resolu-

tion.
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Initial processing including space group determination, scaling and merging were
performed on the Diamond synchrotron server. Phases were determined by molec-
ular displacement using a similar structure, PDB:5emi by using Phaser (McCoy et
al., 2007). Phases were improved using solvent flattening and histogram matching
using Parrot (Thain & Livny, 2005). Automated model building was performed in
Buccaneer (Winn et al., 2011) to improve residue refinement. Models were com-
pleted using alternating rounds of model re-building via Coot (Emsley et al., 2010)
and refinement via Refmac (Murshudov et al., 1997). Tools in Coot (Emsley et al.,
2010) were used to assess geometry and Rampage (Lovell et al., 2003) to assess
the distribution of backbone angles in the Ramachandran plot. Coordinates and
structure factors have been deposited at the protein data bank. Further analysis of
the structure used Pymol (LLC, 2023).

2.7.4 Data sharing and materials

Coordinates and structure factors of AmiA have been deposited with the Protein
Data Bank - (PDB entry 8C20).

2.7.5 Structural modelling

All modelling was performed using SWISS model online software (A. Waterhouse
et al., 2018) or AlphaFold (Jumper et al., 2021) and models visualised using Pymol
(LLC, 2023).

2.7.6 Genomic sequence alignments

All sequence alignments were performed using Clustal Omega online tool (Sievers
et al., 2011) and alignment files were visualised using Jalview (A. M. Waterhouse
et al., 2009).
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3 Investigating interactions of EnvC in the divisome

3.1 Abstract

During the final stages of bacterial cell division, periplasmic amidases cleave sep-
tal peptidoglycan to allow daughter cells to separate. These amidases are regulated
by amidase regulators, in E. coli one such regulator is EnvC which regulates the
activity of amidases AmiA and AmiB. EnvC is however itself regulated by a type
VII ABC transporter called FtsEX. In this chapter the structural interactions be-
tween FtsX and EnvC are explored, with the key residues in the FtsX:EnvC inter-
action identified in FtsX. EnvC is shown to contain a self-regulation mechanism
at the amidase binding site which is thought to be regulated by FtsEX, to prevent
unregulated activation of AmiA or AmiB amidases. Lastly, other interactors of
EnvC are explored finding YibQ, a genetic neighbour, confirmed not as an inter-
actor and Nlpl further confirmed as a scaffold protein in the periplasm interacting
with multiple proteins, including EnvC. This is a step forward in understanding
the structural regulation of the essential cell division amidase regulation pathway
FtsEX:EnvC:AmiA/B which is believed to be present in multiple other bacterial

species.
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3.2 Introduction

This chapter focuses on the interactions of EnvC within the FtsEX:EnvC:AmiA/AmiB
pathway and the wider divisome. The work performed in this chapter is either in-
cluded or a follow-on off a paper published during this PhD: *Insights into bacterial
cell division from a structure of EnvC bound to the FtsX periplasmic domain’ as
mentioned in the declaration. For background on this chapter, and the PhD project
contributions to the paper, a key relevant information overview of the paper will be

provided below.

By X-ray crystallography, a 2.1 angstrom structure of one EnvC molecule bound
to two FtsX periplasmic domains was solved (Figure 21). EnvC contains three
key domains, a LytM domain (as previously solved by (Peters et al., 2013b)) with
a restraining arm blocking over an amidase binding groove in LytM and lastly,
a couple of a-helices extended coiled coils which both bind the LytM domain to-
wards the N-terminus with both coils interacting asymmetrically with the two FtsX
periplasmic domains at the relative opposite end. The FtsX periplasmic domains
contain a porter domain which is homologous to those found in MacB and LolC
(Crow et al., 2017; Greene et al., 2018; Tang et al., 2021), which is a conserved
motif in type VII ABC transporters. Lastly, there are two protruding helices called
the X-lobe which appear important in EnvC binding (Du et al., 2016; Rued et al.,
2019; D. C. Yang et al., 2011) and not found in other type VII ABC transporters. A
model of EnvC binding to FtsEX (Figure 21D) represents the current hypothesis
of how EnvC interacts with FtsX within the periplasm. The model highlights that a
conformational change in FtsEX would change the interaction with EnvC, propos-
edly causing a conformational change in EnvC to allow amidase binding, further

details of this mechanism are outlined later.
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Figure 21: Structure of EnvC bound to the FtsX periplasmic domains. (A)
Complete structure of mature E. coli EnvC bound to two molecules of the FtsX
periplasmic domain. The two orientations shown are related by a 90° rotation about
the vertical axis. (B) Close-up view of the interaction between the FtsX periplas-
mic domain and the first helix of the EnvC coiled coil domain. (C) An equivalent
view of the second FtsX monomer bound to the second coiled coil helix. Interact-
ing sidechains are shown with stick representation, and the bound helical elements
of EnvC are partially transparent. (D) Proposed structure of the FtsEX-EnvC com-
plex. Homology model for FtsEX-EnvC based on the crystal structure of EnvC
bound to the FtsX periplasmic domain presented here and the MacB ABC trans-
porter from Acinetobacter baumannii (Okada et al., 2017). PDB: 6TPI. Figures
and captions sourced and adapted from (J. Cook et al., 2020)
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Upon inspection of the EnvC:FtsX structure, an activation mechanism of EnvC by
FtsEX interaction was theorised. Firstly, the full EnvC protein contains a restrain-
ing arm over the LytM domain (Figure 21A) which when previously determined
AmiB binding residues found in (Peters et al., 2013b) are placed onto the LytM
domain, the restraining arm visibly blocks these residues from binding AmiA or
AmiB (J. Cook et al., 2020).

Based upon bacterial two-hybrid (Figure 22C), and other supporting evidences
in (J. Cook et al., 2020) co-purification and periplasmic overexpression experi-
ments, AmiB binding and activation by EnvC is confirmed to be prevented by the
restraining arm and only successfully interact with the LytM domain of EnvC in
the absence of this restraining arm. The experiment in Figure 22C, is the test
whether EnvC truncated variants interact with AmiB. Bacterial-two-hybrid analy-
sis as explained in 2.5.1, uses CyaA heterodimerisation to test protein-protein in-
teraction between fusion proteins bound to T25 and T18 fragments. Using the lac
operon and x-galactose, bacterial colonies that are blue show interaction and white
colonies suggest no interaction detected. In the assay shown in (Figure 22C), the
three EnvC variants mirror those shown in (Figure 22B), with only EnvC (278-
419) lacking a restraining helix and is the only variant to interact with AmiB,
showing this restraining arm blocks amidase interaction. The EnvC (216-247) -
T25 construct (N-termini end facing of the restraining arm) interacting with all the
EnvC variants containing the T18 fragment is a confirmation of self interaction
and a control for proper protein folding. This experiment highlights a potential
structural function of FtsEX to cause a conformational change in EnvC to move
the restraining arm via the ATPase activity of FtsE, the ABC transporter ATPase

domain.
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Figure 22: Evidence for an autoinhibitory element in EnvC. (A) Linear do-
main arrangement for mature EnvC. (B) Cartoon representations for three EnvC
constructs used to probe AmiB binding and amidase activation. (C) Bacterial two-
hybrid experiments showing interaction between EnvC variants and either AmiB
or a fragment representing part of the restraining arm. (D) Overview of proposed
conformational changes in FtsEX-EnvC during the ATP binding and hydrolysis
cycle. Figure and caption adapted from (J. Cook et al., 2020).
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Based on Gremlin analysis of co-evolving residues, heptad repeats were identified
between the coiled coil and the restraining arm, leading to an EnvC activation hy-
pothesis in which the restraining arm residues move to interact with their respective
heptad and create an extended coiled coil (Figure 22D). Gremlin is an online tool
which creates a statistical model of a protein family that measures both conserva-
tion and co-evolution patterns within the protein family (Balakrishnan et al., 2011;
Kamisetty et al., 2013; Ovchinnikov et al., 2014). The strength of co-evolution
is a strong prediction of residue-residue contacts in a 3D structure of a protein
(Balakrishnan et al., 2011; Kamisetty et al., 2013; Ovchinnikov et al., 2014).

Based on MacB activation as a homology model for E. coli FtsEX, a mechanism
of FtsEX mediated EnvC activation was modelled (Figure 22D). FtsEX begins
with the ATPase domains of FtsE separated, FtsX periplasmic domains loosely
interacting with EnvC and the EnvC molecule keeping the restraining arm covering
the amidase binding groove in the LytM domain. Upon ATP binding, the FtsE
molecules dimerise causing a conformational change in FtsEX and in turn, EnvC
which moves the restraining arm into an extended coiled coil and allow the binding
of AmiA/AmiB while the amidase binding groove in LytM is available. Once the
activity of the amidases is complete, ATP is hydrolysed, FtsE ATPase domains
separate, causing another conformational change through FtsX into EnvC, causing
the amidase to dissociate, the restraing arm to return to the LytM domain, again,
blocking the amidase binding site and interactions between EnvC and the FtsX

periplasmic domains relax.

Further evidence is required to confirm this model of FtsEX-EnvC mediated ami-
dase activation. A solved structure of an activated FtsEX:EnvC or EnvC bound to
an amidase would provide a greater understanding into this ABC transporter me-
diated structural mechanism. This model does however further show a structural
regulation system present in bacteria for amidase activity during bacterial cell divi-
sion and that similar mechanisms could be found in other species and systems. The
overall result of this paper provides a structural model of FtsEX mediated amidase

regulation through EnvC.

In this chapter, the interaction between EnvC and FtsX is described using site-
directed mutagenesis and using the bacterial two-hybrid technique, the interactions
of EnvC with other division-associated proteins are explored. The proposed auto-

inhibition mechanism of EnvC is tested using co-purification of EnvC variants with
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AmiA combined with site-directed mutagenesis experiment of the LytM amidase

binding residues in EnvC.
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3.3 Results

3.3.1 The X-lobe of FtsX is essential in the interaction with EnvC

The interface between the two FtsX periplasmic domains and the one bound EnvC
molecule is part of the key to understanding how FtsEX structurally regulates EnvC
and could be applied to other ABC transporter systems. The FtsX:EnvC interaction
is uniquely challenging to investigate due to the presence of two FtsX molecules
bound to only one EnvC molecule to form an asymmetrical interaction site. By
point mutating one residue, in FtsX, it will affect interactions with EnvC on two
opposite interfaces. Regardless of this however, using the crystal structure shown
in Figure 21, key residues and regions of FtsX were chosen based on their apparent
proximity to EnvC and potential important hydrogen bonding with EnvC residues.
The mutations chosen to take place were in the hope to break or strongly hinder
the FtsX and EnvC interaction.

The removal of the X-lobe appears to completely break the FtsX:EnvC interaction
in the bacterial-two-hybrid (Figure 23A/C) and, as a control, X-lobe mutant has
been shown to express properly in microscopy complementation experiments (J.
Cook et al., 2020). The single residue mutations however appear to either have
no effect or hinder the interaction to varying degrees (Figure 23A/C). Although,
there were two single mutations, Y114E and F152E which significantly affected
the FtX:EnvC interactions to produce a delayed weakly blue phenotype in bacterial
two-hybrid experiments (Figure 23A/C). Unsurprisingly, F152 is present in the
EnvC interacting X-lobe but Y114 resides in the porter domain, potentially away
from the main interacting residues of EnvC (Figure 23A/C), perhaps it is a residue
with a more stabilising role of FtsX periplasmic domain. The blue colouration
of these experiments is qualitative however and is open for interpretation and did
require further exploration via follow on experiments in (J. Cook et al., 2020). As
clearly outlined in 2.5.1 and in Figure 23 caption, the experiment is controlled by
incubation of empty vectors with FtsX and EnvC bacterial-two-hybrid constructs to
check there are no false positive interactions. So, it is clear though that the X-lobe
is further confirmed to be essential for the FtsX interaction with EnvC although the
role of the significant residues in FtsX which can break EnvC interaction is up to

speculation.
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Figure 23: Site Mutagenesis indicates key residues involved in FtsX:EnvC in-
teractions(A) FtsX periplasmic domain highlights the X-lobe (yellow) with the
porter domain (grey) with residues labelled according to their ability to break the
EnvC:FtsX interaction based on bacterial two-hybrid experiments (Red = Strongly,
Orange = weakly, Blue = None) (B) As a positive control, the bacterial two-hybrid
of FtsX periplasmic domain (residues 110-209) interaction with EnvC (residues
35-419) show a positive wild type interaction between the two proteins. As a tech-
nical positive control, the Leucine-zip is standard for bacterial two-hybrid exper-
iments to confirm the a positive result produces a blue colony colour (B). As a
negative control, empty T18 and T25 vectors were incubated with each other and
other couple combinations respective FtsX and EnvC wild type constructs to show
no unwanted interaction (B). Bacterial two-hybrid analysis for FtsX single residue
mutants vs EnvC (residue 35-419) (C). The A145-171 mutant has a removed X-
lobe. The red stars indicate the mutants which turned blue the slowest if at all.
The positive and negative symbols indicate positive protein-protein interaction or
no protein-protein interaction respectively. Bacterial two-hybrid was performed
together on the same plate in repeat. NOTE: Residue numbering is based on the
full length of all proteins. Creation of FtsX mutants and preliminary bacterial two-
hybrid experiments performed by Tyler Baverstock, final paper spotting performed
by Dr Jonathan Cook and Tyler Baverstock. Figure A is an adaptation of a diagram
found in (J. Cook et al., 2020). Figure B/C sourced from (J. Cook et al., 2020)



3.3.2 EnvC self-inhibition prevents amidase interaction

As per the model proposed in (J. Cook et al., 2020), EnvC has a restraining helix
blocking the amidase interaction site of the LytM domain, leading to the theory of
a self-inhibition mechanism which is only lifted by the interaction and ATP bind-
ing of FtsEX. Further evidence is required to solidify this theory using bacterial
two-hybrid screening, co-purifications (Figure 24), EnvC variants co-purifications
combined with the investigation of the key residues involved in LytM responsible

for amidase binding.

As the current literature suggests, and confirmed by the the bacterial two-hybrid
assay (Figure 24A) only EnvC has direct protein-protein interactions with AmiA
and AmiB then NlpD only interacts with AmiC. Both interactions however are only
successful when both regulators are truncated into the LytM domain only (lacking
any restraining helices), full length regulators do not interact with their respective
amidases alone. This suggests that both EnvC and NlpD have a form of blocked
LytM domains that require interactions from other proteins or specific conditions
to allow amidases to interact. This is further supported by successful co-expression
and purification of EnvC LytM his-tagged protein with untagged AmiA or AmiB
(Figure 24B).
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Figure 24: The LytM domain only the EnvC interacts with amidases (A) Bac-
terial two-hybrid assay probing interactions between the three E. coli amidases
(AmiA, AmiB, and AmiC) and two peptidoglycan cleaving enzyme activators
(EnvC or NlpD) as either full-length proteins or truncated LytM domains. Controls
using empty T25 vector incubated with the amidase T18 constructs show a nega-
tive control with no false positives. For further controls, please see (J. Cook et al.,
2020).(B) Co-purification of AmiA (lane 1) or AmiB (lane 2) with the EnvC LytM
domain. All experiments were performed by Tyler Baverstock, figures sourced
from (J. Cook et al., 2020). For further controls related to this experiment, please
see (J. Cook et al., 2020)
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To further evidence the self-inhibition mechanism in EnvC from (J. Cook et al.,
2020), a series of co-purifications were performed with AmiA and his-tagged EnvC
variants (Figure 25) with protein IDs confirmed using mass spectrometry analysis.
Unsurprisingly, the LytM only of EnvC purifies with AmiA but both the full variant
of EnvC and the EnvC LytM variant with the restraining arm both do not bind to
AmiA and leave it in the flow-through after nickel affinity chromatography. EnvC
and possibly NIpD therefore appear self-inhibited by a blocking helix over the
LytM domain amidase interaction site which prevents unregulated amidase inter-
action and activation. This limits the amidase regulator’s interaction with amidases
to only when bound and activated by their own regulators, for EnvC, this would
be FtsEX. The mechanism however how FtsEX causes a conformational change
throughout EnvC and re-positions LytM blocking restraining arm is hypothesised
in (J. Cook et al., 2020). The hypothesis is outlined in 22, where the conformational
changes in EnvC are causes by ATP binding and ATP hydrolysis of FtsEX, causing
the removal and reinstatement of the EnvC restraining arm respectively. Only when
the restraining arm of EnvC is not blocking the amidase binding site in EnvC LytM
domain can AmiA or AmiB bind and become activated. This hypothesis however
requires further structural evidence, especially in the area of interaction between
EnvC and AmiA or AmiB.
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Figure 25: EnvC restraining arm blocks amidase interaction irn vitro (A) Co-
purifications of AmiA with EnvC constructs containing flow-through for unbound
proteins. An SDS PAGE analysis imaged with a plain light gel imager.(Flow:
Flowthrough after IMAC, Elute: Post immobilised metal affinity chromatography
and Desalt: Post buffer equilibrated gel filtration. Protein IDs were confirmed us-
ing Mass spectrometry analysis.(B) EnvC variants blocking LytM amidase binding
groove, inspired by (J. Cook et al., 2020). Colours match the rest of the figure.

118



To further investigate the interactions with EnvC and the amidases, mutations were
performed in the LytM domain (lacking the restraining arm) to test the direct
protein-protein interactions from some previously measured LytM residue muta-
tions from (Peters et al., 2013a) that investigate the effect of LytM only mutations
on the interaction with AmiB. Here, a preliminary bacterial two-hybrid experiment
was used to measure the effect of these LytM mutations on the interaction with
AmiB, along with new mutations based on the (J. Cook et al., 2020) EnvC:FtsX
structure (Figure 26). As an idea for a control, the restraining helix (as a fragment)
from EnvC was proposed to determine if there was proper folding of the LytM
amidase binding mutants by binding to the LytM amidase binding groove if AmiB
could not. However perhaps due to a caveat in this system that the protein being
tested has a T25/T18 fragment added to the N- or C- terminus of the protein, re-
sulting in the fusion protein and the fragment may cause molecular hindrance and
could interfere with the desired protein interaction with the tested target protein.
This effect could be stronger in a smaller desired protein such as the restraining
helix, therefore the helix did not interact with the unaltered EnvC LytM, unfortu-

nately rendering this specific control unusable.

The incubation of the LytM mutants with AmiB however indicated a surprising
result that all LytM amidase binding mutants broke the interaction with AmiB, or
rendered the interaction weak enough to not be detected by as the assay in the ac-
curately measurable time-frame of the technique. The LytM mutations suggest the
following residues and interacting loop to be essential in the LytM:AmiB interac-
tion: K321, V324, Y350, V353, E403, R405, loop 312-320). This may suggest the
importance of all chosen residues in the LytM to be essential to stabilise the the
interaction with AmiB however, it may also show the importance of these residues
in the proper folding of the LytM domain. A further control experiment however
would be useful to confirm proper protein folding in the bacterial two-hybrid, an
expression SDS-PAGE gel would hopefully show the proper folding and expres-
sion of the LytM binding mutants to further validate the experiment. By expressing
these fusion proteins, lysing the cells and collecting the soluble protein fractions
and loading this onto an SDS-PAGE analysis, if the fusion protein is present (and
perhaps confirmed by mass spectrometry), then the construct is properly folded,
and should be functional for the bacterial-two-hybrid assay.Further modification of

the blocking helix B2H construct would also be worth an investigation.
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Figure 26: EnvC LytM domain contains essential AmiB binding residues. (A)
Bacterial two-hybrid assay probing the key residues in EnvC LytM domain in-
volved in amidase binding. The top band shows positive and negative controls of
the experiment to check there are no false positives or negatives. The second set is
the EnvC LytM domain interaction testing with the restraining arm of EnvC, this
should interact by the crystal structure 21 and its purpose is a proper folding con-
trol for the EnvC mutants. The right colony on the second row is the wild type
positive interaction with EnvC Lytm domain and AmiB. The third set is the EnvC
amidase binding point mutants in EnvC LytM domain vs AmiB or EnvC restrain-
ing arm. The idea is that if properly folded, the EnvC mutants will interact with
the restraining arm but if AmiB binding is broken or significantly hindered, AmiB
will not interact. EnvC LytM Mutants i{lzr(?d are based on previous studies (Peters
et al., 2013a), Blue: This study, Yellow:  Interaction loop, this study. Bacterial
two-hybird spots all present on the same plate. (B) EnvC LytM domain highlight-
ing amidase binding residues. Structure rotated 90 degrees along a vertical axis
(Red: (Peters et al., 2013b), Blue: This study, Yellow: Interaction loop, this study).
Image created in Pymol from PDB = 6TPI from (J. Cook et al., 2020).



As potential co-crystallisation targets, other LytM:amidase systems were investi-
gated and co-expression constructs were made of regulators and amidases to one,
test if they also interact with other bacterial species and secondly, a hope for a

crystal structure of an amidase bound to its regulator.

Firstly, ActS was reported to interact with all three amidases during cellular stress,
with a preference to AmiC, interestingly, when AmiA is co-purified with his-
tagged ActS LytM domain only, they interact in a similar fashion to EnvC LytM
(Figure 27 A). Although reported by (Gurnani Serrano et al., 2021) to prefer in-
teraction with AmiC, it is not unsurprising that ActS can interact with other ami-
dases, it would be curious to investigate this further via bacterial two-hybrid anal-
ysis against other components of the divisome could be useful to investigate other
potential regulatory partners of ActS. Furthermore, the ActS LytM domain contains
more sequence similarity with NlpD LytM domain in comparison with the EnvC
LytM domain (Figure 28), which is understandable as ActS apparently prefers
AmiC, with NlpD having a determined strict preference to AmiC where EnvC only
interacts with AmiA and AmiC. The similarity between all three regulators focuses

onto the C-terminus containing the LytM domains.

Secondly, four homologs of EnvC and AmiA in E. coli were cloned and success-
fully co-purified from four species (Figure 27 B); Enterobacter chengduensis, Ed-
wardsiella tarda, Klebsiella pneumoniae and Serratia marcescens.The EnvC LytM
domain interacts with AmiA similar to the system in E. coli, suggesting a similar
amidase regulation pathway is present in these species, however more evidence
and a wider divisome investigation would be required to support this claim. The
sequence alignment of the EnvC homologs with E. coli EnvC (Figure 28) how-
ever highlights significant similarity in the LytM domains in all homologs along
with moderate similarity throughout the whole sequence excluding the initial N-

terminus.

In terms of crystal trials, all four homolog purifications, E. coli AmiA and AmiB
co-purifications with EnvC LytM domain were all expressed and purified success-
fully, enough to setup at least 5-10 crystal trials of each pair using different crys-
tallisation screens from Molecular Dimensions. This was performed at room tem-

perature and left for a year.

The homologs were chosen based on core conservation of interaction grooves and
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active sites in the EnvC LytM and amidases receptively. It was also noted to have
different sequence similarities to for variation for the best chance of crystallisation.
The sequence similarity of both the Amidase and regulator pairs compared to E.
coli are as follows; Serratia marcescens: AmiA = 65 % / EnvC = 65%, Klebsiella
pneumoniae: AmiA = 89 %, EnvC = 85 %, Enterobacter chengduensis: AmiA =
89 % [ EnvC = 89 %, Edwardsiella tarda: AmiA = 60 %, EnvC = 60 %.

Unfortunately no crystals were obtained from this endeavour, although micro crys-
tals were obtained from Edwardsiella tarda EnvC and AmiA complex in 4M of Cit-
rate (no pH specified in Molecular Dimensions). Ultimately this co-crystallisation
experimental route was abandoned due to unsuccessful crystal trials and time con-

straints.
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3.3.3 YibQ is not an EnvC interactor nor a component of the divisome

EnvC is part of a greater divisome assembly for a cell to separate into successful
daughter cells. There is still a significant unknown to the whole divisome with
interacting proteins which may play a role which have yet to be discovered. YibQ, a
currently labelled divergent polysaccharide deacetylase domain-containing protein
which removes N-linked actyl groups from cell wall polysaccharides (Serres et al.,
2001). YibQ was a potential candidate for further study in the context of an EnvC

interacting partner or as a part of the divisome machinery (Figure 29).
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Firstly, the gene encoding YibQ was found to be neighbouring EnvC in the E.
coli genome and strongly suggested to interact with EnvC via STRING interaction
analysis (Figure 29B/C) along with ActS (formerly ygeR). The bioinformatics
suggest a function relating to EnvC and ActS, and in turn, amidase regulation.
To test this theory, the divisome related bacterial two-hybrid library that has been
constructed in the research group was suitable for investigating if YibQ interacts
with any of the key divisome components. After a through investigation using both
T18 fragment fusions attached at either the N- or C- terminus of YibQ (only one
orientation shown in Figure 29A), the assay suggests the YibQ does not interact
with EnvC nor NlpD (or in the LytM only forms) nor AmiB nor FtsX periplasmic
domain (Figure 29A). Although an expression experiment and an SDS-PAGE gel
would prove the expression of the YibQ-T18 fusions, the B2H assay reports that
YibQ is not an interacting partner of EnvC or other divisome components. Further
B2H testing against other divisome components, including ActS would be prudent
to explore all options however at this time YibQ is still an unknown protein with

no known confirmed interacting partners, nor its function.
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3.3.4 Nipl is a potential scaffold protein for the divisome

It has been previously reported by (Banzhaf et al., 2020) that EnvC interacts with
a scaffold protein, Nlpl along with multiple classes of peptidoglycan peptidogly-
can cleaving enzymes. To further investigate the interactions of EnvC with Nlpl
and other components of the divisome, bioinformatic and experimental approaches

were used.

To provide context, a figure sourced from (Banzhaf et al., 2020) showed that an
immobilised Nlpl affinity chromatogrpahy highlighted a high number of potential
interacting proteins including FtsX, AmiA, AmiC and EnvC (Figure 30A). The
paper concludes Nlpl as an outer membrane peptidoglycan peptidoglycan cleaving

enzymes adaptor protein.

STRING interaction analysis (Figure 30B/C) suggests possible interactions with
genetically neighbouring proteins deadD and pnp (RNA degradation) and prc (pro-
tease for PBP3). The protease prc is reported to use Nlpl to chaperone proteins
which have been targeted for degradation, Nlpl scaffolds for PG multi-enzyme
complexes. Like many bioinformatical techniques, STRING analysis can be lim-
ited by analysis at only the genetic or text-mining level and can highlights interac-
tions in homologous systems but not the species you are investigating bioinformatic
data can always be supported with clear experimental data. STRING is however
good for choosing or predicting possible interactions between proteins that can be
investigated experimentally. In the context of the divisome, Nlpl is reported to
bind both amidases and their respective regulators. To further investigate the inter-
actions of Nlpl with EnvC and other components of the divisome more closely, a

bacterial two-hybrid analysis was performed (Figure 31)
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To begin, the controls required as a part of the bacterial two-hybrid experiment
indicate any false positives or false negatives (Figure 31C). Interestingly, one con-
struct, T18-Nlpl, with the T18 fragment on the N-terminus of Nlpl produced a
false positive on the negative control. This may suggest that Nlpl itself is a ’sticky’
protein which may well result in T18-NIpI molecules interacting with each other
and creating a false positive interaction. Nevertheless, the other orientations us-
ing T18/T25 fragments had intact positive and negative controls which were used
in the experiments. NIpl was tested for interactions against amidase regulators
EnvC and NlpD in their full and LytM variants (Figure 31B) along with all three
division-associated amidases, the division protein FtsX and lastly, a control, FtsA
(Figure 31A) which resides in the cytoplasm in which Nlpl should not interact,
being a protein targeted to the periplasm. Interestingly, Nlpl interacted with both
amidase regulators in all forms along with FtsX and weakly with FtsA, however,
no interaction was detected with AmiA, AmiB or AmiC in this experiment. It
would appear that NlpI does interact with proteins associated with amidase regula-
tion, including the ABC transporter protein FtsX, supporting the idea that Nlpl is a
scaffold protein for other protein-protein interactions. As all three amidases did not
interact with Nlpl, the experiment may not detect a direct interaction here, however
an indirect interact may still occur if Nlpl interacts with both amidase regulators
and FtsX. The weak interaction with the cytoplasmic FtsA further suggests that
NIplI has a wide range of interactors and recognises a range of protein domains,
supporting the idea that Nlpl is a ’sticky’ protein. Overall, the bacterial two-hybrid
experiment suggests Nlpl is a scaffold protein for divisome components and may
help facilitate interactions between amidase regulators and their targets with NlpI’s
ability to bind multiple types of protein folds as shown by a weak interaction with
FtsA.
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Figure 31: NIpI as a potential scaffold for divisome components (A) Bacterial
two-hybrid probing NlpD interactions with periplasmic amidases, FtsX periplas-
mic domain and cytoplasmic based FtsA. (B) Bacterial two-hybrid probing NlpD
interactions with amidase regulators and their respective LytM domains.(C) T18
controls for Nlpi constructs performed by Dr Jonathan Cook. For each part of this
figure, a new bacterial two-hybrid is performed on separate plates.
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3.4 Discussion

This chapter further investigated the interactions of EnvC in the context of the
divisome. The binding interface between EnvC and FtsX was probed moving to the
interactions between EnvC and its targets, AmiA and AmiB with a set of bacterial
two-hybrid analysis on the amidase system and on amidase binding mutants of the
EnvC LytM domain itself. Variants of EnvC were also co-purified with AmiA to
solidify the self-regulation mechanism present in the full EnvC protein. Laslty,

potential EnvC interacting partners were investigated, including YibQ and Nlpl.

Via bacterial two-hybrid analysis, in FtsX, the X-lobe and two key residues (Y114E
and F152E) were identified to be essential in the interaction between FtsX periplas-
mic domain and EnvC. Due to the asymmetric 2-to-1 ratio interaction between FtsX
and EnvC, it is interesting that single point mutations are sufficient to significantly
hinder the interaction of FtsX in two molecules on two interaction sites with EnvC.
It is worth noting however that colleagues in the group did show both the X-lobe
and residues (Y114E and F152E) mutants in FtsX did prevent FtsEX from func-
tioning properly in vivo (J. Cook et al., 2020). The bacterial two-hybrid experiment
did however raise questions on how the interaction with FtsX with EnvC changes
during ATP binding and hydrolysis in FtsE, a structure of the active form of FtsEX
bound to EnvC would highlight the changes in the FtsX:EnvC interface.

Transitioning to EnvC itself and its interaction with AmiA and AmiB, this chapter
highlighted a number of key mechanistic systems present in EnvC. Using a bacte-
rial two-hybrid analysis and co-purification of truncated EnvC variants, EnvC was
further supported to contain a restraining helix over the amidase binding groove
present in the LytM domain, as reported in (J. Cook et al., 2020). Only when the
restraining arm is removed does EnvC interact with AmiA or AmiB, and this is
suspected to be the case of NlpD with AmiC although no structural information on
NlpD is available.

The mutagenesis and bacterial two-hybrid of the LytM domain to probe AmiB
interactions generally agreed with previous literature (Peters et al., 2013b). In
general, the LytM mutants which did not activate the AmiB in (Peters et al., 2013b)
also did not interact in the bacterial two-hybrid, however, two mutants, V324E and
K321A which were previously shown to activate AmiA and AmiB, do not interact

in the bacterial two-hybrid. Firstly, further controls, including an expression trial is
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needed for the bacterial two-hybrid LytM mutant constructs to check proper folding
and expression, secondly, these LytM mutants in vivo may react differently with no
T18 fragment fused to the protein with other proteins aiding in the interactions
in the periplasm, where the bacterial two-hybrid is only used in the cytoplasm.
Lastly, the bacterial two-hybrid may be insufficiently sensitive enough to detect
interactions of any of the LytM mutations however the constructs could still be
able to activate AmiA or AmiB in vivo. This could be measured by the use of
a in vitro peptidoglycan dye release assay using Remazol Brilliant blue labelled
peptidoglycan. A simple experiment shown in (Zhou et al., 1988) where these
LytM mutants could be incubated with AmiA or AmiB and compared to wild type
to measure the increase in dye released over time, to measure amidase activation

by mutated LytM domains.

The divisome is a complex set of protein machinery with numerous interactions and
other proteins, undiscovered may be involved in the activity of FtsEX and EnvC in
the periplasmic amidase regulatory pathway. Although the work performed in this
chapter is preliminary, indications of potential interacting partners of the divisome
were further understood. As currently labelled divergent polysaccharide deacety-
lase domain-containing protein (which removes N-linked actyl groups from cell
wall polysaccharides (Serres et al., 2001)) in E. coli, YibQ was a genetic neighbour
to EnvC however based upon bacterial two-hybrid analysis, YibQ did not interact
with any amidase regulators, amidases nor FtsX. The T18 fragment was added to
either the N- or C-terminus to increase chances of detecting an interaction. An-
other control of an expression trial would be useful to determine if the YibQ-T18
constructs express and fold properly to eliminate this doubt. This chapter therefore
suggests YibQ is not involved in the FtsEX:EnvC pathway by direct interaction.
Perhaps due to the hypothesised function of YibQ is the answer why it does not
interact with divisome proteins. The function of deacetylation on polysaccharides
such as peptidoglycan is varied including resistance to environmental factors or
antimicrobial peptides (Andreou et al., 2018). Perhaps that YibQ is part of a dif-
ferent system to the divisome, a system to react to environmental stresses and act
accordingly. Further experiments including perhaps a high throughput binding as-
say would be useful to detect any interacting proteins of YibQ and then further
investigations into any positive interactors would be effective as this is still a very

unknown protein.

Nilpl was another candidate to investigate interactions in the divisome and the Ft-
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sEX:EnvC pathway. In (Banzhaf et al., 2020), Nlpl was suggested as a scaffold
adaptor protein for peptidoglycan cleaving enzymes and was shown to interact
with a huge variety of proteins, including FtsX, EnvC, AmiA, AmiB and AmiC
using immobilised Nlpl affinity chromatography. Based on this chapter’s bacte-
rial two-hybrid experiments however, Nlpl was found to only interact with EnvC
and NlpD (both full and LytM only variants), FtsX and oddly FtsA. There was no
direct protein-protein interaction detected on AmiA, AmiC or AmiC with Nlpl. It
was stipulated however that the bacterial two-hybrid experiment may have been
unable to detect interactions between Nlpl and AmiA/B/C nor that in-direct in-
teractions of Nlpl with division-associated amidases would also be undetectable
using this technique. Perhaps Nlpl cannot interact with the amidases directly but
this requires further evidence such as a co-purification of NIpl and the amidases.
The weak interaction with FtsA, which is present in the cytoplasm naturally, not
the periplasm where Nlpl is targeted to, poses a question if Nlpl is able to bind non-
specifically to a wide range of motifs and domains, irrelevant of their function. This
would further suggest that Nlpl is a scaffold protein for multiple types of proteins
with a wide range of functions, with the function of Nlpl to bring these interacting
proteins in proximity to each other in the periplasm. This could be the case with
EnvC and the amidases, facilitated with Nlpl. Further work would be required to
establish direct interactions between Nlpl and individual binding partners, which
may include co-expression and purification, bacterial two-hybrid analysis using
constructs with point mutations in Nlpl to break the interactions with interacting
partners. To find further divisome based interactors of Nlpl, bioinformatic tech-
niques such as co-folding Nlpl with potential partners to assess the likelihood of
interaction or if there are any homologs of Nlpl in other bacterial systems that have

been explored.

As mentioned in the introduction, there are other LytM:amidase systems present in
other bacterial species and even in E. coli. ActS was suggested to also interact with
all three periplasmic amidases under cellular stress (Gurnani Serrano et al., 2021).
Due to the presence of another LytM domain, ActS LytM domain interacts with
AmiA during a co-purification, and upon sequence analysis, holds multiple simi-
larities in the LytM domain with EnvC and NlpD. Although suggested to mainly
function during lipopolysaccharide depletion stress, further experiments including
a divisome focused bacterial two-hybrid screen would be useful to test in vivo in-

teractions with other amidases and divisome components along with the LytM only
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and full ActS constructs to test if a similar phenotype is found to EnvC and NlpD.
A crystal structure of the ActS LytM domain would be prudent as a structural ex-
ample of regulator activated amidase. Interestingly however, the co-purifications
of the E. coli homolog EnvC LytM domains with AmiA from four other bacterial
species showing homology in amidase binding sites in EnvC and amidase binding
sites in a sequence alignment with E. coli EnvC, provides a glimpse that the Ft-
sEX:EnvC:AmiA/B regulatory system is present in many other bacterial species.
Again however, further similar evidence to this chapter for these other systems

would be crucial for this claim.

This chapter advances our understanding of the interaction between EnvC, its self-

inhibition mechanism and its interacting partners.

Due to the conserved nature of bacterial cell division, all evidence collected in E.
coli may provide a starting model for other bacterial systems. Aside from being
a critical part of the bacterial life cycle which should be understood, the function
of EnvC in relation to FtsEX and periplasmic amidases is a step closer to identi-
fying new antibiotic targets and strategies. The regulation of the essential process
of septal peptidoglycan hydrolysis, which the function is conserved in bacteria,
deregulation would provide a mechanism to create susceptibility in current anti-

biotic resistant strains.

Further research into the FtsEX:EnvC:AmiA/B pathway as a part of the greater
divisome is required, there are multiple protein candidates now which are being
discovered and may be involved in this highly regulated pathway which require
further investigation. In terms of structural understanding, the work in this chapter
provides a foundation to expand into the whole FtsEX:EnvC:AmiA/B complex,
where the FtsEX transmembrane and ATPase domains remain to be solved, along
with the active form of EnvC bound to an active amidase, all key structures in

understanding the conformational changes cascading throughout this pathway.
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4 Knockout characterisation of the FtsEX:EnvC:Amidase
pathway

4.1 Abstract

The collection of proteins which facilitate division in bacteria is called the divi-
some. There are multiple components in the E. coli divisome each with varying
unique structures and functions. One complex set of proteins involved is the Ft-
SEX:EnvC:AmiA/B pathway which regulates amidase activity during septal pep-
tidoglycan hydrolysis during the late stages of cell division. In this chapter, the
importance of each component is explored via genomic knockout characterisation
under varying environmentally stressful environments. It is found that both Ft-
sEX and EnvC are both key in maintaining proper outer membrane permeability
and envelope integrity under low osmotic and detergent conditions. The same is
said for the amidases although only when two or more of the three E. coli ami-
dases; AmiA, AmiB and AmiC are knocked out. This claim is further supported
by sensitivities to vancomycin and detergent conditions and growth curves under
similar conditions. Finally after microscopy analysis, the FtsEX, EnvC and the
redundant division-associated amidase system, a Aamiab knockout strains show
moderate chaining phenotypes from improper daughter cell separation, with the
triple amidase knockout; Aamiabc, showing complete inability to separate daugh-
ter cells. Overall, this characterisation explores a redundant amidase system with
two key regulating proteins required for proper hydrolysis of septal peptidoglycan
with resulting cell separation. This highlights potential antibiotic targets to sensi-

tise bacteria to previously ineffective treatments.
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4.2 Introduction

The importance of the FtsEX:EnvC:AmiA/B pathway has already been deduced
heavily in the literature to evidence the function of this pathway to regulate periplas-
mic amidases during cell division. This system is responsible for regulating the hy-
drolysis of septal peptidogylcan via amidases which is a required event for proper
cell separation at the final stages of cell division (Du et al., 2016; Levin & Janaki-
raman, 2021). As reinforced in (J. Cook et al., 2020), the activity of FtsEX is im-
portant for resistance to detergent, low osmolarity and antibiotic conditions. The
roles of the three amidases in E. coli, AmiA, AmiB and AmiC have been studied
to find that without all three, an extreme chaining phenotype is produced, however
cells containing at least one amidase appear to minimise the chaining phenotype,
enough to hydrolyse the septal peptidoglycan (Heidrich et al., 2001; Uehara et al.,
2010). FtsEX has also been shown to display this chaining phenotype (J. Cook
et al., 2020).

There are gaps in the literature however, each component in the FtsEX:EnvC:AmiA/B
pathway has different functions in cell division but also in cell viability. It is cur-
rently unknown the effect of lacking specific components of this pathway under
different cell stresses and how these components affect the stability of the cell. The
aim of this chapter is to characterise E. coli knockouts of the FtsEX:EnvC:AmiA/B
to further the understanding of each component’s role in cell division and the cell’s

ability to survive environmental stresses.
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4.3 Results

4.3.1 Generating divisome E. coli double (Aamiab) and triple (Aamiabc)
divison-associated knockouts

To characterise the FtsEX:EnvC:AmiA/B pathway, a collection of E. coli mutants
was collated. The majority of the mutants were purchased from the keio collec-
tion (Gene Bridges) (Baba et al., 2006) (Table 2). To probe the role of the indi-
vidual amidases involved in cell division, double (Aamiab) and triple (Aamiabc)
knockouts were made in this project in the same background as the purchased keio
collection (BW25113). It is important to highlight that the strategy to have all
knockouts in the same BW25113 background in this chapter allowed comparison
of any other keio collection in the same background. The phenotypes shown are
the result of these cells lacking the indicated gene and not a difference in geno-
types. To further validate the keio collection mutants, we sequenced the regions of
mutation to ensure a kanamycin gene is present at the correct location. To ensure
there were no unwanted mutations within the genome, these keio knockouts would
need to be whole genome sequenced in the future but have not been within this
study. It is also worth noting that JC7 (Table 2), the strain used in this chapter
lacking FtsEX was kindly created in-group by Dr Jonathan Cook within the same

background (BW25113) as it was unavailable from the keio collection.

The method to make the Aamiab and Aamiabc knockouts are standard to the kit
and protocol used from Gene Bridges (Figure 32A). The workflow involves re-
moving the kanomycin resistance (Kan) cassette from the AamiA single amidase
keio knockout strain using a flippase plasmid. Using another Kan cassette flanked
by homologous overhangs to the genomic location of AmiB, the RED/ET recom-
bination flips out AmiB and adds in the Kan cassette. For the Aamiabc mutant,
the whole process is repeated leaving a single FRT site on both AmiA and AmiB

genomic regions with a kan cassette present at the site where AmiC was.

Aside from Sanger sequencing which was performed as a final check for successful
removal of amidase genes, specific PCR experiments were periodically performed
to check the Aamiab and Aamiabc knockout validity (Figure 32B/C). Using a
combination of primers which external to the amidase genes and a kan specific

primer, the Aamiab and Aamiabc knockouts were confirmed correct at all three
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amidase sites in the BW25113 genome using PCR and sequencing. The end goal
was successful to create Aamiab and Aamiabc knockout strains to investigate the
effect of lacking two or three division assocaited amidases on E. coli cells and any

phenotypes this creates.

139



JTownd DIury [BUIa)X9 oY) AQ PAULIJUOD QU3
DIy [eurSLIo 9y JO UONEIO0] S} J& 9119sSkd UeY B UIBIUOD O} PIULIGUOD ST 9IS DHIUIY Y], "Sururewrar a)1s [} 9[SuIs & AUo yiim soual
[euISLIO ay} Yor[ SA)IS IWY PuB YIWY Y} YI0q ‘INoo0uy 9sepIwe ogriupyy ) Juruiguo)) (D) -0)1assed uey snoirdid e Jo [eAowal oy
w1y Sururewal ¥ sey A[uo 9)1s grury oy, Jowd yIwy [euIa)x ue yiim siowrid oj1oads uey AQ pawIguod pue 9zIs 1091100 U SI
9ZIs YIWY 2Y) Je 9139SSed Uey Y} JO IZIS 9y} INoYoouy Iseprwe (gruupyy) ) Suruiguo)) (g) Jooqpuey saSpLig dUar) UOHBUIGUIOIY
1d/poy woly paydepe pue paoinos weidel(] seuagd aseprwe ay3 03 10adsax ur Juruonisod oY) moys paq[eqe] siowd oy ], "so3plg auan)
WO} WA)SAS UONRUIqUIOIY H/PY AU} U0 MITAIIAO JALIq Y (V) SINONI0UY ISEPIWR Igp1upyy pue (quiuipyy) 3uneIduds) :7¢ 3Ingig

dq 00Z~ L¥d Ue- 8YIS Yy >

da 006~ Lxid uex- ey glury> J)Jew JO Sso dxoi/Ld UOIJBUIqUIOJ \Q A
dq 00g~ pus ¢ uey™ MIBW JO 50| neulq D/di4 Aq
e)is oy 10y Buiuaang |BAOWAL JYJBW UOIJIIRS
My W 7
W Iy, W\ Iy,
ASI JlWY  ASI gy NSl ylwy E AWOURY /j0d E £ QWIOUR9) /10 ] mm
+Jojuey +1oj QY  + 10} YIWY Z A S 2, : S
9IS Qlwy 9IS glwy  dYS yiwy My, o N Ty N
e o\ & O
om<< ‘ wwmwwE< ; nmm '
dXol/L44 dxol/144 dxol/ I
dq ooe~ Ly

uey- eys gy  »

dq 00~ pus g uey] > rendosdde §i 3joAd

s yiwy ﬁ” UOIEDLJIPOW JYIOU. 1)U uoneulquiodal |3/pay
dq 0091~ uey (In4 N b
ous yiuy -+
W poy  JWIOUID1j0D ] Nw
\%\m\\\ asepiwy ///V
\\\g n g
ASI /Iy ABJ gily ABI YIWY N gy <o,
+ loj uey| +lopguuy  + Joy yiwy , =
sNsyiWwy  eusgiuy oS yiwy , o
dxol/1y4 dxol/1y4

140



4.3.2 FtsEX:EnvC pathway is essential for survival under low osmolarity

and detergent conditions

In the literature and in (J. Cook et al., 2020), the effect of removing FtsEX and/or
its functions were probed under low osmolarity and detergent conditions which
produced interesting phenotypes produced by FtsEX knockout strains. Using the
collection of knockouts within the FtsEX:EnvC: AmiA/B pathway, an investigation

was undertaken to detect phenotypes during growth under stressful environments.

The knockout collection were subjected to LB standard conditions, low osmolarity
(Lbon50 = No salt, 2-fold dilution of LB, half nutrients of LB, Section 2.3.1) and
detergent (0.1 % SDS in LB Section 2.3.1) conditions during a 24 hour growth at
37°C. Each knockout was complemented by their respective proteins on a plasmid
as a control. To further evidence any phenotypes produced, the same experiment
was performed as a serial dilution assay on low osmolarity and detergent condi-
tions spot plates to determine any differences between liquid and agar growth. For
further reference of liquid or agar growth experiments further in this thesis, growth
in LB is used as an viability assay, growth in LBon50 is a measure of a cell’s ability
to survive osmotic and reduced nutrient pressures to test envelope integrity, usually
used to determine any defeats in peptidoglycan integrity. Lbon50 (1/2 diluted LB
with no salt) to show the clearest phenotypes when the knockout strains are sub-
jected to low osmotic pressure combined with a reduced nutrient condition. Lastly,
growth in LB with detergent is a measure of outer membrane integrity and per-
meability. These conditions help determine defects in the membrane caused as a
result of genomic knockouts and to determine if the knockout strains are resistant

to stressful environments.

Starting with the single amidase knockouts, all three amidases behave similar to the
wild-type BW25113 strain under all three conditions on the agar spot plates with
little effect of low osmolarity and detergent conditions (Figure 33 A/B). A similar
story in liquid growth occurs also (Figure 34), with little difference between the
BW25113 strain and the single amidase knockouts with the exception of AamiA
and AamiC under detergent conditions appears to have a reduced peak turbidity
which is rescued when the respective proteins are reintroduced. Interestingly, this
phenotype is not present in AamiB, suggesting a previously mentioned redundancy

in the amidase system.
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Figure 33: FtsEX:EnvC pathway susceptibility to agar low omsmolarity and
detergent conditions. Each dilution is a 10-fold. (A) Single amidase knockout
screen, complemented with pET21a containing their respective genes. BW25113
is a control and expressed with all three amidases individually as a control. (B) Sin-
gle, double (Aamiab) and triple (Aamiabc) amidase screen, complemented with
their respective protein or AmiA only in the case of the double (Aamiab) and
triple (Aamiabc) knockouts. (C) Regulator screen, complemented with their re-
spective protein. BW25113 is expressed with all three amidases and both amidase
regulators individually as a control. p21la = empty pET21a vector. pA = pET21a
containing amia,pB = pET21a containing amib, pC = pET21a containing amic, pE
= pET21a containing envc, pEX = pET21a containing ftsex. All pET21a plasmids
containing genes were all full versions of the genes containing their native signal
sequences. This experiment had three technical repeat plates per condition per a
total of tree biological repeats. Plate images were modified to greyscale for clarity.
Starred lanes indicate notable phenotypes.
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Figure 34: FtsEX:EnvC pathway susceptibility to agar low omsmolarity and
detergent conditions under liquid growth. Each replicate is plotted and a median
line is fitted to each condition. Colours are used for each condition; Blue = LB,
Green = Lbon50 (Low osmolarity) and Red = 0.1 % SDS (detergent). Culturing
starts at 0.001 ODgpp and grown at 379C for 24 hours with mild shaking with
readings after every 15 minutes.
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First of all, it is worth noting the unique growth curve results, as these differ from
a standard bacterial growth curve. As seen in Figure 34, none of the cultures reach
a stationary phase, which is likely down to the shaking incubation time. Due to
limitations in the spectrophotometer used to incubate and measure the readings
for the growth curves, it was only able to shake every 15 minutes for 30 seconds.
This likely limited the bacterial growth and not allow sufficient oxygen to reach all
growing cells. Secondly, the growth in SDS can be erratic as there appears to be a
threshold growth ODgq until bacteria begins to lyse which can increase ODggg as
a side effect. There is also appears to be stochastic mechanism in detergent growth
where sometimes cultures will not grow and sometimes they will depending if the
initial bacterial inculcation survives. This trend appeared in all sensitive knockouts

and their three technical repeats per the three biological repeats performed.

The Aamiab and Aamiabc amidase knockouts present stronger phenotypes under
all three conditions compared to their single knockout counterparts. Under agar
growth conditions (Figure 33 B), only the Aamiabc knockout struggles to grow
on LB only to 4 dilutions whereas the Aamiab strain grows to about 8 dilutions.
Under low osmolarity conditions, a similar pattern appears with the Aamiab strain
growing to 7 dilutions, a mild phenotype compared to the BW strain however the
Aamiabc knockout only grows to the 3rd dilution, showing a strong susceptibility
to low osmolarity conditions. The detergent conditions have both Aamiab and
Aamiabc knockouts strongly susceptible to detergent stress. Both knockouts were
rescued by AmiA under all three conditions, suggesting AmiA alone is sufficient

to restore intrinsic detergent and low osmolarity condition resistances.

The phenotypes of both Aamiab and Aamiabc knockouts under liquid growth is
more stochastic in nature (Figure 34). Both the Aamiab and Aamiabc strains have
a longer lag phase and reduced gradient exponential phase and reduced maximum
turbidity compared to the BW strain but is completely rescued again by AmiA. The
low osmolarity conditions exaggerate the same phenotype with both Aamiab and
Aamiabc knockouts generally only growing around 720 minutes but again com-
pletely restored by AmiA. Lastly, under detergent conditions, both Aamiab and
Aamiabc knockouts will barely grow above 0.1 ODgq after an extended lag phase
however the detergent resistance is restored after AmiA is introduced. As indicated
by the agar spot plates, both the (Aamiab) and Aamiabc knockout amidase strains
have a severe susceptibility to low osmolarity and detergent conditions (with the

Aamiab strain surviving slightly improved under low osmolarity conditions) where
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presumably majority of the cells are killed however the introduction of only AmiA

is sufficient to restore intrinsic resistance to these conditions.

In agreement with (J. Cook et al., 2020), Aenvc and Aftsex knockouts only pre-
sented phenotypes under low osmolarity and detergent conditions. On the agar spot
plates, both knockouts grew like the BW wild type on LB, however Aftsex had re-
duced growth on low osmolarity conditions and was rescued by FtsEX to wild type
levels. EnvC had a mild growth hindrance on the low osmolarity plate however was
only weakly rescued when EnvC was complemented back in the cell. Interestingly,
under detergent conditions both knockouts do not grow (baring a few tiny colonies
on the EnvC knockout on the first dilution), the FtsEX knockout is completely re-
stored to wild type levels upon FtsEX expression however again, EnvC expression
only mildly restores the Aenvc knockout to half the wild type levels. As a control,
EnvC expressed in the BW25113 wild-strain does not have any effect. The same
story is told in the growth curves. Normal growth under LB conditions, increased
lag-phase, exponential phase and peak turbidity in both Aenve and Aftsex knock-
outs, but again both rescued by their respective proteins. The detergent conditions
again show an extreme sensitivity without envc or ftsex, but the Aenvc knockout is
only rescued weakly by EnvC whereas Aftsex is restored to wild-type levels upon
expression of FtsEX. It would appear that EnvC expressed by a plasmid into the
periplasm produces an imperfect complementation which was also seen in (J. Cook

et al., 2020), which is not uncommon in complementation experiments.

It is worth noting Anlpd was initially investigated for a phenotype via the spot
plates, however, no obvious phenotype was observed and the focus on this the-
sis is the FtsEX:EnvC:AmiA/B pathway, therefore the knockout was not further
investigated to manage workloads.

Overall, the single amidase knockouts ( AamiA, AamiB and AamiC) individually
do not affect the low osmolarity or detergent resistances of the cell, however, upon
the removal of at least two or more amidases (Aamiab and Aamiabc), cells be-
come susceptible to these stressful environments but can be rescued by only one
amidase, AmiA. The regulators, EnvC and FtsEX, while not key in standard growth
conditions, exhibit key importance in the cell’s resistance to detergent and less so in
low osmolarity conditions. EnvC is not sufficient to fully rescue Aenvc knockout

under low and osmolarity and detergent conditions.
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4.3.3 Cell wall permeability is a symptom of knockouts in the FtsEX:EnvC
pathway

To further characterise the effect of these divisome mutants on the stability and
permeability of the cell wall, Minimal inhibitory concentration experiments were
performed using the Gram-positive antibiotic, vancomycin (Section 4.3.3) and the
detergent, Sodium dodecyl sulfate (SDS) (Figure 36 MICs). Vancomycin is a par-
ticularly useful antibiotic to determine whether any divisome knockout strains have
defective outer membranes as vancomycin has a large molecular weight (1,449.3
g/mol) and cannot pass through outer membrane porins, therefore, any effect seen
is a possible sign that the outer membrane permeability is defective. This is the
same case for detergent conditions, with any sensitivity seen, is a indication of

issues with outer membrane integrity.
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Figure 35: FtsEX:EnvC:AmiA/B pathway knockouts are susceptible to Van-
comycin. Minimal inhibitory concentration experiments with all replicates pre-
sented. Turbidity of cells within different concentration of vancomycin after 18
hours at 37°C. The median line is mapped on sixteen repeats. Complemented cells
with pET21a with respective genes (blue) and deficient cells with pET21a (red).
Method reference 2.5.4.
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Figure 36: (Aamiab) and Aamiabc amidase knockouts are susceptible to de-
tergent. Minimal inhibitory concentration experiments with all replicates pre-
sented. Turbidity of cells within different concentration of SDS after 18 hours
at 37°C. The median line is mapped on sixteen repeats. Complemented cells (blue)
and deficient cells with pET21a (red). Method reference 2.5.4
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Although having the same MIC as the wild-type at 256 pg/ml vancomycin, the sin-
gle amidase knockouts ( AamiA, AamiB and AamiC) do exhibit increased turbidi-
ties at lower concentrations of vancomycin. Both AamiA and AamiC knockouts
growing better without expression of their respective proteins at lower concentra-
tions of vancomycin, perhaps the plasmid expression of AmiA or AmiC causes
cells a high energy cost or inappropriate levels of amidase are produced, causing
some unwanted peptidoglycan hydrolysis. Another hypothesis is the expression of
AmiA or AmiC via the pET21a vector may affect other bacterial systems outside
the control of this experiment, reducing normal cellular growth speed. The AamiB
knockout, has no change in resistance to vancomycin with or without AmiB ex-

pressed.

The Aamiab and Aamiabc amidase knockouts show a strong sensitivity to van-
comycin but are completely rescue by AmiA alone, similar to the previous ex-
periments in this chapter. Interestingly, the MIC for Aamiab is 32 pg/ml but for
Aamiabc is higher at 64 pg/ml. It is worth noting however that the Aamiabc
struggles to grow above 0.2 ODgog and is more stochastic in nature with a num-
ber of replicates growing up to 0.4 ODgg. It could be perhaps that without all
three amidases, cells are lysing under antibiotic pressure and can cause an increase
in ODgg as the debris reaches the bottom of the growth wells. Compared to the
wild-type however, both Aamiab and Aamiabc knockouts indicate a sensitivity to
vancomycin, suggesting the antibiotic is able to cross the outer membrane in these
knockouts, allowing vancomycin to inhibit peptidoglycan biosynthesis. Further
evidencing an unstable peptidoglycan and a weakend integrity of the outer mem-
brane , SDS MICs of both the Aamiab and Aamiabc knockouts confirms a strong
sensitivity to detergent (Figure 36) with the MIC of the Aamiab strain at 0.02 %
SDS and at 0.01 % SDS for the Aamiabc strain where the wild-type continues to
survive at 5.12 % SDS. To sum up, the knockout strains Aamiab and Aamiabc,
show reduced cell membrane integrity and sensitiveis to antibiotic and detergent

stresses.

Lastly, the regulator knockouts Aenve and Aftsex appear to have a mild sensi-
tivity to vancomycin. EnvC-deficient cells produce low peak turbidities under
vancomycin conditions however still keep the same MIC at 256 pg/ml compared
to wild-type. Adding EnvC expression only mildly increases peak growth of the
EnvC-deficient cells, in line with the previous experiments in this chapter of EnvC

only mildly rescuing the EnvC-deficient cells. FtsEX-deficient cells on the other
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hand have significantly reduced growth under vancomycin conditions and has a
2-fold reduced MIC compared to wild-type. Again, like the previous experiments,
FtsEX expression to these cells completely rescues the cells back to wild-type lev-
els including the MIC value. Therefore cells lacking FtsEX has a greater negative
effect on the permeability of the outer membrane with EnvC only weakly affecting

the outer membrane permeability.

Overall, the MICs align with the previous experiments where the single amidase
knockouts show little effect on the cell permeability and integrity however the
Aamiab, Aamiabc strain, Aenvc and Aftsex all exhibit sensitivities to vancomycin,

indicating possible cell membrane permeability and a lack of cell stability.

4.3.4 Proper cell separation is a key function of the FtsEX:EnvC pathway

As previously described in the literature and in (J. Cook et al., 2020), cells lacking
or containing defective FtsEX produce a chaining phenotype, presumably caused
by a lack of amidase regulation to hydrolyse the final septal peptidoglycan during
bacterial cell division along with a negative effect on FtsEX’s other functions like
promoting FtsA activity in recruiting downstream division components. In mul-
tiple studies (Heidrich et al., 2001; Mueller & Levin, 2020; Uehara et al., 2010),
it is known that Aamiabc amidase mutants also produce a chaining phenotype,
however a direct comparison of all the FtsEX:EnvC:AmiA/B knockouts and com-
plemented has not been performed in conjunction with the previous experiments.
Here the knockout collection is visualised under phase-contrast with their respec-

tive complementing proteins (Figure 37, Figure 38).
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It is worth noting that this experiment is a qualitative observation of knockout cells
to see whether there is consistent chaining. It is to see whether chaining is present

and if it is noticeably different by observation between the knockouts.

Starting with the single amidase knockouts, AamiA is the only one exhibiting a
phenotype where there are multiple short chained cells within all imaging sites of
the slides imaged, notable when compared to the wild-type. This surprisingly is
not present in the Aamib and Aamic amidase knockouts. AmiA rescues the weak
chaining phenotype in Aamia , however it does suggest that AmiA has a more
prominent role in keeping septal peptidoylycan hydrolysed during cell division
compared to AmiB and AmiC, perhaps due to the differences in localisation or the

fact AmiA is missing a targeting domain which AmiB and AmiC contain.

Unsurprisingly, the Aamiab and Aamiabc amidase knockouts produce a chaining
phenotype. The Aamiab amidase knockout contains generally only short chained
cells, with some cells showing partially separated ends, suggesting the cells are
unable to complete the final separation of daughter cells, possibly due to residue
septal peptidoglycan. This chaining phenotype is complemented completely by
the expression of AmiA only. The Aamiabc amidase knockout exhibits an ex-
treme chaining phenotype, with all cells joined together in a ’spaghetti’ like fash-
ion, again with cells showing partially separated poles from the next adjoining
cell. Without all three division-associated amidases known in cell division (AmiA,
AmiB and AmiC), the majority of the septal peptidogylcan is likely still intact,
stuck throughout the chained cells, keeping them together. Only the expression of
AmiA however is sufficient to rescue this phenotype back to wild-type like cells.
The differences between the Aamiab and Aamiabc knockouts in previous experi-

ments could be further explained by the chaining phenotypes.

The chaining phenotypes of the EnvC- and FtsEX-deficient cells are more unusual.
Cells lacking EnvC show a chaining phenotype with a mixture of multi bacterium
chains and other with only two cells attached together, presumably, stuck at the
end of bacterial cell division with still intact septal peptidoglycan keeping the cells
together. When complemented with a plasmid containing EnvC however, these
cells do not clearly present like wild-type cells, they appear mildly more individ-
ual however the chaining remains, which is in line with the previous experiments
where EnvC expression only weakly complements the phenotypes displayed in

Aenvc . Cells lacking ftsex are more clear cut with an obvious chaining phenotype.
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Upon the expression of FtsEX however, the cells are restored back to wild-type

morphologies.
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4.4 Discussion

The individual affects and roles of the FtsEX:EnvC:AmiA/B pathway were inves-
tigated in this chapter. Using a variety of microbiology techniques, a collection of
divisome knockouts were studied for their phenotype on a number of environmen-

tal conditions.

The individual roles of each component in this amidase regulation pathway by
analysing the effect of their absence on cell growth, membrane integrity and per-
meability, resistance to detergent and low osmolarity conditions and cell morphol-
ogy. In line with the literature, the three division-associated periplasmic amidases
(AmiA, AmiB and AmiC) in E. coli, appear to have a redundant role in hydrolysing
septal peptidoglycan although with little to no phenotypes presenting in the single
amidase knockouts. AmiA however does appear to have an effect on cell morphol-
ogy and resistance to detergent, perhaps due to it’s more distributed expression
across the periplasm (and lack of targeting domain) (Bernhardt & de Boer, 2003)
although this would require further evidence of AmiA distribution throughout the
cell cycle. As extensively shown in the literature and agreed with in this thesis,
Aamiab and Aamiabc show that removing cell-division amidases, the ability of
cells to separate and hydrolyse septal peptidoglycan becomes more defective with

each amidase removed.

To further evidence the redundancy of these amidases, further double mutations
should be created (AamiAC and AamiBC) with all combinations of the three ami-
dases complementing these knockouts in the same experiments to detect any dif-
ferences of only one of the three amidases hydrolysing septal peptidoglycan. Al-
though these knockout strains have been shown before in the literature (Heidrich
et al., 2001), they have not been subjected to the experiments in this chapter. Fur-
thermore, the Aamiab and Aamiabc strains used in this chapter should be comple-
mented with AmiB and AmiC to compare if they can rescue the phenotypes shown
in these cells like AmiA has used in this chapter. This chapter has shown differ-
ences in the three division-associated amidases in terms of function, and would
be important to further investigate if there is a difference in function during cell
division to explain why there are three amidases in E. coli. As a set, the three
division-associated amidases in E. coli are essential for proper cell separation by

hydrolysing septal peptidoglycan, without them, cells become sensitive to deter-
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gent and Gram-positive antibiotics due to permeable membranes and a chaining

phenotypes.

The type VII ABC transporter, FtsEX, has been further evidenced to have a key
importance in regulating periplasmic amidases during cell division. As shown pre-
viously in (J. Cook et al., 2020), FtsEX-deficient and non-functional FtsEX cells
were susceptible to low osmolarity conditions, detergent, Gram-positive antibiotics
and produced chained cells. It is key to revisit that all experimental strains used
in this chapter used the same background of BW25113 which can have an effect
on the phenotypes seen. In (J. Cook et al., 2020), the MR10 strain (LacZ deficient
derivative of E. coli strain MG1655) which lacked FrsEX was more susceptible
to vancomycin than found in the BW25113 strain (JC7, Table 2) lacking FtsEX.
It is therefore important to mention that the genetic background of the E. coli or
other species can also be determinate in the phenotypes witnessed of divisome mu-
tants on cell envelope integrity and sensitives to different stressful environments.
It would be worth exploring the phenotypes of the same knockouts in other genetic
backgrounds to determine the genotypes which produce more extreme phenotypes
that may indicate further interactions or pathways that interact with the divisome.
The idea behind this would be could these phenotypes shown in this chapter be cre-
ated in other bacterial species, indicating some conservation the amidase regulation

pathway.

The amidase regulator, EnvC, however has not been deeply characterised before
in the literature aside from LytM amidase binding mutations and some knockout
viability analysis (Peters et al., 2013b). EnvC-deficient cells presented similar phe-
notypes to Aftsex in terms of chaining, susceptibility to detergents, Gram-positive
antibiotics and low osmolarity conditions. Unlike the other divisome knockouts
however, EnvC complementation via a pET21a plasmid (containing envc) only
mildly rescued EnvC-deficient phenotypes across all assays in this chapter. In-
terestingly, an overexpression of EnvC has been shown to produce irregular and
swollen cells (Hara et al., 2002), however this study suggested it was the activity
of the C-terminus hydrolytic activity which has since been proven inactive by (J.
Cook et al., 2020), therefore exaggerated activation of AmiA and AmiB is more
likely to be the cause. The BW25113 strain however lacks the genotype for over-
expression (Table 2) and control expression of EnvC via pET21a did not appear
to produce any notable phenotype in the growth curve, spot plate and MIC ex-

periments. This could just be the result of an imperfect complentation due to a
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plasmid gene expression pathway which produces inappropriate levels of EnvC in
the periplasm that causes a dysregulation of other regulation systems during cell
division. It is worth noting however as although the native signal sequences of the
genes were used to localise proteins where they are targeted to go, further controls
would be prudent to check proper protein localisation. An experiment for this could
be florescence microscopy with cells expressing florescence tagged genes used in
this chapter and confirm that all proteins reached the periplasm and the division

septum.

Further study would be required to assess if expression level affects EnvC activity

on the cell’s ability to regulate periplasmic amidases during cell division.

To summarise, each component of the FtsEX:EnvC:AmiA/B pathway has been
characterised whether cells deficient in these proteins cause cellular instability,
membrane barrier permeability, chaining morphology, growth defects, sensitivity

to detergent and Gram-positive antibiotics.

This chapter is another step forward in understanding the fundamentals of E. coli
cell division and amidase regulation which can be applied to multiple other species
and systems. This work can provide a foundation to perform further mutational
and structural analysis on these components to assess key functional residues and
interactions. The understanding that without specific components of this pathway,
cells become susceptible to detergents and Gram-positive antibiotics may provide

alternative targets for new treatments of Gram-negative bacterial infections.
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5 Structure of E. coli amidase, AmiA

5.1 Abstract

The structure of E. coli division amidases have been a topic of interest due to their
importance in hydrolysing septal peptidoglycan during the final stages of bacte-
rial cell division. Here is presented a 2.35 angstrom resolution crystal structure
of E. coli type 3 periplasmic amidase, AmiA. The structure further solidifies the
hypothesis of a self-regulation mechanism of a blocking helix positioned over an
active site containing a zinc co-factor. A previously unmodeled feature in other
related type 3 amidase structures, a deemed interaction helix has been identified to
potentially interact with the AmiA regulator, EnvC due to the presence of unusual
hydrophobic solvent facing residues in this helix. AmiA would be a suitable model
for other amidase systems due to its small length, simplicity and high conservation

in active site residues and core amidase fold residues.
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5.2 Introduction

The cell division amidases in E. coli are essential in hydrolysing septal peptido-
glycan during the end stages of bacterial cell division. In E. coli, there are three
N-acetylmuramoyl-L-alanine type 3 E. coli periplasmic amidases used in division;
AmiA, AmiB and AmiC (Du & Lutkenhaus, 2017; Levin & Janakiraman, 2021).
These amidases are regulated by EnvC (for AmiA and AmiB) and NlpD (AmiC)
by direct interaction causing a currently undetermined structural mechanism to ac-
tivate the amidases during cell division. It has been suggested that these amidases
are self-regulated by a blocking helix which prevents the zinc based active site
interacting with peptidoglycan (Rocaboy et al., 2013) and interaction with the re-
spective regulator exposes the active site. The molecular mechanism however of
how this occurs is currently undetermined; what conformational change occurs in
the amidases during regulator interaction? Where and how does this interaction
take place in both proteins? Are there other conformational changes in the amidase
aside from the removal of the blocking helix from the active site? The answers to

these questions are currently unknown.

The structure of E. coli AmiC was the first type 3 amidase to be solved presenting
an AMIN domain, thought to bind peptidoglycan and promote proper localisation
to the division site, a linker domain and a catalytic domain with a zinc active site
blocked by a blocking helix (Rocaboy et al., 2013). A orthologue of the E. coli
AmiB from Bartonella henselae Houston I was also solved, although only showing
the catalytic domain (D. C. Yang et al., 2012b). This further evidenced a blocking
helix covering conserved zinc-binding residues for an active site, also indicating
conservation in domain folding of this catalytic domain to AmiC (Rocaboy et al.,
2013). Lastly, the smallest of the three amidases, AmiA has not been structurally
determined to test whether this potential type 3 amidase follows the same self-

regulation and conservation to that of the other E. coli amidases.
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5.3 Results

5.3.1 Generating E. coli AmiA crystals and X-ray diffraction

The first stages of obtaining a crystal structure of E. coli AmiA is by protein ex-
pression and purification, crystallisation trials and x-ray diffraction. Fortunately,
the successful expression and purification of TB1034 (pET21A, AmiA-His) was
relatively simple for his-tagged AmiA due to its exceptional expression. Using
purification methods detailed in Section 2.6, AmiA-His was successfully purified
(Figure 39A). It is worth noting the purification shown by SDS-PAGE in Fig-
ure 39A does appear low purity with multiple other contaminating proteins present,
there was however an overabundance of AmiA present (nearly 70 mg/ml in the
final stock) which was sufficient to override the other proteins and successfully
crystallise AmiA. Using a higher concentration of imidazole in washes in the im-
mobilised metal affinity purification did produce significantly lower concentrations
of AmiA but purer, however this was often insufficient concentrations of AmiA to

setup crystal trials.

Crystallisation trials were setup using the sitting drop vapour diffusion method at
RT. Diffraction quality crystals were obtained in the structure screen 142 screen
(Molecular dimensions) in condition A7/C5/C6 in a 96-well plate (Table 3). Crys-
tals appeared after 2 weeks and grew to diffraction size after another 2 weeks
(Figure 39B). These crystals were collected by loop and immersed in 20 % glyc-
erol by Dr Allister Crow, packaged appropriately to send to Diamond Light Source
in Oxford for X-ray diffraction analysis, X-ray diffractor controlled remotely by Dr
Allister Crow and Tyler Baverstock during data collection. There was successful

diffraction crystals at the resolution of 2.35 angstroms (Figure 39C).
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Table 3:

AmiA crystallisation conditions

Crystal
Screen

Position

Condition

Reference

Structure
Screen 1 + 2

A7

2M
Ammonium
acetate, 0.1
M sodium
citrate, 30 %
PEG 4000,
pHS5.6

Molecular
Dimensions

Structure
Screen 1 + 2

G5

1.4 M
Sodium
citrate
tribasic
dihydrate,
0.1 M
sodium
HEPES, pH
7.5

Molecular
Dimensions

Structure
Screen 1 +2

Co6

2M
Ammonium
sulphate, 0.1
M sodium
HEPES, 2 %
PEG 400, pH
7.5

Molecular
Dimensions
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5.3.2 AmiA is a typical N-acetylmuramoyl-L-alanine type 3 E. coli periplas-
mic amidase

Initial processing including space group determination, scaling and merging were
performed on the Diamond synchrotron server. Phases were determined by molec-
ular displacement using a similar structure, PDB:5emi by using Phaser (McCoy et
al., 2007). Phases were improved using solvent flattening and histogram matching
using Parrot (Thain & Livny, 2005). Automated model building was performed in
Buccaneer (Winn et al., 2011) to improve residue refinement. Models were com-
pleted using alternating rounds of model re-building via Coot (Emsley et al., 2010)
and refinement via Refmac (Murshudov et al., 1997). Tools in Coot (Emsley et al.,
2010) were used to assess geometry and Rampage (Lovell et al., 2003) to assess
the distribution of backbone angles in the Ramachandran plot. Coordinates and
structure factors have been deposited at the protein data bank. Further analysis of
the structure used Pymol (LLC, 2023). Due unwell-defined electron density, there
are 7 missing residues at the extreme end of the C-terminus. As the AmiA struc-
ture has two molecules in the asymmetric unit, it is noted that in Chain B residues
178-192 are smeared in the electron density however has been built based on chain
A which contained better electron density. . The presence of zinc was confirmed

using X-ray fluorescence and calculation of anomalous difference maps.

The crystal structure of E. coli AmiA was determined by X-ray crystallography
of successfully diffracting crystals to a 2.35 angstrom resolution. Each asymmet-
ric unit contains two AmiA molecules. The full set of diffraction and refinement
statistics are presented in Table 4. The structure of AmiA (Figure 40A) shows a
typical N-acetylmuramoyl-L-alanine type 3 E. coli periplasmic amidase catalytic
domain fold containing a layer of six-beta sheets and six alpha helices. AmiA
contains three areas of interest; a blocking helix, an interaction helix and an ac-
tive site containing zinc-binding residues. The active site contains a set of zinc-
binding residues all bound to a single zinc atom (Figure 40B, orange); His 65,
Glu80, His133, Asp135, Glu 167 and a nearby non-zinc binding potential active
site residue, Glu242 . This active site however is blocked by a helix termed the
"blocking helix’ (Figure 40A, red) (residues 151-177) which would be assumed
to prevent peptidoglycan binding, a system of self-regulation as seen in AmiB and
AmiC previously (Rocaboy et al., 2013; D. C. Yang et al., 2012b).
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Another feature of note is an unusual helix adjacent to the blocking helix, which
is oddly departed from the main amidase fold with a set of hydrophobic residues
protruding outwardly into solvent (Figure 40C, yellow); Leul84, Leul85, Vall88,
Leul89, Leul92. Interestingly, during model building, this helix showed disparity
between the two molecules of the asymmetrical unit in terms of positioning and
electron density, where the helix in the molecule presented in (Figure 40A) was
well defined but the other molecule lacked consistent electron density. This sug-
gests this is a mobile element, previously uncaptured by other E. coli or ortholog
amidase structures. This helix is termed the ’interaction helix’ as it has the poten-
tial to be an interaction site for a number of reasons; It is positioned away from
the rest of the main amidase catalytic fold, it has an unusual set of solvent-facing
hydrophobic residues on its surface and appears to be mobile in nature upon closer
inspection of the electron density map which could mean it is stabilised by the

interaction of another protein.

In summary, AmiA is the simplest form of E. coli type 3 amidase structurally
solved containing only the catalytic domain however highlighting a self-regulation
system over the zinc-based active site and a potential mobile helix possibly impor-

tant for EnvC interaction.
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Table 4: Data collection and refinement statistics. * = Values in parentheses
indicate the highest resolution bin, ¥ = Refinement statistics are from Refmac, & =
Ramachandran statistics as reported by Rampage.

AmiA 8C20

Data Collection

Beam line Diamond 104-1
Wavelength (A) 0.97950
Crystal parameters

Space group P22121
Unit cell dimensions (A) 59.5,73.9,115.6
Unit cell angles (°) 90, 90, 90

Reflection data*
Resolution range (A)
Unique reflections

59.51-2.35 (2.43-2.35)
21,955 (2,121)

Rpim 0.050 (0.506)
I/o(I) 10.4 (1.5)
CC» 0.999 (0.662)
Completeness (%) 100 (100)
Multiplicity 12.6 (12.1)
Wilson B (A2) 51
Refinementy

Resolution (A) 59.60 - 2.35
Number of reflections 20,819
Roverall 0.177
Rfree 0.236
Rms (bond lengths) (A) 0.007
Rms (bond angles) (°) 1.43
Model B-factors

Proteins (A2) 50, 60
Zn (A2) 42,43
Waters (A2) 43
Ramachandran statistics::

Favoured (%) 97.6
Allowed (%) 2.4
Outlier (%) 0

166



5.3.3 AmiA interaction helix is highly mobile

To further investigate the hypothesis of the interaction helix being a mobile element
in the AmiA structure, a B-factor analysis was performed on the AmiA structure
(Figure 41. Overall, represented by blue and purple, the main internal beta sheets
and majority of the main amidase catalytic domain fold generally contains low b-
factors, including the active site and the zinc atom, indicating low motion. Shown
by light blue and green, the main area of high B-factor is the linking set of residues
between the blocking and interaction helices. Combined with the smeared electron
density (during model building) of one of the AmiA molecules in the asymmetric
unit and the high B-factors, this is likely a very mobile set of residues with high
thermal motion. There is clearly flexibility between the two helices suggesting that
the interaction helix is responsible for the movement of the blocking helix during
the activation of AmiA during the interaction with EnvC. Where the two helices

move to or how the structural rearrangement occurs is explored later.
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5.3.4 AmiA contains high internal and active site conservation

As a comparison between AmiA and other published amidases, a standard settings
Conserf analysis (Ashkenazy et al., 2016) was performed to detect conservation
throughout the AmiA structure (Figure 42). The ConSurf server is a bioinformat-
ics tool for estimating the evolutionary conservation of amino/nucleic acid posi-
tions in a protein/DNA/RNA molecule based on the phylogenetic relations between
homologous sequences (Ashkenazy et al., 2016). The degree to which an amino
(or nucleic) acid position is evolutionary conserved (i.e., its evolutionary rate) is
strongly dependent on its structural and functional importance (Ashkenazy et al.,
2016).

Overall, highlighted by purple areas, the internal stucture of AmiA are very con-
served whereas the external facing residues and helices appear generally variable
and unique, shown by more green coloured areas (Figure 42A). A sequence view
(Figure 42B) shows that all of the previously mentioned zinc-binding and active
site residues (His 65, Glu80, His133, Asp135, Glu 167 and a non-zinc binding
active site Glu242) are strongly conserved (highlighted by orange boxes) along
with the key residues in the interaction helix (Leul84, Leul85, Vall88, Leul89,
Leu192) all exhibiting weaker but still present conservation. In comparison to the
other helices in the structure, the interaction helix is the only one with conservation
of the solvent facing residues, further indicating the requirement for these residues
for an interaction, presumably, EnvC. These external interaction helix residues will
be revisited later with further investigations. The residues linking the blocking and
interaction helices however (residues 176-184) are variable with little conservation,

perhaps due to their high mobility and B-factor.
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5.3.5 AmiA contains a Zinc ion, essential for function

As described in other type 3 or type 3-like amidases such as E. coli AmiC and
Clostridioides difficle CwlD respectively both contain a zinc atom that is essen-
tial for their function with specific and conserved zinc-binding residues. To con-
firm the presence of zinc in the AmiA protein, an X-ray edge scan was performed
(Figure 43A) with an example of a theoretical zinc edge scan for reference (Figure 43B)

and an anomalous scattering map constructed (Figure 43C)
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The adsorption edge was measured by Figure 43A at approximately 9667 eV, con-
sistent with the presence of zinc in comparison to Figure 43B. It is worth noting
that experimental error and strucutral environment of the zinc may cause a peak
shift slightly away from the theoretical value. Using the anomalous scattering
map in Figure 43C, the zinc atom was identified present in the active site with
a sigma level of 8.8 at the wavelength of 0.9795 .0eV and surrounded by zinc-
binding residues, further evidencing the presence and the positioning of the zinc
atom in the active site of AmiA. Although an anomalous scattering map reading
below and near 9658.6 .0eV would further solidify the presence of a zinc in the

structure.
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5.3.6 AmiA has a conserved catalytic domain found in other type 3 amidases
in E. coli

AmiA is one of three N-acetylmuramoyl-L-alanine type 3 E. coli periplasmic ami-
dases used in cell division all of which hold striking similarity in their catalytic do-
main folds and conserved zinc-binding residues (Figure 44). As there is no solved
structure of E. coli AmiB, a orthologue structure of only the catalytic domain from
Bartonella henselae str. Houston-1 was used instead. Upon visual inspection of
all three amidases secondary structures, the blocking helix identified in AmiA is
present in AmiB and AmiC also, which suggests a conserved self-regulatory mech-
anism present in cell division amidases, perhaps due to the importance of amidase

activity regulation during division.
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Interestingly, only AmiA contains a resolved ’interaction helix” with AmiB and
AmiC with unresolved ’clipped’ regions perhaps, as a hypothesis, due to inconsis-
tent electron density (Rocaboy et al., 2013; D. C. Yang et al., 2012b) but this would
need to be confirmed by viewing the electron density maps of this other structures.
What is known however, in the second molecule of the asymmetric unit of AmiA,
the electron density map showed reduced electron density in the mobile interaction
helix, with only the first molecule of the asymmetric unit of AmiA AmiA having
clear electron density at the interaction helix. To be clear, there was sufficient elec-
tron density in the second molecule of the asymmetric unit of AmiA to build the

interaction helix, with help of the first molecule model as a reference.

AmiA is the smallest of the three amidases with only containing the catalytic do-
main of which AmiB and AmiC also contain but with an additional domain with
varying functions. In AmiC, it was deduced that the additional domain, called the
AMIN domain, is required for AmiC localisation to the division site and can bind
peptidoglycan (Rocaboy et al., 2013), whereas AmiB is thought to require this ex-
tra domain for targeting to the division site however this is unevidenced (D. C. Yang
et al., 2012b). Clearly only the catalytic domain is required for function as AmiA
lacks any other domain, although this may explain subtle differences in the locali-
sation of AmiA to the other amidases in E. coli previously described (Bernhardt &
De Boer, 2004) Lastly, the zinc-binding residues between the three amidases are
strongly conserved with the only difference being the residue which binds to zinc
from the blocking helix (Figure 42B, orange) which is consistent with the Conserf
conservation analysis (Ashkenazy et al., 2016) of AmiA in Figure 42.

176



A sequence alignment of the three E. coli division amidases (Figure 45) corre-
lates the conservation found in the solved structures (Figure 44). There is com-
plete conservation of the active site zinc-binding residues across all three amidases
(Figure 45, orange). The blocking helix is also generally conserved (Figure 45,
red), perhaps due to the conservation in the active site. There are arrays of con-
servation also in the main catalytic domain amidase fold stemming from the zinc-
binding residues into the internal six-beta sheets. The three amidases do target the
same full septal peptidoglycan chain and cleave the amide bonds, however their
localisation may differ.In AmiB and AmiC, there is a lack of conservation of the
AMIN/targeting domain, perhaps due to the specific targeting of these amidases to
different regulators. Lastly, the interaction/flexible helix shows moderate conser-
vation, unsurprisingly, AmiC shows the most differences compared to AmiA and
AmiB, again, supporting the idea this is specific to regulator interaction, evidenced

by stronger similarity between AmiA and AmiB over AmiC.
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Branching out to other type 3 amidases in other bacterial systems, as the previous
Consurf analysis (Figure 42) revealed, the conservation found in only the E. coli
proteins (Figure 45) tends to hold true for other species (Figure 46). Starting with
the zinc-binding residues (Figures 45 and 46, orange), these are completely con-
served across all species and all three E. coli amidases; AmiA, AmiB and AmiC.
Again, across all amidases aligned, the beta-sheets stemmed from the zinc-binding
residues are generally conserved with strong similarity. Moving onto the block-
ing (Figures 45 and 46, red) and interaction helices (Figures 45 and 46, yellow),
aside from CwlD, which according to its structure (Alves Feliciano et al., 2021),
does not appear to have a blocking nor interaction helices, the blocking helix is
very similar in all amidases across the species along with the C-terminus end of
the interaction helix, although the N-terminal end of this helix has significant dif-
ference across the amidases and species. Lastly, the AMIN/targeting domains have
some similarity across AmiBs and AmiCs along with different species however
there is significant differences towards to N-terminal end, assuming due to varia-
tion in signal sequences. Overall there appears to be different ways but conserved
to regulate type 3 amidases with E. coli and other species using a blocking helix
to self-regulate and an interaction helix as a regulator interaction site for activation
with other species such as Clostridioides difficile using zinc-binding stabilisation
to self-regulate. The catalytic domain fold is conserved across species however the

mode of regulation is not always the same.
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5.4 Discussion

This chapter was the presentation and interpretation of the solved crystal structure
of the E. coli amidase, AmiA. This is the first instance of an E. coli amidase with
a fully modelled catalytic domain, exposing some key features of the structure; a
blocking helix (which blocks access of the active site to peptidoglycan), an inter-
action helix (which is predicted to interact with EnvC during amidase activation)
and the zinc based active site. By comparison with other amidases, it is strongly
suggested that the removal of the blocking helix via the flexible interaction helix is
the self-regulation mechanism present in the type 3 amidases in E. coli. AmiA is
the smallest and simplest of the E. coli amidases and when compared to amidases
present in other bacterial species, there is strong conservation in the zinc-binding
residues, the core beta sheets of the catalytic domains and some conservation in
the blocking and interaction helices. This structure further solidifies the conserved
structure and self-regulation system of amidases and is a suitable model for other

amidase systems.

Upon the successful solving of the E. coli amidase AmiA, it is further confirmed
the presence of a self-regulatory system. As seen in E. coli AmiC (Rocaboy et
al., 2013) also, the presence of a blocking helix over the active site prevents ami-
dase function, which therefore the removal of this helix from the active site is the
cause of activation. As not previously seen, the solving of the interaction helix
indicates a possible interaction between this helix and the AmiA regulator EnvC
due to the presence of oddly hydrophobic solvent facing residues. The removal of
the blocking helix concurs with previous literature such as E. coli AmiC (Rocaboy
et al., 2013) and AmiB orthologues (D. C. Yang et al., 2012b) as a mechanism of
amidase self-regulation when not bound to their respective regulators. Although
the solving of the interaction helix further evidences this helix is important in the
activation of AmiA, another solved structure of AmiA in its active form, perhaps
bound to EnvC would be required to solidify this hypothesis of the mechanism of
regulation of AmiA by the interaction with EnvC. Furthermore, evidencing that
AmiA is active without the blocking helix would also be crucial to confirming the

active form of AmiA.

Due to the high b-factors present in the interaction helix, this is the first instance

of this feature being successfully modelled in an E. coli amidase. This provided
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a unique opportunity to visualise the hydrophobic solvent facing residues present
in this helix as a potentially interacting region with EnvC, specifically the LytM
domain. The most noteworthy residues in the interaction helix include; Leul84,
Leul85, Vall88, Leul89, Leul92. These are the hydrophobic residues that by ob-
servation appear the most protruded into the environment, which would suggest
they could be critical in interaction with EnvC, which would need to be investi-

gated, in the next chapter.

These residues appeared the most protruded into the solvent environment, presum-
ably waiting for the interaction with another protein. This is the first instance of
a more precise prediction to where in the E.coli amidases, a regulator may inter-
action. In (Rocaboy et al., 2013) with NlpD (LytM domain) suggested to interact
with AmiC in the catalytic domain, which bares strong conservation and similarity
to the AmiA molecule. However their equivalent *interaction’ helix was disordered
in the AmiC structure so it is unknown where in the catalytic domain NlpD inter-
acts with AmiC.Without further experiments such as a solved complex of AmiA
bound to EnvC or with a bacterial two-hybrid investigating the interaction between
AmiA and LytM with AmiA interaction helix mutants, the residues predicted to

interact with EnvC are are hypothetical.

As previous studies have mentioned numerously (Alves Feliciano et al., 2021; Ro-
caboy et al., 2013; D. C. Yang et al., 2012b), the type 3 amidase uses a zinc co-
factor present in the active site, required for function. In AmiA, a zinc co-factor
was confirmed using anomalous scattering experiments although further wave-
lengths read for the anomalous scattering maps would completely solidify the lo-
cation of zinc in the AmiA structure. Nevertheless, a zinc atom is present in the
active site of AmiA with conserved zinc-binding residues in the active site and the
blocking helix. In the blocking helix, Glu 167 positions the blocking helix over
the active site, with residues His 65, Glu80, His133, Asp135 all directly binding
to the zinc atom. Although another residue, Glu 242, although too far to interact
directly with the zinc atom (4.6 angstroms), appears key in the interactions with
the other active site residues. These active site residues are heavily conserved and
are present in both the E. coli AmiC (Rocaboy et al., 2013) and orthologue Bar-
tonella henselae (D. C. Yang et al., 2012b) AmiB and in multiple other amidases
in other bacterial species (Figures 42 and 46). Further experiments in vivo and in
vitro would be key to assess the importance of each identified active site residue

in AmiA, such experiments could include peptidoglycan hydrolysis activity assays
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or complementation of the Aamiabc amidase knockouts using active site AmiA

mutants.

In summary, the work performed in this chapter is a part of fundamental bacterial
biology in the regulation of an essential stage of bacterial cell division. Due to the
simplicity of AmiA, it could be used as a structural model for other type 3 amidases
in other bacterial species. With the successful modelling of the interaction helix,
this is the first stage of structurally determining how E. coli amidases are regulated
by the interaction with their regulators, and how activation occurs at an atomic
level. Knowing the structure of a core amidase like AmiA, this could be a target
of antibiotics due to their importance in the end stages of bacterial cell division,

impairing the cells during infection treatment.
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6 Mutational analysis of the E. coli periplasmic amidase,
AmiA

6.1 Abstract

The regulation of periplasmic amidases during the late stages of cell division is an
essential process to maintain cellular stability and to perform proper hydrolysis on
septal peptidoglycan during daughter cell separation. One such E. coli amidase,
AmiA is structurally self-regulated by a blocking helix over the active site, with
only the interaction with its regulator, EnvC does AmiA become active and able
to bind peptidoglycan. In this chapter, the mechanism by which EnvC causes the
removal of the AmiA blocking helix from the active site is investigated though
extensive mutagenesis. To evidence the mechanism, bacterial two-hybrid analysis
confirms a number of essential residues required in AmiA to interact with EnvC in
a previously explored interaction helix. Investigation into the key residues keeping
the blocking helix over the active site results in two essential residues present in
AmiA for this function. To probe the importance of the active site residues in
AmiA, a stable constitutively active AmiA is created and shown to function in
vivo which allowed the beginning of the mutation of the active site to detect the
essential residues required for function. Overall, this is a significant step forward
in structural biology for a generally conserved system that could apply to multiple

other bacterial species.
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6.2 Introduction

The cell division amidases in E. coli are essential in hydrolysing septal peptido-
glycan during the end stages of bacterial cell division. In E. coli, there are three
N-acetylmuramoyl-L-alanine type 3 E. coli periplasmic amidases used in division;
AmiA, AmiB and AmiC (Du & Lutkenhaus, 2017; Levin & Janakiraman, 2021).
These amidases are regulated by EnvC (for AmiA and AmiB) and NlpD (AmiC)
by direct interaction causing a currently undetermined structural mechanism to ac-
tivate the amidases during cell division. It is suggested that these amidases are
self-regulated by a blocking helix which prevents the zinc based active site interact-
ing with peptidoglycan (Rocaboy et al., 2013) and interaction with the respective
regulator exposes the active site.

There is currently only one solved structure of an activated amidase bound it its
respective regulator; CwlD bound to its regulator, GerS from Clostridioides diffi-
cile (Alves Feliciano et al., 2021). Although this amidase strongly resembles type
3 amidases, this structure shows a different regulatory amidase system to that pro-
posed for the amidases in E. coli. In Clostridioides difficile, CwID is regulated
by an unstable zinc-binding residues when absent to GerS, however when GerS is
bound to CwlID, this stabilises binding of zinc-binding residues to the zinc co-factor
in the CwlD active site (Alves Feliciano et al., 2021). The function of this amidase
regulator system is for a spore-specific peptidoglycan modification muramic-A-
lactam (MAL) which contrasts to E. coli peptidoglycan side chain specific hydro-
lase activity of AmiA, AmiB and AmiC (Vermassen et al., 2019). The structural
mechanism by which E. coli amidases are regulated is currently hypothesised by
the removal of the blocking helix over the zinc-binding active site (Rocaboy et al.,
2013; D. C. Yang et al., 2012b) however how the interaction of regulator to amidase

causes this structural conformational change is currently unknown.

An important structure used in this chapter, a 3.4 angstrom structure of the AmiB
enzymatic domain from Citrobacter rodentium bound to the cognate LytM acti-
vation domain of EnvC (Figure 47 PDB: 8COJ). As seen in the E. coli AmiA
structure (Figure 40), there is a main catalytic domain fold containing an site site
housing a zinc co-factor. Here, the interaction helix of C. rodentium AmiB forms
into an elongated back helix and interacts with EnvC LytM domain, like hypoth-

esised in the E. coli AmiA structure. There is no blocking helix in the AmiB
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structure, perhaps it was unable to be resolved due to the relatviely high resolution,
a check on the electron density map would be required. This structure is an insight
into the activation mechanism that may occur in E. coli and can be used to predict

a mechanism and the key residues involved.
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6.3 Results

6.3.1 AmiA is activated by direct interaction with EnvC

The structural conformational changes required for AmiA to become active has
only been hypothesised by the removal of the blocking helix to allow peptidoglyan

to bind to the zinc based active site.

Here presented is a model of AmiA activation bound to EnvC LytM domain (Figure 48).
The model is based on an unpublished experimental structure of an E. coli ho-
molog Citrobacter rodentium truncated AmiB bound to its cognate EnvC LytM
domain. This structure (Figure 47) was determined by colleagues in the Crow
lab (deposited in the protein databank 8CO0J). The model was constructed using
the 8CO0J as a template structure in the SWISS model web based program (A. Wa-
terhouse et al., 2018) with a target sequence using E. coli EnvC LytM domain
sequence instead of C. rodentium EnvC LytM domain sequence in 8C0J with the
E. coli AmiA sequence instead of the truncated C. rodentium AmiB sequence used
in 8CO0J. The hope is that as the type 3 amidase catalytic domain folds are con-
sistently conserved as shown in the consurf analysis of AmiA (Ashkenazy et al.,
2016), replacing the C. rodentium sequence with AmiB should produce a useful

model.
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The activated form of AmiA indicates the translation of the blocking helix (Figure 48,
red) away from the active site, exposing the zinc-binding residues ready for pepti-
doglycan interactions. Interestingly, the interaction helix (Figure 48, yellow) that
was previously predicted to interact with EnvC does translate to interact with the
LytM domain while forming an extended alpha helix with the highlighted adjacent
helix (Figure 48, orange). It is curious however that the blocking helix is moved
a distance away from the main structure (approximately 10 angstroms from the
interaction helix) with no interactions to the rest of the structure. Perhaps there is
another part of EnvC which may interact with this blocking helix to further sta-
bilise the active form of AmiA, or likely that the active form of AmiA is unstable
compared to the active conformation which it reverts back to upon dissociation

from EnvC.

6.3.2 AmiA interaction with EnvC is dependent on a set of hydrophobic

residues in the interaction helix

Investigating the interaction of the interaction helix of AmiA with the LytM do-
main from EnvC, a bacterial two-hybrid experiment probed the essential residues
to this interaction (Figure 49). Based on the AmiA:EnvC LytM model (Figure 48),
the hydrophobic residues which appear to be the most strongly involved in the in-
teraction with the LytM domain are the same residues originally predicted off the
AmiA structure; Leul84, Leul85, Val188, Leul89, Leul92 (Figure 49A). Surpris-
ingly however, upon individually and doubly mutation of all five EnvC interaction
residues, all mutations attempted break the interaction with EnvC. This would sug-
gest that even small mutations of leucine to an alanine are sufficient to break or
significantly hinder the interaction of the interaction helix of AmiA with the LytM
domain, to the point that interaction is not detected via this technique. The inter-
action between AmiA and EnvC could therefore be deemed very specific with all

five of these residues key in interaction and leading to proper regulation of AmiA.
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Figure 49: Hydrophobic residues of the AmiA interaction helix are essential
for AmiA:EnvC LytM interaction. (A) AmiA interaction helix key interacting
residues to EnvC LytM. Captured from the AmiA bound EnvC LytM model from
Figure 48. (B) Bacterial two-hybrid probing the interaction of AmiA interaction

helix and EnvC LytM. All spots are from the same bacterial two-hybrid plate, re-
peated.
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It is worth noting however the bacterial two-hybrid shown in (Figure 49B) was
later repeated by Dr Jonathan Cook in the same research group and AmiA mutants
L184K and L189K did in-fact show weak interaction with EnvC LytM domain after
4-6 days. Although this is outside the normal bacterial two-hybrid experimental
period of 3 days (controls remained correct), it may show these mutants while
strongly affect the interaction between AmiA and EnvC, still means AmiA could

be activated, albeit weakly.

Due to the surprise of all interaction helix residue mutations breaking interaction
with EnvC, a control expression trials of all mutation bacterial two-hybrid con-
structs was performed in E. coli C43 cells to ensure the mutation was not preventing
proper folding of AmiA (Figure 50). Fortunately, all soluble protein extracts after
cell lysis exhibited proteins bands of all AmiA mutants on the SDS PAGE anal-
ysis which (Figure 50) indicates proper folding and expression of the contracts
present consistent with the wild-type AmiA bound to a T18 fragment. Expression
of the AmiA mutants and locating them within the soluble protein extract of the
cells shows proteins have folded properly and not been placed in inclusion bodies
with incorrectly folded aggregated proteins. As all the AmiA-T18 fusion proteins
are well-expressed and stable, it does suggest the mutations that block interactions
in the bacterial 2-hybrid experiment disrupt the interaction without impairing the

proteins ability to fold.
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6.3.3 The blocking helix is essential to AmiA self-regulation

As the AmiA model bound to EnvC LytM highlights that the translation of the
blocking helix away from the active site is essential in the activation of AmiA, fur-
ther investigation into the key residues keeping the active site bound to the active
site was performed. Firstly, to check if AmiA is active without the blocking and in-
teraction helices, exposing the active site, multiple large deletions were constructed
to remove these helices to produce a constitutively active AmiA with the most suc-
cessful mutation structurally highlighted (Figure 51A). Additionally, upon closer
inspection of the AmiA structure, two residues in the blocking helix were iden-
tified to be potentially important in positioning the blocking helix over the active
site; Leu163 and Glu167 (Figure 51B, red). A series of point mutation constructs
were created to measure the importance of these two residues in the self-regulation
of AmiA. (Section 8)
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To assess the activity of the constitutively active AmiA variants and the blocking
helix mutations, a periplasmic overexpression of the constructs was performed in
E. coli C43 cells and then cells are subjected to detergent and low osmolarity condi-
tions (Figure 52). When wild-type AmiA is over-expressed in the periplasm, there
is no effect notable on the cell viability under all three conditions. All three con-
stitutively active AmiA constructs have no effect on E. coli under standard growth
conditions however under detergent, cells are strongly sensitive and cannot survive
beyond three dilutions (Figure 52A). This would suggest that peptidoglycan is
being uncontrollably hydrolysed by constitutively active AmiA and making cells
unable to withstand detergent attack due to reduced stability. The construct dis-
played in (Figure 51A) and shown in (Figure 52A) to have replaced the blocking
and interaction helices with GAGAA, is chosen to be an active control for future
experiments due to its marginally greatest effect on cellular viability under deter-

gent conditions compared to the other two active variants.
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When the blocking helix AmiA mutants are over-expressed in the periplasm, vary-
ing AmiA activities are observed (Figure 52B). As expected, all blocking helix
mutants has little to no effect under standard growth conditions with the consti-
tutively active AmiA having a mild negative effect on cell growth at the highest
dilution under standard growth conditions. The same phenotypes are highlighted
under detergent conditions with constitutively active AmiA significantly hindered
to only grow to dilution two and the blocking helix mutants showing little effect
except L163E and E167K which show a mild effect on cell viability at higher di-
lutions. Interestingly, in low osmolarity conditions, the blocking helix mutations
show significant reduced growth phenotypes. Mutations L163E and E167K both
produce similar phenotypes to the constitutively active AmiA under low osmolarity
conditions. The other mutations to note are L163E, L163A and E167Q all have re-
duced growth compared to the control and wild-type AmiA. Overall, the mutations
of L163K and E167K were the closest to produce phenotypes of the constitutively
active AmiA, highlighting the change from a hydrophobic or a negative charge re-
spectively to a positive charge is sufficient to remove the blocking helix, preventing
AmiA self-regulation to begin hydrolysing peptidoglycan uncontrollably leading to

sensitivity to low osmolarity pressures.
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6.3.4 AmiA active site and Zinc-binding residues are essential for function

The creation of a stable and functioning constitutively active AmiA construct al-
lows an investigation of the zinc-binding residues of the active site of AmiA (Figure 53).
The active site of AmiA as shown previously is strongly conserved across E. coli
and other type 3 amidases in other bacterial systems. In E. coli AmiA, there are five
active site residues in AmiA (excluding the blocking helix); His 65, Glu80, His133,
Asp135 (zinc-binding) and Glu 242 (non-zinc binding) (Figure 53A, orange. To
assess the importance of each residue in the AmiA active site, each residue was mu-
tated into an alanine in the constitutively active AmiA construct and overexpressed

in E. coli C43 under detergent and low osmolarity conditions (Figure 53B).

It is worth noting in some repeats the over-expression of wild-type AmiA has a
very weak effect on cell growth in all conditions, which perhaps is the result of
non-native activation of AmiA, a side-effect of AmiA over-expression. Under low
osmolarity conditions, all five residues show little to no effect on cell viability com-
pared to both p21a and wild-type controls, however under detergent conditions,
three mutations; H65A, ES8OA and H133A all produce similar growths to the p21a
and wild-type controls whereas D135A and E242A while grow one dilution better
than the constitutively active AmiA, still have reduced growth compared to the con-
trols. Any extra growth over the constitutively active AmiA indicates a defection
in AmiA activity, suggesting peptidoglycan is not being as efficiently hydrolysed
compared to constitutively active AmiA, allowing cells to be more resistant to low
osmolarity and detergent conditions. Any of these active site mutants will greatly
affect the ability of the active site to bind zinc, suggesting a question that are the
remaining active site residues sufficient to bind zinc alone, although they do still
show weak activity, so it is possible there is some remaining activity. It is worth
noting however, that other pathways may be affected by an constitutively active
AmiA with this effect on the phenotype seen in this chapter is unknown. in vitro
activity assays talked about in previous chapters (such as Remazol Brilliant blue
dyed peptidoglycan (Zhou et al., 1988)) would be effective in determining if the
constitutively active AmiA is in fact active independently. Overall this highlights
that all the zinc-binding residues are potentially important in AmiA activity, al-
though H65, E80 and H133 are suggested here to have a greater impact of their

absence from the active site compared to D135 and E242.
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6.4 Discussion

This chapter is a step forward into understanding the structural regulation of type 3
amidases. A proposed mechanism of the structural arrangement in AmiA that oc-
curs upon EnvC LytM binding highlighted the residues involved in the interaction
helix with the LytM domain. The residues interacting from AmiA to the LytM were
all found to be essential in proper binding along with two residues in the blocking
helix, L.163 and E167 were crucial in maintaining the blocking helix positioning.
Lastly, the five active site residues were identified and shown to all be important in
AmiA activity, with H65, E80 H133, D135 and E242 all suggested to be important

to the function of AmiA.

By the use of both the AmiA bound LytM model and the AmiA structure, residues
key in the AmiA:LytM interaction and the amidase active site were identified.
Firstly, via the AmiA bound LytM model inspection and bacterial two-hybrid anal-
ysis, unexpectedly, five residues were found to be essential in AmiA to interact with
EnvC LytM domain; Leul84, Leul85, Vall88, Leul89, Leul92 which was pre-

dicted in the AmiA only structure due to the solvent facing hydrophobic residues.

The mechanism of AmiA can be hypothesised with this new structural information.
As described previously in (J. Cook et al., 2020), during bacterial cell division,
FtsEX is recruited to the septum in which then EnvC binds to ftsX periplasmic do-
main. There is a self-regulation helix in EnvC to prevent AmiA (or AmiB) binding.
FtsE binds to ATP and causes a conformational change in FtsEX and EnvC, which
causes the regulation helix of EnvC to move into the heptad pairs forming a dual
helix backbone, exposing the LytM amidase interaction groove. AmiA is present
in the periplasm with the blocking helix preventing binding to peptidoglycan and
the interaction helix unbound. AmiA can bind to the LytM domain of EnvC upon
exposure of the amidase interaction groove of the LytM domain. Upon binding,
interaction helix interacts with LytM domain of EnvC producing an extended al-
pha helix in AmiA causing the blocking helix to be removed from the active site,
allowing peptidoglycan to interact, allowing AmiA to hydrolyse the amide bond
linking the glycan strand with the peptide stem (MurNAc-(L-)AlA). When FtsE
hydrolyses the bound ATP, another conformational change occurs throughout Ft-
sEX, EnvC and AmiA. As the signal cascade reaches EnvC, the restraining helix

blocks the LytM amidase binding groove, causing AmiA to dissociate. The AmiA
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blocking helix will again interact with the zinc in the active site for stabilisation
causing the interaction helix to move towards the active site. This is an example of
a system which has at least two self-regulating proteins but also a signal cascade
produced by the binding and hydrolysis of ATP in FtsE.

Further experiments using a constitutively active AmiA and blocking helix mu-
tants further explain the requirement for a self-regulation system for AmiA. The
periplasmic over-expression experiments were key in assessing if AmiA was active
in an constitutively active form of which highlighted that without regulation, AmiA
or other amidases could cause cells to have uncontrolled peptidoglycan hydrolysis
however these experiments may also show that AmiA could be affecting other pro-
tein or membrane components in the periplasm unknown to us. Experimental data
for the activity of in vitro of the most stable constitutively active AmiA variant
could be important to assess whether it only targets peptidoglycan or perhaps other
targets, even proteins, further evidencing the importance of self-regulation. This
can be applied to the blocking helix mutations as well, although the periplasmic
over-expression experiments did highlight that L163 and E167 in the blocking he-

lix are crucial in maintaining positioning over the active site.

Expansion experiments would be useful to fully explore this interaction as the bac-
terial two-hybrid can miss weakly or delayed binding proteins, in vitro experiments
such as thermoscale thermophoresis could be used to support the current claims.
Additionally, although the model of AmiA bound to EnvC LytM was based of a
high percentage similarity structure of E. coli AmiB (catalytic domain only) bound
to LytM, a structure of active and inactive AmiA bound to a full length EnvC, or
even a trio of AmiA bound to EnvC bound to FtsEX would solidify the conforma-
tional changes that is hypothesises to cascade throughout these proteins to activate
AmiA.

In terms of the zinc-binding residues, unsurprisingly, the residues are found con-
served previously however this is the first instance in which the active site residues
were assessed in a constitutively active AmiA in vivo. All five of the active site
residues were found to be important for function with H65, E80 and H133 to re-
duce AmiA activity the most when mutated, although further experimentation is
required to support this. Further investigation into the active site could involve
in vitro peptidoglycan hydrolysis assays of the active site mutant constructs with

rates of activity would be key in comparing the importance of each residue to deter-
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mine the minimum required for function. A comparison between AmiB and AmiC
could be curious also to see whether those amidases produce the same phenotype

as constitutively active AmiA with zinc-binding mutants.

In summary, the work performed in this chapter provides a significant insight into
the structural regulation of the periplasmic amidase AmiA. AmiA is self-regulated
upon the use of key zinc-binding and interacting residues in the blocking helix
with the interaction helix specialising in the interaction with EnvC LytM domain.
The interaction of EnvC with AmiA is essential to the activation of AmiA, allow-
ing the active site to bind to peptidoglycan, however it has been shown without
the blocking and interaction helices, AmiA can be a detriment to the cells under

environmental stresses.

The structural regulation mechanism proposed in this chapter could be applied
to multiple other systems as type 3 amidases are conserved throughout multiple
bacterial species although this maybe one of many regulation systems of amidase
activity during cell division. It should be highlighted however that with the knowl-
edge that constitutively active AmiA cause a significant negative effect on cell wall
stability and resistance to external pressures, AmiA or other amidases could be
a target of antibiotics to cause uncontrolled hydrolysis of peptidoglycan, leaving
bacteria susceptible to other treatments. Nevertheless this is a positive movement

as a fundamental part of bacterial cell division and structural biology.
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7 Final Discussion

This thesis is a collection of data investigating the FtsEX:EnvC:AmiA/B pathway.
The aim of the thesis was to investigate the structural regulation of type 3 ami-
dases in E. coli cell division (Figure 54). The work was split into four chapters;
one, investigating the interactions of EnvC, two, finding phenotypes of divisome
knockouts, three, solving and analysing the E. coli type 3 amidase AmiA and fi-
nally, four, a mutational analysis of the activation mechanism of AmiA. Overall,
this thesis has made a contribution into the understanding of type 3 cell division

amidase regulation, a fundamental biological process.
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Figure 54: The FtsEX:EnvC:AmiA pathway is controlled by numerous inter-
actions; The central diagram of FtsEX bound to EnvC bound to AmiA was sourced
from (J. Cook et al., 2020). (Top half) Top left: AmiA structure showing two EnvC
variants that will not interact with AmiA. Top right: The LytM domain of EnvC
that will interact with AmiA showing the AmiA bound to EnvC LytM model. (Bot-
tom half) Bottom left: Indicates the key detected interactions of Nlpi and YibQ in
this thesis, crosses mean no detected interaction. Bottom right: FtsX porter domain
from Figure 23 with colours equallingths ability of residue mutants to break the
FtsX:EnvC interaction in a bacterial-two-hybird screen. (Red = Strongly, Orange
= weakly, Blue = None). Bottom middle: Phase contrast microscopy at x100 mag-
nification of Aabc, Aftsex and Aenvce transformed with an empty pET21a vector.
Image scales are found on the bottom right of each microscope image.



The FtsEX:EnvC:AmiA/B is an essential and highly regulated pathway with mul-
tiple regulatory mechanisms working together to maintain proper hydrolysis of
septal peptidoglycan during E. coli bacterial cell division. The interaction between
FtsEX and EnvC is required for the ATPase activity of FtsE to cause a signal trans-
duction through FtsX into EnvC to remove the restraining arm of the EnvC LytM
domain to expose the amidase binding groove in the LytM domain.

The amidase regulator EnvC is a crucial part of the FtsEX:EnvC:AmiA/B path-
way. An inactive LytM containing protein that is shown to only interact with
AmiA and AmiB when lacking a restraining arm over the amidase binding groove
(Figure 54). The interaction with AmiA and AmiB is meditated by a 2:1 interac-
tion with FtsEX in an asymmetric binding interface (Figure 54). Combined with
other research in (J. Cook et al., 2020), the current theory of EnvC regulation is de-
pendent on the ATP binding and hydrolysis of FtsEX. FtsEX binding of ATP causes
conformational changes in FtsEX and EnvC allowing AmiA or AmiB to bind with
the removal of the restraining helix from the amidase binding groove of the LytM
domain. The interaction of AmiA/AmiB to EnvC has been suggested by data in
this thesis to cause a conformational change in the amidase removing a blocking
helix from the zinc active site, allowing amidase activity to occur. ATP hydrolysis
in FtsEX causes another mechanotranmission signal to reach EnvC causing another
conformational change, resulting in the dissociation of the amidase and restoring
the restraining arm over the amidase binding groove in the LytM domain. Inter-
estingly, as a comparison to another documented FtsEX system in Streptococcus
pneumoniae (Briggs et al., 2021), EnvC is replaced by PcsB which is an active
peptidoglycan hydrolase hypothesised to be regulated by FtsEX. Further study into
other divisome architectures like in S. pneumoniae and E. coli would be a promi-

nent step into understanding cell division across all bacterial species.

EnvC is part of a larger divisome network with other potential interacting partners.
Nlpi as shown by (Banzhaf et al., 2020) and in this (Figure 54) does interact with
EnvC, FtsX and NlpD, further supporting Nlpi as a scaffold protein, aiding proteins
in interactions in the periplasm. A gene neighbour however, YibQ was not detected
to interact with EnvC in this thesis by bacterial-two-hybrid analysis (Figure 54).
The sole function of EnvC to activate AmiA and AmiB however cannot be under-
stated with Aenvc cells exhibiting chaining phenotypes along with defected cell
integrity and permeability (Figure 54), indicating septal peptidoglycan hydrolysis
by AmiA and AmiC is key for proper daughter cell separation.
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As a part of a larger system, EnvC regulates amidase activity during cell divi-
sion. When removed from the genome, envc, ftsex and amiabc all show extensive
chaining phenotypes (Figure 54) with defects in cell integrity and permeability,
displayed by sensitivities in detergent, low osmotic pressure and vancomycin en-
vironments. As a potential future research point, it is fascinating that causing de-
fects in septal peptidoglycan hydrolysis results in membrane permeability to Gram-
positive antibiotics, like vancomycin, which in a wild-type E. coli cell would be
unaffected by using an intact peptidoglycan layer and outer membrane. If these
key division proteins can be targeted (and are not present in human cells due to no
peptidoglycan), it could open up potential use of previously ineffective antibiotics

on weakened, permeable cells.

A hypothesis that is revisited often in this thesis, and in the literature, is the idea
that the three division associated amidases E. coli are part of a redundant system.
Shown in the knockout analysis in the thesis, single amidase knockouts have lit-
tle to no effect on cell separation, integrity or permeability. AmiA, AmiB and
AmiC while do contain conserved interior catalytic folds, there is still differences
between them which elude to a slight difference in function. AmiC is regulated
by NlpD which is localised to the outer membrane of the E. coli periplasm with
AmiA and AmiB localised to EnvC on the inner membrane. The difference po-
sitioning may indicate different roles of each amidase at different sections of the
septal peptidoglycan however why the requirement of two sets of amidases either

side of peptidoglycan is required is unknown.

Another interesting topic of debate is the localisation of AmiA, AmiB and AmiC.
As AmiC (and assumed AmiB) localise to the division site (Bernhardt & de Boer,
2003) with AmiA currently hypothesised to weakly localise to the division site
along with more distribution across the periplasm throughout the cell cycle. Based
upon the knockout characterisation in this thesis, there are subtle differences be-
tween the single amidase knockout strains, which connect with the current differ-
ences observed. AamiA for example was shown to have notable chaining pheno-
type with AamiB and AamiC appearing wild-type like. AmiA also does lack a
targeting/AMIN domain which AmiB and AmiC have, which would agree with
a difference in localisation shown in the literature. Perhaps the increased distribu-
tion across the periplasm in E. coli, AmiA has a more important role in hydrolysing
peptidoglycan compared to AmiB and AmiC perhaps even outside of division, in

other regulatory systems, like that shown in ActS (Gurnani Serrano et al., 2021)
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with the cell under different environmental stresses. It is possible that the redun-
dancy of AmiA, AmiB and AmiC could be a difference in function in response to
various cell stresses such as cell division or a depletion of Muramic-§-lactam (ActS
pathway) that AmiB and AmiC respond to cell division either side of the periplasm
and AmiA is more of a generalised amidase with functions varying around cell
division but also other regulatory pathways, more so than AmiB and AmiC. To in-
vestigate this further, it would be prudent to use the amidase knockout strains and
subject them to different environmental stresses or affect different key pathways
in E. coli and rescue these cells with different amidases to measure a difference in

complementation, if any.

The 2.35 crystal structure of AmiA is good standard model for the catalytic fold
of a N-acetylmuramoyl-L-alanine type 3 periplasmic cell division associated ami-
dase. The key features of the catalytic domain include a blocking helix over the
zinc co-factor active site and a mobile interaction helix with environment facing
hydrophobic residues, predicted to interact with EnvC. Based on consurf analysis
(Ashkenazy et al., 2016), the core AmiA catalytic fold and the active site is strongly
conserved with variation in the blocking and interaction helices. When compared
to the structures of the ortholog of AmiB from Bartonella henselae Houston 1
(D. C. Yang et al., 2012b)and E. coli AmiC (Rocaboy et al., 2013), key similari-
ties and differences are observed. The self-regulation system of a blocking helix
over a zinc active site is present in all three amidases adjacent to a mobile region
which AmiB and AmiC structures were unable to solve. The main difference be-
tween AmiA to AmiB and AmiC is the presence of an AMIN domain, thought to
be relevant in localisation and septum targeting, as mentioned previously, posing a
potential difference in localisation of AmiA to the other amidases. The core folds
and active site residues are consistently conserved in other bacterial systems also
such as Serratia marcescens, S. pneumoniae and Clostridoides difficile as shown
in this thesis. AmiA could be used as the simplest model of a N-acetylmuramoyl-

L-alanine type 3 amidase to use on other bacterial species.

It is curious the diversity of amidase regulation in different bacterial systems. As
presented here, the three amidases, AmiA, AmiB and AmiC are hypothesised to be
regulated by a blocking helix over the active site, and only by the interaction with
their respective regulator does the active site become available to bind peptidogly-
can by the removal of the blocking helix elsewhere. Previously mentioned, ClwD

bound to GerS (Alves Feliciano et al., 2021) features a type 3 like amidase from
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C. difficile in which the amidase, CwID is self-regulated by being unable to stably
bind the zinc co-factor without the interaction of the regulator, GerS, of which al-
lows CwlD to bind zinc in the active site stably. The amidase itself does not contain
a blocking helix like in E. coli and potentially multiple other bacterial species. It is
curious how many structural mechanisms there are currently unknown to regulate
the potentially destructive activity of amidases like that shown in this project with
a constitutively active AmiA. As previously mentioned, if amidases were able to
be targeted by an antibiotic, this could create cells sensitive to other treatments or

stressful environments, something that could be tested further based on this project.

The activation of AmiA is by the interaction of EnvC. Although only a model was
used in this thesis based on a homolog C. rodentium AmiB bound to a cognate
EnvC LytM structure from the Crow group, it is enough to provide insight into the
activation mechanism of AmiA. As predicted, AmiA interacts with the EnvC LytM
domain via the interaction helix containing hydrophobic residues which face into
EnvC. This interface is easily broken by mutation, shown by bacterial-two-hybrid
analysis, showing a very specific interaction is required between AmiA and EnvC.
AmiA is activated by EnvC by the translation of the interaction helix towards EnvC
forming an elongated helix at the back of AmiA. This moves the blocking helix
away from the active site, exposing it, ready for activity. This is further supported
by the creation of a constitutively active AmiA by the deletion of the blocking
and interaction helices. Although only shown to negatively affect grown under
low osmolarity and detergent conditions, expression of this active AmiA is poten-
tially hydrolysing peptidoglycan in the periplasm (and perhaps negatively affecting
other bacterial systems unknown), rendering cells sensitive to external pressures.
Further experimentation using in vitro peptidoglycan degradation assays with this
constitutively active AmiA would be required to confirm that it is in fact active
and stable. This does however highlight an idea that if the LytM domain could be
replicated with a small peptide that is able to cross the outer membrane, it could in-
appropriately activate AmiA and AmiB to hydroyse peptidoglycan, rendering cells
sensitive to external pressures. This could be a method to use to weaken bacterial

cells before antibiotic treatment, however this would require extensive research.

An expansion of this field of work could appear as a further investigation of the
AmiC activation pathway, exploration of other amidase regulation systems and a
more medical route, the investigation of inappropriate activation of the division-

associated amidases.
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Firstly, the AmiC interaction and activation with NlpD while is known, the struc-
tural mechanism by which this occurs is currently unknown. It would be curious to
find if the NlpD activation of AmiC is similar to the activation of AmiA or AmiB
with EnvC as explored in this thesis, it would appear to be a similar mechanism
of the removal of the blocking helix, however where on the AmiC structure NIpD
would bind and activate AmiC, is unknown. An exploration of interaction partners
of NIpD would also be useful to measure if this relates, if at all, to the activation

mechanism of FtsEX on EnvC via ATP binding and hydrolysis.

Secondly, as eluded to by Nlpl (Banzhaf et al., 2020) and ActS (Gurnani Ser-
rano et al., 2021), there are other proteins which interact with AmiA, AmiB and
AmiC. Whether these interactions are in terms of activation, regulation or to pro-
mote other protein-protein interactions, further investigation of other binding part-
ners of these amidases would hopefully highlight differences between the three
amidases or highlight other regulation pathways which alter the activity of the ami-
dases due to other environmental stress or stimuli. Adding to the interaction list
of these division-associated amidases would provide a greater picture of the true
inter-workings of the periplasm, a fundamental, and potentially conserved region
of Gram-negative bacteria. . In conclusion, there are still a significant selection
of questions and research routes to explore in this area of research in division-
associated amidases, both fundamental biology but also potential medical applica-

tions.
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8 Appendix

Table 5: Plasmids used in this thesis

Clone no. Vector Contents Tag Figure Ref

Results Chapter One

Base bacterial two-hybrid vectors

Figures 22
(Euromedex,
to 24, 26,

kNT25 kNT25 | T25 t 2022
p p no tag 29, 31 )

and 49

Figures 22
(Euromedex,
to 24, 26,

KT25 KT25 | T25 ¢ 2022
P P notae a9 31 )

and 49

Figures 22
to 24, | (Euromedex,
pUT18 pUT18 T18 no tag 26, 29, | 2022)

31, 49
and 50

Figures 22
to 24, | (Euromedex,
pUT18C pUT18C | T18 no tag 26, 29, | 2022)

31, 49
and 50

Figures 22
(Euromedex,
to 24, 26,

pKT25-zip pKT25 Leucine Zip -T25 2022)
29, 31

and 49

Figures 22
(Euromedex,
to 24, 26,

pUT18C-zip | pUT18C | Leucine Zip T18- 2022)
29, 31

and 49

Base expression vectors
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Clone no.

Vector

Contents

Tag

Figure

Ref

pET21a

pET21a

None

None

Figures 33,
34, 36,
39, 52
and 53,
Sec-

tion 4.3.3,

and ??

EMD

sciences

Bio-

pETDuet-1

pETDuet-
1

None

No tag

Figures 24,
25 and 27

EMD

sciences

Bio-

Bacterial two-Hybrid Experiments (EnvC and the FtsX periplasmic domain variants)

Dr Jonathan

Figures 23, Cook (J. Cook
pJC6 125 pUT18 FtsX(110-209) -T18 29 et al., 2020)
and 31
Dr Jonathan
Figures 15, Cook (J. Cook
pJC6 124 pKNT25 | EnvC(35-419) -T25 25, 29 | etal,, 2020)
and 31
FtsX (110-209) Dr Jonathan
A145-171:GG Cook (J. Cook
pJC6 194 pUT18 (X-lobe deletion in | -T18 Figure 23 | et al., 2020)
FtsX periplasmic
domain)
FtsX (110-209) Tyler Baver-
(Y114A) (Inter- stock (J. Cook
pMiTB1001 | pUT18 face variant in | -T18 Figure 23 | et al., 2020)
FtsX periplasmic
domain)
FtsX (110-209) Tyler Baver-
(Y114E) (Inter- stock (J. Cook
pMiTB1002 | pUT18 face variant in | -T18 Figure 23 | et al., 2020)

FtsX periplasmic

domain)

249




Clone no. Vector Contents Tag Figure Ref

FtsX (110-209) Tyler Baver-

(K117A) (Inter- stock (J. Cook
pMiTB1003 | pUT18 face variant in | -T18 Figure 23 | et al., 2020)

FtsX periplasmic

domain)

FtsX (110-209) Tyler Baver-

(F152A) (Inter- stock (J. Cook
pMiTB1004 | pUT18 face variant in | -T18 Figure 23 | et al., 2020)

FtsX periplasmic

domain)

FtsX (110-209) Tyler Baver-

(F152E) (Inter- stock (J. Cook
pMiTB1005 | pUT18 face variant in | -T18 Figure 23 | et al., 2020)

FtsX periplasmic

domain)

FtsX (110-209) Tyler Baver-

(W155A)  (Inter- stock (J. Cook
pMiTB1006 | pUT18 face variant in | -T18 Figure 23 | et al., 2020)

FtsX periplasmic

domain)

FtsX (110-209) Tyler Baver-

(F158A) (Inter- stock (J. Cook
pMiTB1007 | pUT18 face variant in | -T18 Figure 23 | et al., 2020)

FtsX periplasmic

domain)

FtsX (110-209) Tyler Baver-

(F158E) (Inter- stock (J. Cook
pMiTB1008 | pUT18 face variant in | -T18 Figure 23 | et al., 2020)

FtsX periplasmic

domain)
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Clone no. Vector Contents Tag Figure Ref
FtsX (110-209) Tyler Baver-
(A161D) (Inter- stock (J. Cook
pMiTB1009 | pUT18 face variant in | -T18 Figure 23 | et al., 2020)
FtsX periplasmic
domain)
FtsX (110-209) Tyler Baver-
(M164A)  (Inter- stock (J. Cook
pMiTB1010 | pUT18 face variant in | -T18 Figure 23 | et al., 2020)
FtsX periplasmic
domain)
FtsX (110-209) Tyler Baver-
(L165A) (Inter- stock (J. Cook
pMiTB1011 | pUT18 face variant in | -T18 Figure 23 | et al., 2020)
FtsX periplasmic
domain)
FtsX (110-209) Tyler Baver-
(D202A) (Inter- stock (J. Cook
pMiTB1012 | pUT18 face variant in | -T18 Figure 23 | et al., 2020)
FtsX periplasmic
domain)
FtsX (110-209) Tyler Baver-
(R205A) (Inter- stock (J. Cook
pMiTB1013 | pUT18 face variant in | -T18 Figure 23 | et al., 2020)
FtsX periplasmic
domain)
Bacterial two-Hybrid Experiments (Amidase and regulators)
Tyler Baver-
Figures 24, stock (J. Cook
pTB1011 pUT18 sol AmiA -T18 31 et al., 2020)
and 49
Dr Jonathan
Figures 24, Cook (J. Cook
pJC6 238 pUT18 sol AmiB -T18 26 et al., 2020)
and 31
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Clone no. Vector Contents Tag Figure Ref
Tyler Baver-
stock (J. Cook
) Figures 24
pTB1009 pUT18 sol AmiC -T18 et al., 2020)
and 31
Dr Jonathan
EnvC  (278-419) Figures 24, Cook (J. Cook
pJC6 257 pKNT25 | (EnvC LytM | -T25 29, 31 | etal., 2020)
domain) and 49
Tyler Baver-
Figures 24} stock (J. Cook
pTB1005 pKNT25 | NlpD (27-379) -T25 29, 31 | etal., 2020)
and 49
Tyler Baver-
NIpD  (250-379) Figures 24, stock (J. Cook
pTB1010 pKNT25 | (NIpD LytM | -T25 29, 31 | etal., 2020)
domain) and 49

Co-expression

and co-purification of amidases (AmiA and AmiB) with the EnvC LytM domain

N-term
His-tag
. Tyler Baver-
EnvC (278-419) in | on EnvC
) ) . stock (J. Cook
first site, and AmiA | LytM Figures 24
pTB1016 petDUET1 . ) et al., 2020)
(35-289) in the sec- | domain and 25
ond and no
tag  on
AmiA
N-term
His-tag
) Dr Jonathan
EnvC (278-419) in | on EnvC
. . Cook (J. Cook
first site, and AmiB | LytM .
pJC6 278 petDUET1 . . Figure 24 | et al., 2020)
(23-446) in the sec- | domain
ond and no
tag  on
AmiB

Co-expression and co-purification of AmiA with the EnvC variants

252




Clone no. Vector Contents Tag Figure Ref
N-term
. ) Dr Jonathan
EnvC (35-419) in | His-tag
) Cook (J. Cook
the first site, and | on EnvC
pTB1022 petDUET1 . . Figure 22 | et al., 2020)
AmiA (35-289) in | and no
the second tag  on
AmiA
N-term
. ) Dr Jonathan
EnvC (222-419) in | His-tag
) Cook (J. Cook
the first site, and | on EnvC .
pTB1023 petDUET1 . . Figure 22 | et al., 2020)
AmiA (35-289) in | and no
the second tag  on
AmiA
Bacterial two-hybrid experiments (EnvC LytM amidase binding mutants)
Dr Jonathan
Cook (J. Cook
pJC6 253 pUTI18C | EnvC(278-419) T18- Figure 22 | et al., 2020)
Dr Jonathan
Cook, this
pJC6 249 pKNT25 | EnvC (216-247) -T25 Figure 22 | project
Dr Jonathan
Cook (J. Cook
pJC6 243 pKNT25 | sol AmiB -T25 Figure 26 | et al., 2020)
Tyler Baver-
stock, this
. EnvC  (278-419) . .
pMiTB1014 | pUTI18C T18- Figure 26 | project
(A312-320)
Tyler Baver-
stock, this
. EnvC  (278-419) . .
pMiTB1015 | pUT18C T18- Figure 26 | project
(K321A)
Tyler Baver-
stock, this
. EnvC  (278-419) . .
pMiTB1016 | pUT18C T18- Figure 26 | project
(V324E)
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Clone no. Vector Contents Tag Figure Ref
Tyler Baver-
stock, this
. EnvC  (278-419) . .
pMiTB1017 | pUT18C T18- Figure 26 | project
(Y350A)
Tyler Baver-
stock, this
. EnvC  (278-419) . .
pMiTB1018 | pUTI18C T18- Figure 26 | project
(V353A)
Tyler Baver-
stock, this
. EnvC  (278-419) . .
pMiTB1019 | pUTI18C T18- Figure 26 | project
(E403A)
Tyler Baver-
stock, this
' EnvC  (278-419) . .
pMiTB1020 | pUT18C T18- Figure 26 | project
(E403R)
Tyler Baver-
stock, this
. EnvC  (278-419) . .
pMiTB1021 | pUTI18C T18- Figure 26 | project
(R405H)
Co-expression and co-purification of homolog AmiA with EnvC LytM domain
N-term
His-tag
YgeR (ActS) Dr Jonathan
. on EnvC .
(114-251) in first LM Cook, this
pJC6 707 pETDUET] site, and AmiA Y . Figure 27 | project
. domain
(23-446) in the
and no
second
tag  on
AmiA
. N-term
Serratia ]
His-tag
marcescens EnvC Tyler Baver-
) on EnvC .
(302-444) in first LyvtM stock, this
pTB1051 pETDUET] site, and Serratia Y . Figure 27 | project
. domain
marcescens AmiA
. and no
(43-293) in the
tag  on
second )
AmiA
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Clone no. Vector Contents Tag Figure Ref

N-term
Edwardsiella tarda | His-tag
EnvC  (308-450) | on EnvC
in first site, and | LytM
Edwardsiella tarda | domain
AmiA (40-290) in | and no

Tyler Baver-
stock, this

=

pTB1052 pETDUET Figure 27 | project

the second tag  on
AmiA
N-term
Klebsiella  pneu- .
. His-tag
moniae EnvC Tyler Baver-
) on EnvC ]
(281-423) in first LM stock, this
pTB1053 pETDUET] site, and Klebsiella dy . Figure 27 | project
omain
pneumoniae AmiA
) and no
(36-290) in the
tag  on
second .
AmiA
Enterobacter N-term
chengduensis His-tag

Tyler Baver-

EnvC  (285-427) | on EnvC .
stock, this

in first site, and | LytM

pTB1054 pETDUET] . Figure 27 | project
Enterobacter domain
chengduensis and no
AmiA (36-291) in | tag  on
the second AmiA

Bacterial two-hybrid experiments (YibQ interaction screen)

Dr Jonathan
Cook (J. Cook

pJC6 123 pKNT25 | FtsX (110-209) -T25 Figure 29 | et al., 2020)
Tyler Baver-
stock, this

pTB1024 pUTI8C | YibQ (24-319) T18- Figure 29 | project
Tyler Baver-
stock, this

pTB1036 pUT18 YibQ (24-319) -T18 Figure 29 | project
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Clone no. Vector Contents Tag Figure ‘ Ref
Bacterial two-hybrid experiments (Nlpi interaction screen)
Dr Jonathan
Cook (J. Cook
pJC6 291 pUTI18C | FtsA (2-420) T18- Figure 31 | et al., 2020)
Tyler Baver-
stock, this
pTB1012 pUT18 NlpI (20-294) -T18 Figure 31 | project
Tyler Baver-
stock, this
pTB1013 pUT18C | NlplI (20-294) T18- Figure 31 | project
Tyler Baver-
stock, this
pTB1014 pKNT25 | Nlpl (20-294) T25- Figure 31 | project
Tyler Baver-
stock, this
pTB1015 pKT25 NipI (20-294) -T25 Figure 31 | project
Results Chapter Two
Generating Aamiab and Aamiabc amidase knockouts
RedET recombina- GENE
pRedET (tet) | pRedET . . No tag Figure 32 | BRIDGES
tion machinery
707- GENE
707-FLPe FLPe FLP (flippase) No tag Figure 32 | BRIDGES
Divisome Knockout Complementation plasmids
Figures 33,
4 Tyler Baver-
Full AmiA (in- stock, this
. ) and 36, ]
pTB1028 pET21a cluding signal | No tag Sec- project
sequence) .
tion 4.3.3,
and ??
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Clone no. Vector Contents Tag Figure Ref
Figures 33,
4 Tyler Baver-
Full AmiB (in- stock, this
) ) and 36, .
pTB1029 pET21a cluding signal | No tag S project
ec-
sequence) .
tion 4.3.3,
and ??
Figures 33,
4 Tyler Baver-
Full AmiC (in- stock, this
) ) and 36, ]
pTB1030 pET21a cluding signal | No tag S project
ec-
sequence) .
tion 4.3.3,
and ??
Figures 33,
4 Tyler Baver-
Full EnvC (in- stock, this
. . and 36, ]
pTB1031 pET21a cluding signal | No tag S project
ec-
sequence) .
tion 4.3.3,
and ??
Figures 33,
4 Tyler Baver-
Full NIpD (in- stock, this
. . and 36, ]
pTB1032 pET21a cluding signal | No tag S project
ec-
sequence) .
tion 4.3.3,
and ??
Figures 33}
34 Tyler Baver-
Full FtsEX (in- stock, this
. . and 36, ]
pTB1033 pET21a cluding signal | No tag S project
ec-
sequence) .
tion 4.3.3,
and ??
Results Chapter Three

Expression and purification of AmiA
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Clone no. Vector Contents Tag Figure Ref
Tyler Baver-
C-term stock, this
pTB1034 pET21a AmiA (35-289) His-tag Figure 39 | project
on AmiA
Results Chapter Four
Bacterial two-hybrid experiments (AmiA EnvC LytM binding mutants)
Tyler Baver-
) . stock, this
) AmiA (35-289) Figures 49 .
pMiTB1022 | pUT18C -T18 project
(L184A) and 50
Dr Jonathan
. Cook, this
AmiA (35-289) Figures 49 .
pJC6 622 pUT18C -T18 project
(L184K) and 50
Tyler Baver-
. . stock, this
. AmiA (35-289) Figures 49 .
pMiTB1023 | pUTI18C -T18 project
(L185A) and 50
Tyler Baver-
) . stock, this
. AmiA (35-289) Figures 49 .
pMiTB1024 | pUT18C -T18 project
(L185W) and 50
Dr Jonathan
. . Cook, this
AmiA (35-289) Figures 49 .
pJC6 624 pUT18C -T18 project
(L185K) and 50
Dr Jonathan
. . Cook, this
AmiA (35-289) Figures 49 .
pJC6 643 pUT18C -T18 project
(L184K + L185K) and 50
Tyler Baver-
) . stock, this
. AmiA (35-289) Figures 49 .
pMiTB1024 | pUT18C -T18 project
(L185W) and 50
Tyler Baver-
. . stock, this
, AmiA (35-289) Figures 49 .
pMiTB1025 | pUT18C -T18 project
(V188A) and 50

258




Clone no. Vector Contents Tag Figure Ref
Tyler Baver-
. . stock, this
. AmiA (35-289) Figures 49 .
pMiTB1026 | pUT18C -T18 project
(V188W) and 50
Dr Jonathan
. . Cook, this
AmiA (35-289) Figures 49 .
pJC6 627 pUT18C -T18 project
(V188K) and 50
Tyler Baver-
. . stock, this
) AmiA (35-289) Figures 49 ]
pMiTB1027 | pUTI18C -T18 project
(L189A) and 50
Tyler Baver-
. i stock, this
. AmiA (35-289) Figures 49 .
pMiTB1028 | pUT18C -T18 project
(L189W) and 50
Dr Jonathan
. . Cook, this
AmiA (35-289) Figures 49 .
pJC6 629 pUT18C -T18 project
(L189K) and 50
Dr Jonathan
. . Cook, this
AmiA (35-289) Figures 49 ]
pJC6 672 pUT18C -T18 project
(V188K + L189K) and 50
Tyler Baver-
. . stock, this
. AmiA (35-289) Figures 49 .
pMiTB1029 | pUT18C -T18 project
(L192A) and 50
Tyler Baver-
. . stock, this
. AmiA (35-289) Figures 49 .
pMiTB1030 | pUTI8C -T18 project
(L192W) and 50
Dr Jonathan
. . Cook, this
AmiA (35-289) Figures 49 ]
pJC6 645 pUT18C -T18 project
(L192K) and 50

Constituitively Active AmiA periplasmic overexpression
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Clone no. Vector Contents Tag Figure Ref
. Tyler Baver-
Full AmiA ]
) ) . stock, this
(with signal Figures 51 ]
pTB1050 pET21a No tag project
sequence) (A155- to 53
193::GAGAA)
. Tyler Baver-
Full AmiA ]
] ] . stock, this
(with signal Figures 52 ]
pTB1055 pET21a No tag project
sequence) (A152- and 53
192::GSGS)
Tyler Baver-
Full AmiA (with . stock, this
. Figures 52 ]
pTB1056 pET21a signal  sequence) | No tag project
and 53
(A152-192)
AmiA Blocking helix mutants periplasmic overexpression
Dr Jonathan
. Cook, this
JC6 687 Er2ta | AMIA | ot Figure 52 | project
a ota igure rojec
P P (L163A) g g proj
Dr Jonathan
. Cook, this
1C6 714 ET21a | AMIA | ot Figure 52 | project
a ota igure rojec
P P (L163E) g g proj
Dr Jonathan
] Cook, this
JC6 716 Er21a | AMIA | ot Figure 52 | project
a ota igure rojec
p P (L163K) g g proj
Dr Jonathan
. Cook, this
JC6 718 Er21a | L AMIA | ot Figure 52 | project
a ota igure rojec
P P (L167A) g g proj
Dr Jonathan
. Cook, this
JC6 709 ET21a | AMIA | ot Figure 52 | project
a ota igure rojec
p P (L167Q) g g proj
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Clone no. Vector Contents Tag Figure Ref
Dr Jonathan
] Cook, this
JC6 689 ET21a | M AMIA | ot Figure 52 | project
a ota igure rojec
p P (L167K) g g proj
Constitutively Active AmiA active site mutants periplasmic overexpression
. Tyler Baver-
Full AmiA (35- ]
stock, this
_ 289) ((A155- . .
pMiTB1031 | pET21a No tag Figure 53 | project
193::GAGAA,
H65A)
. Tyler Baver-
Full AmiA (35- .
stock, this
. 289) ((A155- . .
pMiTB1032 | pET21a No tag Figure 53 | project
193::GAGAA,
ESOA)
. Tyler Baver-
Full AmiA (35- .
stock, this
. 289) ((A155- . .
pMiTB1033 | pET21a No tag Figure 53 | project
193::GAGAA,
H133A)
. Tyler Baver-
Full AmiA (35- )
stock, this
. 289) ((A155- . .
pMiTB1034 | pET21a No tag Figure 53 | project
193::GAGAA,
D135A)
. Tyler Baver-
Full AmiA (35- )
stock, this
) 289) ((A155- . .
pMiTB1034 | pET21a No tag Figure 53 | project
193::GAGAA,
E242A)
End of Table
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