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In Escherichia coli the divisome consists of 10 essential proteins, and is responsible for 

septum formation, constriction of membranes, and synthesis of septal peptidoglycan. The divisome 

protein FtsK is an integral-membrane protein that is implicated in cell division and chromosome 

segregation. The N-terminal portion of FtsK (FtsKN) is the only domain required for cell division. 

This project provides insight into the tertiary structure of FtsKN using covariance-guided structural 

modelling in combination with in vivo functional assays. GREMLIN was used to predict amino 

acids in contact within FtsKN and allowed for the generation of preliminary in silico models. 

Contact predictions were tested via temperature-sensitive complementation assays assessing cell 

morphology and length. The in vivo testing identified residues pairs believed to be in contact within 

the tertiary structure of FtsKN, and highlights areas of importance for future studies.  
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CHAPTER 1: INTRODUCTION 

Cell division is the final step in cell replication, and is therefore indispensable to all living 

organisms. It occurs in a highly coordinated manner to divide genetic and cytoplasmic contents 

into two daughter cells. In bacterial cells, division is carried out by the divisome, a multi-protein 

complex responsible for DNA segregation, constriction of membranes, and synthesis of septal 

peptidoglycan (Buddelmeijer and Beckwith, 2002; Goehring and Beckwith, 2005; Grenga et al., 

2008; Lutkenhaus et al., 2012). Cell division is an extremely complex process, and many spatial 

and temporal systems are in place to ensure proper segregation of cellular contents. The exact 

functions of the individual divisome proteins and how they work together as one complex are still 

poorly understood. 

1.1 The Divisome Proteins  

The divisome of Escherichia coli consists of over three dozen identified proteins (Du and 

Lutkenhaus, 2017), ten of which are essential and assemble at midcell in a hierarchical manner 

(Figure 1.1) (Chen and Beckwith, 2001; Goehring et al., 2006; Di Lallo et al., 2003; Vicente and 

Rico, 2006; Wang and Lutkenhaus, 1998). The divisome proteins have been originally identified 

in a number of E. coli mutants that were able to inhibit cell division in a temperature-dependent 

manner (Nordström et al., 1991). When grown at high temperatures (generally above 37ºC), these 

mutants were unable to divide, which led to the development of filamentous cells (Figure 1.2B). 

Based on this filamentous phenotype, the genes implicated in cell division were termed fts for 

filamentous temperature-sensitive (Di Lallo et al., 2003; Nordström et al., 1991). 
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Figure 1.1 The assembly of essential division proteins at midcell in Escherichia coli.  

Schematic representation of the ten essential division proteins and their predicted topologies. 

Adapted from (Buddelmeijer and Beckwith, 2002). 
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Figure 1.2 Cell division in Gram-negative bacteria. A) (1) Schematic representation of normal 

cell division starting from one mother cell. (2) Cell elongation and chromosome replication occur 

simultaneously as the cell prepares for division. (3) Divisome proteins assemble at midcell, 

chromosomes move to opposite sides of the division site. Membrane starts to invaginate. (4) Septal 

peptidoglycan is synthesized to form a septum at midcell. (5) Complete constriction and septation 

result in two distinct cells. B) Schematic representation of abnormal cell division as a result of a 

temperature-sensitive mutation in one or more division proteins. Cell elongation and chromosome 

replication are unaffected and repeatably occur, but the divisome fails to assemble completely and 

no septation events occur. The result is a long filamentous cell which eventually lyses. 

 

1.2 Cell Division in Gram-negative Bacteria 

Cell division in Gram-negative bacteria can be roughly be divided into three overlapping 

stages. First, the Z-ring composed of the filamentous temperature-sensitive protein Z (FtsZ), is 

assembled and tethered onto the cytoplasmic membrane. This stage is under tight spatial and 

temporal regulation to ensure assembly occurs at the exact midcell and between segregating 

chromosomes (Lutkenhaus et al., 2012). The Z-ring subsequently acts as a scaffold upon which 

the remaining division proteins assemble sequentially to form the complete divisome. These 

proteins interact linearly for recruitment, but more recent studies have shown that multiple non-
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linear interactions may be necessary for complete assembly and stability of the divisome (Chen 

and Beckwith, 2001; Grenga et al., 2008). Lastly upon complete assembly, the divisome is 

activated, constricting the cell layers in conjunction with septal peptidoglycan production (Rico et 

al., 2013). The sequential localization and proposed functions of the essential division proteins 

allow for the classification of division into two stages: the early and late stage. 

1.2.1 The Early Divisome – Assembly of the Z-ring 

FtsZ does not require other divisome proteins for its localization and is the first protein to 

arrive at the site of division. In the absence of FtsZ, other components of the divisome do not 

localize and division does not occur (Addinall et al., 1996; Chen and Beckwith, 2001; Lutkenhaus 

et al., 2012). FtsZ is a monomeric guanosine triphosphatase (GTPase) and considered to be the 

ancestral homolog of eukaryotic tubulin based on their strong structural and functional similarities 

(Dajkovic and Lutkenhaus, 2006). In the presence of GTP, FtsZ monomers assemble into dynamic 

filaments that are structurally similar to protofilaments of microtubules and serve as the basic 

structural unit of the Z-ring in vivo (Adams and Errington, 2009; Oliva et al., 2004). Using GFP-

FtsZ fusions, it was shown that the Z-ring gradually assembles at midcell during DNA replication 

and coalesces into a more defined ring structure upon the segregation of nucleoids (Inoue et al., 

2009). More recent super-resolution microscopy studies have suggested that the Z-ring is not a 

rigid structure but rather composed of discontinuous, loosely bundled FtsZ filaments that randomly 

overlap, forming weak, lateral interactions (Fu et al., 2010; Strauss et al., 2012). FtsZ filaments 

are typically composed of 30-50 subunits giving rise to a maximum length of 120-200 nm (Du et 

al., 2018). Given the small size of these filaments, the patchy bundling and overlapping of 

filaments allows FtsZ to form dynamic ring structures with a diameter of up to 900 nm (Strauss et 

al., 2012). FtsZ is believed to be one of the major forces of constriction along with the synthesis 
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of new septal peptidoglycan. There are two prevailing models for the mechanism of FtsZ-driven 

constriction: the sliding and bending models. The sliding model relies on the treadmilling activity 

of FtsZ to rapidly assemble and disassemble filaments. Treadmilling causes them to slide against 

one another while maximizing lateral contacts, thus tightening the ring structure formed by the 

overlapping filaments (Nguyen et al., 2019). The bending model relies on the conformational 

change of the protomers as GTP is hydrolyzed. Hydrolysis of GTP will induce curvature of the 

filaments and, provided FtsZ is anchored to the membrane, sufficient force is exerted onto the 

membrane to allow invagination in the presence of peptidoglycan remodelling enzymes (Erickson 

and Osawa, 2017).     

FtsZ is anchored to the cytoplasmic membrane by FtsA and ZipA, both of which bind to a 

conserved region on the C-terminus of FtsZ (Hale et al., 2000; Pichoff and Lutkenhaus, 2002). 

ZipA (Z interacting protein A) is a bitopic transmembrane protein with a short N-terminal 

membrane anchor and a large C-terminal domain (Mosyak et al., 2000). The C-terminal domain 

interacts with FtsZ and assists with bundling of FtsZ filaments in vitro, suggesting a stabilizing 

role in addition to providing an FtsZ-anchor to the membrane (Hale et al., 2000; Mosyak et al., 

2000). FtsA is an actin homolog and associates to the membrane via a C-terminal amphipathic 

helix (Pichoff and Lutkenhaus, 2002). FtsA is conformationally very flexible and is believed to 

exert its effect over the whole divisome (Bernard et al., 2007). Point mutations in FtsA have been 

shown to bypass the requirement for some early- (ZipA), middle- (FtsK), and late-stage (FtsN) 

proteins, which suggests FtsA as an integral regulator of cell division (Berezuk et al., 2020; 

Bernard et al., 2007). In the absence of either ZipA or FtsA, Z-rings are still able to form but cells 

show slightly elongated morphology. Additionally, recruitment of downstream division proteins 

relies on the presence of both, and subsequently not all divisome proteins will localize properly in 
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the absence of either ZipA or FtsA. In the absence of both ZipA and FtsA, Z-rings do not form and 

downstream division proteins are not recruited (Hale and De Boer, 2002; Pichoff and Lutkenhaus, 

2002). Therefore, both ZipA and FtsA are required for successful division by recruiting 

downstream proteins, but either one is sufficient for successful formation and stabilization of the 

Z-ring.  

1.2.2 The Late Divisome – Remodelling of Peptidoglycan and Septation  

Following the assembly of the Z-ring, the late stage divisome proteins are recruited; these 

collectively remodel and synthesize new peptidoglycan for septum formation. In order to septate, 

cells must mediate a switch from lateral PG insertion to septal PG synthesis at mid cell (den 

Blaauwen et al., 2008). The divisome member that links cell elongation and division to trigger the 

switch in PG synthesis and remains unknown (Booth and Lewis, 2019).  

FtsQ, FtsB, and FtsL are among the first late stage division proteins to be recruited 

(Buddelmeijer and Beckwith, 2002; Lutkenhaus et al., 2012). All three are type II bitopic 

membrane proteins with large periplasmic domains (Liu et al., 2015). FtsQ, -B, and -L form a 

trimeric subcomplex prior to septal localization to increase stability of each component 

(Buddelmeijer and Beckwith, 2004). Stability of FtsL is dependent on FtsB, and the FtsBL 

complex needs to be formed prior to binding to FtsQ (Buddelmeijer and Beckwith, 2004). FtsQ 

can be found at the septal ring by itself, but the FtsBL complex needs FtsQ for successful 

localization. The FtsQBL complex has no known enzymatic activity and is believed to connect the 

Z-ring to the PG biosynthesis machinery and the periplasm (Buddelmeijer and Beckwith, 2004; 

Goehring and Beckwith, 2005; Liu et al., 2015; Tsang and Bernhardt, 2015). Recent studies 

suggest FtsL as a proposed ‘sensor’ for activating PG synthesis and membrane invagination (Liu 

et al., 2015; Tsang and Bernhardt, 2015).  
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 FtsW and FtsI are two divisome proteins implicated in the septal PG synthesis pathway. 

FtsW is a polytopic transmembrane protein that acts as a flippase to transport the PG precursor 

lipid II across the inner membrane to periplasmic space (Mohammadi et al., 2011; Pastoret et al., 

2004). FtsI (or penicillin-binding protein 3, PBP3) is co-transcribed with FtsW, and is a 

transpeptidase that catalyzes PG cross-linking during synthesis (Fraipont et al., 2011; Pastoret et 

al., 2004). FtsW and FtsI have been shown to exist as a complex independent of division (Fraipont 

et al., 2011).  

The last essential protein to be recruited to the septal ring is FtsN via recruitment by FtsI 

(Fraipont et al., 2011; Goehring and Beckwith, 2005). FtsN is a type II bitopic membrane protein 

with a periplasmic, highly conserved sporulation-related repeat (SPOR) domain at the C-terminus. 

The SPOR domain specifically binds septal PG allowing FtsN to accumulate at the septum both 

via protein recruitment and its affinity for septal PG (Gerding et al., 2009). FtsN is suggested to 

recruit amidases to the septum (Goehring and Beckwith, 2005). Amidases cleave the peptide 

sidechains from the PG glycan backbone, which is then further broken down by lytic 

transglycosylases that hydrolyze the glycosidic linkage of the glycan strands to allow for septation 

into two independent cells (Scheurwater et al., 2008; Yahashiri et al., 2017). Additional functions 

for FtsN have been proposed, including coordinating or modulating septal PG synthesis via 

activation of FtsI (Fraipont et al., 2011; Lutkenhaus et al., 2012), and acting as a trigger for 

septation (Lutkenhaus et al., 2012).  The mechanism of triggering septation is unknown, but a 

recent study suggest that FtsN may induce conformational changes in FtsA and FtsQBL to activate 

septal PG synthesis (Liu et al., 2015).  
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1.3 FtsK  

 FtsK is a DNA translocase that is thought to link the early and late stages of division. In E. 

coli, FtsK is a large polytopic transmembrane protein composed of 1329 amino acids (Figure 1.3) 

(Liu et al., 1998). FtsK is recruited by FtsA following Z-ring assembly, and is essential for the 

recruitment of FtsQ and subsequently the PG synthesis machinery (Goehring and Beckwith, 2005). 

It is involved in both cell division and chromosome dimer resolution, making it the only known 

bifunctional protein in the divisome. Through this dual role, FtsK is considered to be the linker 

between the early and late stages of division and has been proposed to act as a division checkpoint 

(Dubarry et al., 2010; Grainge, 2010). 

 

Figure 1.3 Schematic representation of FtsK domains. The E. coli cell division protein FtsK is 

divided into three domains. The first 220 amino acids form the N-terminal domain which is situated 

in the cytoplasmic membrane and is the only domain required for cell division. The linker region 

is composed of approximately 600 amino acids and has no assigned function. The C-terminal 

domain consists of approximately 500 amino acids and form an ATP-driven DNA translocase 

domain. Adapted from (Dubarry and Barre, 2010). 
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1.3.1 ftsK44 Temperature-Sensitive Mutation Phenotype 

FtsK was first discovered by Begg et al. using a series of temperature oscillation 

enrichment (TOE) studies designed to search for a specific group of proteins required during 

cytokinesis (Begg et al., 1980). A GC transversion at bp239 in ftsK led to a G80A change in the 

FtsK(44) protein which resulted in the temperature-dependent block of cell division and produced 

a filamentous phenotype observed at the non-permissive temperature of 42°C (Begg et al., 1995). 

Using a GFP-tagged FtsK construct it was shown that this ftsK44(ts) mutation impedes FtsK 

integration into the membrane suppressing septation (Yu et al., 1998). This filamentation can be 

rescued by supplying the ftsK44(ts) strain with a plasmid copy of wild-type FtsK.  

1.3.2 Structural and Functional Domains of FtsK 

FtsK is divided into three structural domains: an N-terminal membrane spanning domain 

(~200 residues), a flexible linker domain (~600 residues), and a cytoplasmic C-terminal domain 

(~500 residues) (Figure 1.3). The N-terminal domain of FtsK (FtsKN) consists of the first 220 

residues and anchors FtsK within the cytoplasmic membrane. It is only conserved amongst the 

proteobacteria (Geissler and Margolin, 2005), and has been shown to be the only domain required 

for division (Draper et al., 1998). Supplementation of FtsK depleted strains with various 

truncations of FtsK demonstrated that the first 202 residues were sufficient to restore normal 

division and cell viability (Draper et al., 1998; Wang and Lutkenhaus, 1998). The exact function 

of FtsKN in cell division remains unclear, and the requirement for FtsKN can bypassed by 

overexpression of FtsZ, FtsQ, and FtsN, and by several point mutations in FtsA (G50E, E124A, 

R286W) (Berezuk et al., 2020; Bernard et al., 2007; Draper et al., 1998; Geissler and Margolin, 

2005). This can perhaps be attributed to indirect interactions which increase overall divisome 

stability, or enhance the ability of FtsA to recruit downstream late-stage division proteins 
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bypassing the need for recruitment by FtsKN (Berezuk et al., 2020; Bernard et al., 2007; Geissler 

and Margolin, 2005). While these bypassed systems do not divide as proficiently as wild-type 

cells, they do demonstrate redundancy within the divisome. Due to this functional overlap, FtsKN 

is hypothesized to play an indirect role providing divisome stability and acting as an anchor point 

for the PG synthesis enzymes (Draper et al., 1998; Geissler and Margolin, 2005). Others suggest 

that the numerous ways to bypass FtsK point to critical interactions formed by FtsK to link the 

division stages and properly regulate division assembly (Berezuk et al., 2020). 

Structurally, FtsKN is proposed to be composed of a cytoplasmic N-terminus, four 

transmembrane helices, two large periplasmic loops, and a cytoplasmic C-terminus. The 

periplasmic loops may serve as periplasmic interaction sites for proteins such as FtsI and the 

FtsQBL complex (Berezuk et al., 2014; Dubarry et al., 2010; Grainge, 2010). Topology studies 

identified the second periplasmic loop to be important for coupling cytoplasmic division and PG 

septation (Berezuk et al., 2014). When mutated, a stretch of four residues (residues 135-138), 

resulted in a filamentous and ‘cellular void’ phenotype (Figure 1.4). The voids were characterized 

by an asymmetric division of the cytoplasm in the absence of the outer membrane septation. This 

is believed to be caused by the uncoupling of cytoplasmic and outer membrane septation (Berezuk 

et al., 2014). It is evident that these four residues are important for FtsKN function in cell division, 

indicating their role as potential periplasmic interaction sites for the PG synthesis machinery 

(Berezuk et al., 2014).  
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Figure 1.4 Void phenotype of E. coli LP11-1 expressing FtsK variants. Transmission electron 

micrographs of sectioned E. coli LP11-1 expressing WT FtsK (left) and a non-functional FtsK 

variant (right). IM: inner membrane, PG: peptidoglycan, OM: outer membrane. Scale bar, 100 nm. 

Taken from (Berezuk et al., 2014). 

 

FtsK has been suggested as a potential checkpoint of division, because it is thought to link 

cytoplasmic and periplasmic division events (Grainge, 2010). Two-hybrid analyses and in vitro 

pull-down assays have highlighted essential interactions with cytoplasmic early- (FtsZ and FtsA) 

and periplasmic late-stage division proteins (FtsQ, FtsL, and FtsI) (Berezuk et al., 2020; Di Lallo 

et al., 2003). Furthermore, cells lacking FtsKN form chains indicating that Z-ring contraction 

continues to occur, but septation is not triggered (Geissler and Margolin, 2005). This indicates a 

potential role for FtsKN in linking the switch between the early and late stage divisome (Grainge, 

2010). Additionally, the septal peptidoglycan binding protein RlpA (rare lipoprotein A) was 

confirmed as a novel interaction partner of FtsKN (Berezuk et al., 2018). The study showed that 

rlpA mutants supress filamentation in FtsK temperature-sensitive mutants, and suggests that 

interaction between FtsKN and RlpA is believed to repress septation in the early stages of divisome 
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assembly (Berezuk et al., 2018). This suggests an additional role of FtsKN in connecting the 

elongation to septation processes. 

To initiate the process of constriction, FtsA and FtsN have been suggested to interact with 

one other late stage divisome protein (Berezuk et al., 2020; Pichoff et al., 2015). FtsK has recently 

been demonstrated to interact with FtsA in vitro and could fulfill this role (Berezuk et al., 2020). 

The uncoupling of inner and outer membrane constriction by the FtsKN periplasmic loop residues 

suggest that FtsK can somehow ‘sense’ the current stage of cell division (Berezuk et al., 2020). 

FtsKN interacts with the division proteins as well as elongasome proteins, which are responsible 

for the lateral insertion of PG to achieve cylindrical growth and elongation before division 

(Szwedziak and Löwe, 2013). Because FtsK interacts with both division and elongation proteins, 

it is thought to act as a checkpoint in division and could play a role in initiating the switch from 

elongation to constriction along with FtsA and FtsN.  

The next ~600 residues of FtsK make up a long, flexible linker (FtsKL) that connects the 

membrane-spanning domain to the cytoplasmic C-terminal domain (Dubarry et al., 2010; Grenga 

et al., 2008). The linker region is predicted to be mostly unstructured and contains several proline-

glutamine rich repeat motifs (Begg et al., 1995; Dubarry et al., 2010). Overall, the linker is poorly 

conserved across species and varies greatly in length (Dubarry et al., 2010). FtsKL length seems to 

influence the efficiency of the cytoplasmic DNA translocase domain, with shorter linker regions 

impairing chromosome dimer resolution (Dubarry et al., 2010). Recent evidence has also shown 

FtsKL to be an important player in the coordination of septum closure and chromosome segregation 

by mediating disruptions of divisome protein-protein contacts via conformational changes (Figure 

1.5) (Dubarry et al., 2010; Grainge, 2010). 
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Figure 1.5 FtsK as a proposed checkpoint of bacterial cell division. FtsK is proposed to act as 

a sensor of interfering DNA at the site of division and delay septation to avoid initiation of the 

SOS response. A) In the absence of DNA all FtsKN contacts to FtsZ and FtsQ/L/I (PG synthesis 

machinery) are well established, the divisome is stabilized, and constriction is initiated. B) In the 

presence of interfering DNA, the translocase domain of FtsK (FtsKC) binds DNA and becomes 

active. The binding of DNA causes a conformational shift in FtsKL. This shift causes FtsZ to lose 

contact points, the divisome is destabilized and constriction is halted. Once the DNA is cleared of 

the dividing septum, FtsKC releases the DNA and the linker returns to its original position. All 

contacts are restored and divisome is stabilized, allowing constriction to proceed. Reproduced 

from (Dubarry et al., 2010). 

 

The cytoplasmic C-terminal domain of FtsK (FtsKC) comprises the final ~500 amino acids 

and is the best characterized domain with regards to both structure and function. Sequence analyses 

of FtsKC show a high conservation and a very close relationship with SpoIIIE, a DNA translocase 

of Bacillus subtilis which transfers DNA across the dividing septum during spore formation (Begg 

et al., 1995; Wu and Errington, 1994). In E. coli, DNA is cleared from the site of division before 

septum formation; however, in vitro biochemical assays still support the DNA translocase activity 

of FtsKC (Massey et al., 2006). The FtsKC DNA translocase functions during the late stages of 

chromosome segregation prior to septum closure to decatenate DNA and clear it from the site of 

division (Dubarry and Barre, 2010; Massey et al., 2006). If DNA is not cleared from the site of 
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division, it will be ‘guillotined’ at the septum which may in turn activate the SOS response and 

stall cell division (Dubarry et al., 2010). The mechanism by which FtsKC translocates DNA was 

solved with the help of the X-ray crystal structure of Pseudomonas aeruginosa FtsKC (Massey et 

al., 2006). In the presence of dsDNA, FtsKC monomers oligomerize to form a hexameric structure. 

Each monomer is composed of an ATP-hydrolyzing αβ-motor domain and a DNA-orienting γ-

domain (Figure 1.6). To orient FtsKC for DNA translocation, the γ-domain recognizes the FtsK 

orienting polar sequence (KOPS); a specific eight base pair DNA motif which orients FtsKC 

towards the site-specific recombination dif site (Bigot et al., 2005; Graham et al., 2010; Löwe et 

al., 2008; Massey et al., 2006). While translocation proceeds towards dif, the chromosomes 

become equally distributed to both sites of the septum. Additionally, the γ-domain interacts with 

the XerD tyrosine recombinase allowing FtsKC to initiate site-specific recombination at mid-cell 

to resolve chromosome dimers and clear DNA from the septum (Bigot et al., 2005; Graham et al., 

2010; Löwe et al., 2008; Massey et al., 2006). 
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Figure 1.6 Crystal structure of the DNA translocase domain of FtsK (FtsKC). Top: Each 

monomer is composed an  (orange) and  (blue) domain which collectively form the motor 

domain. The DNA molecule (green) is shown to indicate the ‘inside’ of the hexamer. Bottom: In 

the presence of dsDNA, FtsKC monomers oligomerize to form hexameric structure. The -domain 

(cyan) binds to the FtsK orienting polar sequence (KOPS) on the DNA to orient the hexamer. 

Figures were generated using PyMOL as published by (Massey et al., 2006) using the following 

PDB IDs: 2IUS (E. coli FtsKC monomer), 6T8B (P. aeruginosa FtsKC hexamer), and 2VE9 (P. 

aeruginosa DNA bound -domain domain).   

 

The C-terminus of FtsK is the only domain of FtsK that has been successfully crystallized, 

owing to its cytosolic, soluble nature. The N-terminus of FtsK has yet to be crystallized and 

presents a greater challenge due its membrane bound nature. The surface of FtsKN is largely 

hydrophobic and therefore requires detergents for stabilization in the absence the lipid bilayer. 

Detergents may impede protein stability and  often interfere with the crystallization process 
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(Carpenter et al., 2008). Additionally, membrane proteins are often more difficult to crystallize 

than cytosolic proteins because of their flexible, unstable nature (Carpenter et al., 2008). Due to 

the challenges encountered with membrane protein crystallization, alternative methods such as 

computer modelling are becoming more popular for structural predictions. 

1.4 In silico Modelling of Membrane Proteins  

High-resolution protein structure predictions depend on either the availability of 

structurally known homologs, or a small sampling space (Ovchinnikov et al., 2015). To date, only 

4% of the proteins in the protein data bank are membrane proteins, which severely limits the 

number of structures available for homology modelling. Ab initio modelling software, like Rosetta, 

do not rely on homologous structures and can predict protein structures purely from primary 

sequences using the fragment assembly method (Kamisetty et al., 2013; Marks et al., 2012; 

Ovchinnikov et al., 2015). Rosetta functions by creating fragments of three- and nine-residues 

from the protein sequence of interest and retrieving them from the three-dimensional (3D) structure 

databases (Marks et al., 2012). These fragments are then assembled into candidate structures of 

lowest-possible energy and undergo several recursive rounds of refinement to yield final 

predictions. To make Rosetta suitable for ab initio structure predictions of membrane proteins, the 

lipid bilayer is modelled by parallel hydrophobic and polar layers in the sampling space. The 

protein is embedded in these layers to maximize the exposure of hydrophobic residues within the 

hydrophobic region of the membrane bilayer, and to minimize their exposure within the interface 

and polar layers (Alford et al., 2015; Yarov-Yarovoy et al., 2006). Using the membrane as an 

additional constraint for protein folding, candidate structures are subsequently generated with by 

Rosetta. Evaluation of the fragments includes both residue-residue and residue-environment scores 

to find the lowest energy conformation and best structural prediction (Yarov-Yarovoy et al., 2006). 
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Ab initio modelling becomes less efficient with increasing protein size due to the exponential 

increase of conformational sampling space (Marks et al., 2012). As such, large-scale predictions 

are often supplemented with independently measured or inferred constraints to guide the modelling 

process. Recently, the integration of co-evolution derived residue-residue contact predictions into 

the Rosetta algorithm has improved the determination of large protein structures within families 

of unknown structures (Ovchinnikov et al., 2015). The principle of co-evolution states that if 

residues interact physically in 3D space, they will exert a selective pressure on each other to 

maintain protein structure over the course of evolution (Göbel et al., 1994). For buried residues 

mediating stabilizing interactions, the destabilizing effect of a point mutation in one residue will 

result in selective pressure for an amino acid reversion, or a compensatory mutation in interacting 

residues, to restore optimal packing (Figure 1.7) (Ovchinnikov et al., 2015). Co-evolving residues 

may become evident when analyzing large multiple sequence alignments (MSA) of several 

thousand, non-redundant homologous sequences within the protein family. Identification of co-

varying residues within the MSA can highlight residue pairs that are candidates to interact 

physically in the native 3D structure (Kamisetty et al., 2013; Marks et al., 2012; Ovchinnikov et 

al., 2015). 

Using the residue-residue guided Rosetta method, a large number of structural predictions 

for membrane proteins are now available (Ovchinnikov et al., 2017). The predictions are capable 

of producing significant residue-level detail to allow inference or validation of proposed protein 

function (Antala et al., 2015; Cooper et al., 2020). The accuracy of the predicted models has been 

confirmed through numerous submissions in the CASP (Critical Assessment of protein Structure 

Prediction) structure-prediction competition (Ovchinnikov et al., 2017, 2018; Yang et al., 2020). 

The CASP12 submitted structures proved more useful for homology modelling of unknown 
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proteins in the same family than any published crystal structures available (Ovchinnikov et al., 

2018), and with recent improvements in deep learning, CASP13 predictions using covariance-

guided Rosetta outperformed all other prediction methods (Yang et al., 2020).  

In silico structural models are often accurate when compared to known, experimentally 

derived 3D structures; however, we lack a method to validate the predictions if structurally known 

proteins are unavailable (Ovchinnikov et al., 2017). The work discussed here should serve as a 

general method for validating in silico predictions, with the only prerequisite being a biophysical 

or phenotypic readout of protein stability. 

 

 

Figure 1.7 Principle of covariance analysis. The principle of covariance states that if two 

residues are in contact with each other in the tertiary structure of a protein, they will influence each 

other. In the above shown hypothetical protein, if X( ) mutates into an amino acid with a bulkier 

side chain, Y( ) will have to evolve accordingly to avoid van der Waals clashing of side chains 

which could disrupt protein structure. Consequently, X and Y are co-varying. These co-evolving 

mutations are captured in the DNA and become evident in multiple sequence alignments (right) of 

homologous proteins. Adapted from (Baker, 2013). 
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1.5 Research Rationale  

The divisome incorporates multiple proteins that are recruited through an intricate web of 

complex protein-protein interactions; while many interaction partners for the divisome proteins 

are known, the biochemical details such as residue contacts remain unknown for most. To date, 

only FtsZ and FtsA have fully solved structures (van den Ent and Löwe, 2000; Löwe and Amos, 

1998). Most of the divisome proteins are intrinsic membrane proteins. The periplasmic and/or 

cytosolic domains of many of these have been experimentally determined, but to date there are no 

structures available for any of the membrane domains (Table 1.1). While some of these structures 

have helped elucidate or propose mechanisms of action, the assigned function for most proteins 

remains vague. Improving our understanding of the functional role of each divisome member and 

how they interact together in unison, will advance our understanding of a fundamental, yet poorly 

understood process. Additionally, a structural understanding of the divisome proteins will aid the 

search for novel antibacterials directed against this essential cellular machinery. 

Shortly after the discovery of penicillin, and its first clinical use in the 1940’s, new 

antibacterials were rapidly developed (Mantravadi et al., 2019). In the sixties however, this rapid 

development slowed significantly, and was further impeded by a rise in resistant bacterial 

populations. Currently the world faces an antibiotic resistance crisis, and new cellular targets are 

urgently needed. Traditionally, antibiotics have been developed to target mainly protein, nucleic 

acid, and peptidoglycan synthesis (Lock and Harry, 2008; Mantravadi et al., 2019). The major 

divisome proteins are not yet targeted by clinically approved antibiotics (Lock and Harry, 2008), 

with perhaps the exception of FtsI (penicillin-binding protein 3) whose activity is inhibited in the 

presence of the -lactam antibiotic cephalexin and causes cells to filament and lyse (Chung et al., 

2009). The divisome proteins are excellent candidates for antimicrobial research because they are 
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essential to survival, and unique to bacteria. Out of all the essential divisome proteins, only FtsZ 

and FtsA have eukaryotic homologs namely tubulin and actin, respectively (Dajkovic and 

Lutkenhaus, 2006; Pichoff and Lutkenhaus, 2002). Another advantage of targeting the essential 

divisome proteins is that a majority of them have exposed periplasmic domains, which makes them 

more accessible than typical cytoplasmic targets such as ribosomes or proteins involved in 

biochemical pathways (Lock and Harry, 2008). Because target-driven antimicrobial research relies 

on the knowledge of protein function and structure, a better understanding of the structural make-

up of the divisome will empower the development of novel antimicrobials.  

Considerable research on FtsKN has been conducted by the Khursigara lab; however, there 

is a significant knowledge deficit with regards to structural information on FtsK, both within our 

lab and the literature. The topology of FtsKN has previously been described (Berezuk et al., 2014), 

and provides key insight with regards to membrane embedded residues versus residues exposed in 

the cytoplasm and periplasm, but it does not provide any information on the three-dimensional 

folding of FtsKN. The goal of this project is to determine the tertiary structure of FtsKN using 

coevolutionary guided structural modelling in combination with in vivo functional assays.  

Little is known about the structure of FtsKN and its exact role in bacterial cell division. The 

structure of FtsKN could help infer a mechanism of action, or imply interactions with other 

divisome members. Furthermore, potential sites of interaction can be highlighted by mapping 

sequence conservation among FtsK orthologs to the surface of FtsKN. This may help distinguish 

whether interaction with other divisome proteins occurs within the membrane, the cytoplasm, the 

periplasm, or some combination thereof. Additionally, the methodology applied in this work will 

have general utility for validating future structural predictions produced by Rosetta covariance 

constrained ab initio folding. It can therefore serve as a powerful tool for experimentally validating 
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the large number of membrane protein structure predictions currently emerging using this 

technique. 

Table 1.1 The essential cell division proteins. Summary based on Geissler and Margolin (2005), 

and Lock and Harry (2008) unless otherwise stated.  

Protein 

 

Proposed function Interactions within 

the divisome 

Structure available? 

(PDB accession 

number) 

FtsZ Cytoskeletal protein, self-

polymerizing GTPase, forms Z-

ring and initiates recruitment of 

downstream proteins 

FtsA ZipA FtsK 1FSZ  

FtsA ATP-binding protein, membrane 

anchor for FtsZ, stabilization of 

FtsZ filaments 

FtsZ FtsN  1E4G 

ZipA Membrane anchor for FtsZ, 

shown to bundle FtsZ in vitro 

FtsZ 1F46 – C-term FtsZ 

binding domain only 

 

FtsK C-term DNA segregation,  

N-term unknown, suggested as 

stabilizing component and 

checkpoint/linker between early 

and late stages of division 

FtsZ 

FtsL 

FtsAa 

FtsI 

FtsQ 2IUU – hexameric 

motor domain 

2J5P – gamma 

domain  

FtsQ Forms complex with FtsL and 

FtsB  

Periplasmic functional domain 

Possible role in PG synthesisb 

FtsB 

FtsI 

FtsL 

FtsN 

FtsW 2VH1 – portion of 

periplasmic domain 

FtsL Forms complex with FtsQ and 

FtsB  

Possible role in PG synthesis 

FtsK 

FtsI 

FtsQ FtsB No 

FtsB Forms complex with FtsQ and 

FtsL  

Possible role in PG synthesis 

FtsQ FtsL  4IFF - periplasmic 

 

FtsW PG synthesis, translocate lipid 

precursors across membrane 

FtsZ 

FtsI 

FtsQ 

FtsN 

FtsL No 

FtsI 

(PBP3) 

Transpeptidase, cross-links PG 

strains 

FtsQ FtsW FtsN 6I1I – periplasmic 

transpeptidase 

domain 

FtsN Periplasmic functional domains 

Potential role in peptidoglycan 

synthesis, possible trigger for 

septation  

FtsA 

FtsI 

FtsQ FtsW 1UTA - periplasmic 

a Berezuk et al., 2020 
b Chen et al., 1999 
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1.6 Research Hypothesis and Summary 

The goal of this research is to test the hypothesis that intraprotein residue contacts predicted 

via covariance analysis can be confirmed by demonstrating that a deleterious mutation in one site 

can be rescued by a complementary mutation in the interacting residue. The covariance predictions 

will subsequently be used to produce a constrained structural prediction in Rosetta. This study will 

use the coevolutionary prediction algorithm GREMLIN to output predicted amino acids in contact 

with each other within FtsKN. Specifically, we hypothesize that if two residues (X and Y) are 

covariant and interacting in 3D space, then mutating X to an amino acid that interacts poorly with 

Y, will disrupt FtsKN structure and hence negatively affect its function (Figure 1.7). This structural 

defect can subsequently be confirmed through a second mutation in which Y is altered to 

accommodate the change in X, restoring FtsKN structure thereby rescuing its function. To test this 

hypothesis, a temperature-sensitive complementation assay assessing cell morphology and length 

will be used as an indicator of variant FtsKN function. For the assay, the ftsK44(ts) temperature-

sensitive strain (Potluri et al., 2012) is complemented with the plasmid variant copy of FtsKN to 

be tested and grown at the permissive and non-permissive temperature (Berezuk et al., 2014; 

Geissler and Margolin, 2005). If normal cell morphology is restored at the non-permissive 

temperature, the expressed plasmid copy of FtsKN will be assumed to be functional. If the cells 

remain filamentous, then the plasmid copy of FtsKN is unable to restore cell division and the FtsKN 

variant is assumed to be non-functional. Using the results obtained from the complementation 

assay from the single and double mutations for each residue pair, we expect to deduce which 

residues are in contact within the tertiary structure of FtsKN. The results of the covariance analysis 

will also be used to model preliminary in silico structures of FtsKN.   
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Bacterial Strains and Growth Conditions 

 The FtsK temperature-sensitive strain E. coli LP11-1 (W3110 ftsK44 aroA::Tn10) was 

generously provided by Dr. Kevin Young (Potluri et al., 2012) and used for all mutational studies. 

E. coli LP11-1 was grown in Lysogeny Broth (LB-Miller; 10 g/L tryptone, 5 g/L yeast extract, 10 

g/L NaCl) supplemented with tetracycline (15 µg/mL). Ampicillin (150 µg/mL) was added as a 

selective marker for transformations of LP11-1 with pBAD24. All E. coli LP11-1 liquid cultures 

were grown in a rotary shaker (200 rpm) at the permissive temperature of 30ºC and shifted to 42ºC 

when required. 

2.2 GREMLIN Analysis and Rosetta Modelling 

The contact-prediction algorithm GREMLIN (Generative regularized models of proteins) 

(Kamisetty et al., 2013) was used to analyze the FtsK sequence using residues 20-198. The server 

was used to generate a multiple sequence alignment with refinements. C-C restraints were 

generated for subsequent modelling in RosettaMembrane.  

Structures for the N-terminal region (residues 20-220) were built in Rosetta 3.5 using the 

RosettaMembrane ab initio protocol. Residue fragments of 3- and 9-residue length were generated 

using the server. Transmembrane spans were predicted by OCTOPUS (Viklund and Elofsson, 

2008) and revised to incorporate the experimentally derived topology of FtsKN (Berezuk et al., 

2014). Lipophilicity was predicted using the LIPS4 server (Adamian and Liang, 2006). The 

GREMLIN generated C-C restraints were included in the modelling algorithm to establish 

pairwise distance constraints. All models were generated and analyzed in centroid mode.  
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2.3 Site-directed Mutagenesis 

Mutations required to test each set of co-evolving amino acids were determined using the 

GREMLIN-generated covariance matrix (Figure A1). Primers were designed using the online 

QuikChange Primer Design program (Agilent) (Table 2.1). All site-directed mutagenesis and 

cloning steps were performed using the QuikChange Lightning Site-Directed Mutagenesis Kit 

(Agilent Technologies). The pBAD24 plasmid carrying His-tagged wild-type ftsKN220 was used as 

template for the single mutations. The obtained single mutations were then used as templates to 

generate the respective double mutations. All constructs created were confirmed by DNA 

sequencing (Genomics Facility, Advanced Analysis Centre, University of Guelph) and 

transformed into the E. coli LP11-1 with ampicillin (150 µg/mL) as the selective marker.  
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Table 2.1 Nucleotide primers used for site-direct mutagenesis. Changes in base pairs are 

underlined and in boldface.  

 
Mutation Primer sets (5’→ 3’) Nucleotide Change 

E24S GCCGCCGCCTTCTGTCGGCGTTGCTGATCC 

GGATCAGCAACGCCGACAGAAGGCGGCGGC 

 

g70t_a71c 

A34C GTTGCTGATCCTTATTGTCCTGTTTTGCGTCTGGTTGATG 

CATCAACCAGACGCAAAACAGGACAATAAGGATCAGCAAC 

 

g100t_c101g 

A34V CCTTATTGTCCTGTTTGTCGTCTGGTTGATGGCTG 

CAGCCATCAACCAGACGACAAACAGGACAATAAGG 

 

c101t 

W36A TTGTCCTGTTTGCCGTCGCGTTGATGGCTGCCTTAC 

GTAAGGCAGCCATCAACGCGACGGCAAACAGGACAA 

 

t106g_g107c 

S43G GGTTGATGGCTGCCTTACTAGGCTTTAACCCTTCG 

CGAAGGGTTAAAGCCTAGTAAGGCAGCCATCAACC 

 

a127g 

D48A CTTTAACCCTTCGGCCCCCAGCTGGTCGC 

GCGACCAGCTGGGGGCCGAAGGGTTAAAG 

 

a143c 

N62D GGCATGAACCTATCCATGATTTAGGTGGGATGCCC 

GGGCATCCCACCTAAATCATGGATAGGTTCATGCC 

 

a184g 

L63P GGCCTGGCATGAACCTATCCATAATCCAGGTGGGATGCCC 

GGGCATCCCACCTGGATTATGGATAGGTTCATGCCAGGCC 

 

t188c_t189c 

G64L GCCTGGCATGAACCTATCCATAATTTACTAGGGATGCCCGGTGC 

GCACCGGGCATCCCTAGTAAATTATGGATAGGTTCATGCCAGGC 

 

g190c_g191t_t192a 

F79A GTTGGCAGATACGCTGTTCTTTATTGCTGGCGTGATGGCT 

AGCCATCACGCCAGCAATAAAGAACAGCGTATCTGCCAAC 

 

t235g_t236c 

P87Y GGCGTGATGGCTTACACCATTTATGTCATTATTGTCGGCGGTTG 

CAACCGCCGACAATAATGACATAAATGGTGTAAGCCATCACGCC 

 

c259t_c260a_c261t 

V91A ACCATTCCCGTCATTATTGCCGGCGGTTGTTGGTT 

AACCAACAACCGCCGGCAATAATGACGGGAATGGT 

 

t272c 

I123W ATTGGCGTTTTGGCGCTCTGGCTTACCTCCTGTGGTCTG 

CAGACCACAGGAGGTAAGCCAGAGCGCCAAAACGCCAAT 

 

a367t_t368g_c369g 

T179L CGGGCCTGACGTTGTTCCTAGGTTGGTCATGGGTGAC 

GTCACCCATGACCAACCTAGGAACAACGTCAGGCCCG 

a535c_c536t_c537a 
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2.4 Temperature-Sensitive Complementation Assays 

To assess the effect of the FtsKN mutation, temperature-sensitive complementation assays 

were performed as described by Berezuk et al. (2014). FtsKN variants were transformed into E. 

coli LP11-1. Individual colonies, each representing one biological replicate, were picked from the 

transformation plates and inoculated into LB-Miller media overnight. The next day, overnight 

cultures were sub-cultured to an OD600 of 0.1 in 2× 5 mL of fresh LB-inducing media containing 

0.2% (w/v) L-arabinose and grown for 2 hours in a rotary shaker (200 rpm) at both 30ºC and 42ºC. 

After 2 hours, cells were imaged via phase microscopy using a Leica DM2000 LED light 

microscope equipped with a ProgRes CT3 camera (Jenoptik AG). Cell length was measured using 

MicrobeJ (Ducret et al., 2016) with a particle size exclusion limit of <1.5 µm. Each assay was 

performed with three biological replicates, totalling >700 cells per strain for microscopy. For each 

FtsKN variant the following data outputs were produced while always comparing to WT FtsKN 

grown at the same temperature: a) histograms with a bin size of 5 µm b) tukey box plots with 

whiskers representing 1.5IQR, and c) the fraction of elongated cells above the 95th percentile in 

the distribution of cell length in the WT FtsKN complemented strain. For each set of graphs, a 

representative micrograph of the 2h culture was added. Graphical representation of the results was 

inspired by Codon et al. (2018). All graphs were generated using Prism6 (GraphPad).  

2.5 Western Immunoblot Analysis  

After the 2-hour growth period in the temperature-sensitive complementation assay, 1 mL 

of the culture was harvested by centrifugation (13000 ×g, 2 minutes). The supernatant was 

removed, and the pellet resuspended in 100 µL of 1×PBS and 25 µL of 5× SDS Sample Buffer 

(250 mM Tris-HCl pH 6.8, 10% (w/v) SDS, 30% (v/v) glycerol, 5% (v/v) -mercaptoethanol, 

0.1% (w/v) bromophenol blue), and boiled for 10 minutes at 95ºC. Samples were separated on a 
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13% SDS-polyacrylamide gel and subsequently transferred to a nitrocellulose membrane via semi-

dry transfer using the Trans-Blot Turbo System (BioRad) on the Turbo setting (7 min, 25V, 1.3A). 

The transfer buffer was 25 mM Tris-HCl, 190 mM glycine, 25% methanol. Membrane blocking 

and subsequent antibody incubations were executed in 2% bovine serum albumin (BSA) in 

1×TBS. The immunoblot was probed using mouse anti-His6 (TakaraBio) as the primary antibody 

and alkaline phosphatase-conjugated goat anti-mouse IgG (H+L) (Sigma) as the secondary 

antibody. The immunoblot was developed using 0.40 mM NBT (nitro blue tetrazolium) and 0.38 

mM BCIP (5-bromo-4-chloro-3-indolyl phosphate) in alkaline phosphatase substrate buffer (100 

mM Tris-HCl pH 9.5, 100 mM NaCl, 5 mM MgCl2). Membranes were imaged using a ChemiDoc 

XRS Imaging System (BioRad).  

2.6 Growth Curves of FtsKN variants 

FtsKN variants were transformed into E. coli LP11-1 using pBAD24. All growth was 

performed in 50 mL cultures using LB-Miller broth supplemented with ampicillin (150 µg/mL), 

tetracycline (15 µg/mL), and 0.2% (w/v) L-arabinose. Cultures were grown in a rotary shaker (200 

rpm) at 30ºC and 42ºC. The OD600 was measured at 1-hour intervals for the 30ºC growth curves 

up to 8 hours, and at 15-minute intervals for the 42ºC growth curves for a period of 2 hours. For 

the 30ºC cultures, dilutions were prepared once the undiluted OD600 measurements exceeded 0.8 

to maintain readings between 0.3-0.8. OD600 readings were taken with one technical replicate.  
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CHAPTER 3: RESULTS 

3.1 GREMLIN Analysis 

 To predict residues pairs in contact within FtsKN, coevolution analysis was performed 

using the GREMLIN algorithm. The original input sequence of residues 20-198 was purposely 

focused on the membrane portion of FtsKN. A multiple sequence alignment of 3133 sequences 

ranging from 27.05% to 90.62% similarity to the input sequence was generated on the GREMLIN 

server with a final sequences per length value of 18.006 (recommended value >5 sequences/[length 

of query]). This multiple sequence alignment was summarized using WebLogo (Crooks et al., 

2004) to graphically represent sequence conservation for each residue position (Figure A2). A total 

of 261 contact predictions were generated. A contact map was produced that shows these 

predictions colour-coded by coevolutionary strength (Figure 3.1). A clear pattern can be seen along 

the diagonal of the map representing local interactions with neighbouring residues. The contact 

map shows long-range predicted contacts to be most extensive between transmembrane segment 

1 and transmembrane segment 2. Coupling matrices were generated for all contact predictions. 

From the highest probability predictions, nine residue pairs were selected for in vivo testing based 

on their probability of occurrence and significant sequence conservation (e.g. D48-N62). The nine 

covarying residue pairs tested in this study are summarized in Table 3.1 and their coupling matrices 

are shown in full in the appendix (Figure A1).  
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Figure 3.1 Predicted contact map of FtsK20-194. The contact map was generated by GREMLIN 

based on covariance values derived from a multiple sequence alignment of 3133 sequences. The 

FtsK20-194 sequence runs from left-to-right and top-to-bottom. Predicted residue pairs are shown as 

blue circles, with larger and darker dots representing stronger coevolutionary strength. The 

locations of the transmembrane segments are approximated as blue lines along the edges. 
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Table 3.1 GREMLIN contact predictions. The contact predictions selected for this work are 

shown with their probability of occurrence. i and j represent the respective residue and sequence 

location.  

i j Scaled scorea,b Probabilityc 

R20 II107 0.978 0.912 

E24 T179 1.294 0.989 

A34 V91 2.576 1 

W36 G64 2.398 1 

L37 L71 1.896 1 

D48 N62 0.857 0.819 

L63 S43 2.965 1 

P87 A34 2.047 1 

I123 F79 1.14 0.969 

L158 P67 2.164 1 
 

a Scaled score: a value >1 indicates the residue pair is highly covarying compared to the average  
b Total residue pairs with a scaled score >1 = 76 
c Probability of the residue pair being in contact, given the scaled score and the number of 

sequences per length 

 

3.2 Temperature-Sensitive Complementation Assays 

 The coupling matrix generated by GREMLIN was used to guide the mutagenesis of residue 

pairs for phenotypic testing. A coupling matrix was generated for each predicted residue-residue 

interaction and calculates an interaction score for all combinations obtained using the 20 common 

amino acids at each residue position. The calculated score is based on the propensity of this specific 

amino acid combination to occur in observed sequences and the sequence conservation of the 

amino acids at those positions. A positive score indicates the residue combination is observed more 

often than expected and may be selectively favoured. A negative score indicates the combination 

is observed less than expected suggesting that the combination is unfavoured (Figure 3.2A). 

Changes within the matrix that yield strong opposing scores, or interactions with very different 

biophysical properties, were favoured in the selection of residue changes for site-directed 

mutagenesis. As stated in Section 1.5 Research Rationale, the functionality of the constructed 

FtsKN variants was assessed with a temperature-sensitive complementation assay. For this assay, 



 31 

the ftsK44(ts) temperature-sensitive strain (Potluri et al., 2012) was complemented with the 

plasmid-encoded variant copy of FtsKN to be tested and grown at the permissive (30ºC) and non-

permissive temperature (42ºC) (Berezuk et al., 2014; Geissler and Margolin, 2005). More 

specifically, for this work, the assay was performed in two stages. First, the primary mutation of 

the assumed disruptive mutation for the selected residue pair was transformed into LP11-1 which 

should be unable to complement the temperature-sensitive ftsK44 mutation at the non-permissive 

temperature, and cells should display a filamentous or abnormal cell division phenotype. Second, 

the double mutation, or predicted ‘rescue’ mutation, was transformed into LP11-1 which should 

complement the chromosomal ftsK44 mutation and a normal cell division phenotype should be 

observed (Figure 3.2B). 

In total, nine predicted residue pairs were assessed in vivo using the temperature-sensitive 

complementation assay with the following controls: LP11-1 as a filamentation control, LP11-1-

pBAD24 as a vector control, and WT FtsKN as a positive control. R20C served as a negative 

control for the covariance matrix as this mutation yields a coupling score of 0 with all predicted 

interaction partners. It therefore behaves comparable to WT FtsKN and successfully complements 

the ftsK44 phenotype (Figure 3.3). Phase microscopy was used to image three biological replicates 

of each FtsKN variant expressed in LP11-1 (>500 cells) and cell length was measured using 

MicrobeJ (Ducret et al., 2016). Cell length data for each variant at 30ºC and 42ºC are provided in 

detail in the appendix (Figure A3); an example of a WT-like and non-functional variant is shown 

in Figure 3.4. For most variants, the second mutation required to create the double mutation was 

assessed individually to ensure the phenotype observed when expressing the double mutation was 

caused solely by the interaction of the two modified residues, and not caused by the newly 

introduced secondary mutation.  
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In all figures and tables, the presumed detrimental mutation is always written or shown 

first. The results of the complementation assay are summarized in Figure 3.3. Based on the mean 

cell length and fraction of elongated cells, residue pairs were then classified into one of three 

groups: (1) worked as predicted, (2) no detectable changes, and (3) different than predicted.  

 
 

Figure 3.2 Covariance analysis of FtsKN. A) The coupling matrix for positions 43 and 63 is 

shown. In the native FtsK sequence these positions are occupied by serine (S) and leucine (L), 

respectively. The predicted native S43-L63 combination gives a coupling score of 0.7. The 

mutational analysis starts with mutating L63 to proline (P). The resulting P63-S43 combination 

yields an unfavourable coupling score of -1.2. A second, rescue mutation (S43G) is performed on 

the same construct resulting in the interaction of L63P-S43G with a score of +1.6. B) FtsKN 

mutants are visualized by phase microscopy in the temperature-sensitive strain E. coli LP11-1 

grown at the non-permissive temperature of 42ºC. The detrimental mutation (L63P) should result 

in filamentous cells, as the negative interaction of P63-S43 is anticipated to disrupt FtsKN structure 

and impede function. The rescue mutation (L63P-S43G) will restore a favourable interaction 

between the residue pair and result in a functional copy of FtsKN, suggesting the pair is indeed 

interacting and dependent on each other. This copy complements the temperature-sensitive ftsK44 

mutation and gives a normal cell division phenotype.  
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Group 1 consists of L63/S43, I123/F79, and A34/V91. These behaved as anticipated by the 

hypothesis (i.e. the detrimental mutation will increase mean cell length, and the proposed rescue 

mutation will return the mean cell length to a WT level) with L63/S43 showing the clearest pattern 

(Figure 3.3). For L63/S43, the detrimental mutation (L63P) statistically increased the mean cell 

length (MCL) statistically above the WT FtsKN mean cell length at both 30ºC and 42ºC (Figure 

3.3A). This increase in MCL is mirrored with an increase in the fraction of elongated cells observed 

at both temperatures (Figure 3.3B). The rescue mutation (L63P-S43G) MCL was not statistically 

different from the WT at both temperatures and therefore complemented the chromosomal ftsK44 

mutation at both 30ºC and 42ºC (Figure 3.3A). The fraction of elongated cells decreased below 

WT level as well. For I123/F79, the single mutation (I123W) increased the MCL to a statistically 

higher level at 30ºC but not at 42ºC. However, the fraction of elongated cells for the 42ºC mutation 

showed a slight increase. Despite not being statistically significant compared to WT, the increased 

presence of elongated cells in the I123W cell population at 42ºC was considered sufficient to 

include this residue pair in Group 1. The rescue mutation (I123W-F79A) MCL was not 

significantly different than the WT at 30ºC and 42ºC and was therefore comparable with WT FtsKN 

(Figure 3.3A). A34C resulted in significantly shorter cells than WT complemented cells at both 

30ºC and 42ºC (Figure 3.3A). A notable decrease in elongated cells at both temperatures can also 

be seen (Figure 3.3B). At 30ºC, the rescue mutation was unable to complement the ftsK44 mutation 

and a longer MCL than WT is observed. A34/V91 was included in Group 1 because the rescue 

mutation (A34C-V91A) at 42ºC reverted the MCL back to WT level with no statistical significance 

between WT FtsKN and A34C-V91A.  

Group 2 consists of residue pairs that yielded no detectable changes when assessed with 

the temperature-sensitive complementation assay. Included in this group are: L158/P67 and 
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L37/L71. L158F and P67V cells were statistically shorter than WT at 30ºC, while at 42ºC the MCL 

was not significantly different (Figure 3.3A). At 42ºC the cells rely on the plasmid provided copy 

of FtsKN in order to successfully divide and because the 42ºC expressed variants were not 

significantly different than the WT MCL, the residue pair was concluded to cause no change and 

was placed in Group 2. Additionally, the changes in the MCL within the set are minimal and 

remain fairly constant across the detrimental and rescue mutations. The fraction of elongated cells 

remained less than WT for both the single mutations and the rescue (Figure 3.3B). The same 

reasoning was applied for L37/L71; while most changes resulted in cells significantly shorter than 

WT, within the set all variants resulted in approximately the same MCL.  

Group 3 consists of residue pairs that yielded results different than predicted based on the 

hypothesis. Included in Group 3 are: E24/T179, W36/G64, D48/N62, and P87/A34. E24S had a 

significantly shorter MCL at both 30ºC and 42ºC, while unexpectedly the predicted rescue 

mutation (E24S-T179L) induced the largest increase in MCL out of all variants created (Figure 

3.3). Similar filamentation in the rescue mutation was also observed with D48/N62 and P87/A34. 

W36/G64 performed differently than expected because the single mutation (W36A) was not 

significantly different at both 30ºC and 42ºC; however, the rescue mutation (W36A-G64L) was 

significantly shorter than the WT FtsKN MCL.  

In addition to MCL, cell morphology was also recorded for all assays. A common 

phenotype observed was void-like structures within the cell (Figure 3.5). Void phenotypes were 

observed in most assays in a subpopulation of the cells. Table 3.2 summarizes the percentages of 

cells within the population that showed voids at either midcell or the poles of the cell. The highest 

percentages of void phenotypes were all observed in Group 3 and include: E24S-T179L (19% at 

42ºC), P87Y-A34V (16% at 30ºC), as well as all mutations in the D48/N62 set (ranging from 11-
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49%). Several different morphologies are observed: regular spaced mid-cell voids, polar voids, 

and incomplete void formation which results in voids spanning only half of the cell width. 

Additionally, cells which lack voids presented lighter, regularly spaced shadows in the membrane 

(Figure 3.5).  
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Figure 3.3 Complementation of E. coli LP11-1 (ftsK44) with WT FtsKN and FtsKN variants. 

E. coli LP11-1 expressing FtsKN variants at the permissive temperature of 30ºC (lighter colour 

shade) and non-permissive temperature of 42ºC (darker colour shade). After 2 hours cells were 

imaged using phase microscopy and the mean cell length for each culture was determined. FtsKN 

variants have been grouped as outlined in the results; Group 1 (green), Group 2 (blue), Group 3 

(red). A) Mean cell length  SEM are plotted for both temperatures and were analyzed using one-
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way analysis of variance (ANOVA) with Tukey-Kramer multiple comparison post-test (=0.05). 

* p<0.0001 vs WT-FtsKN grown at the same temperature. B) The fraction of elongated cells above 

the 95th percentile cell length in the WT-FtsKN complemented strains are plotted. Data analyzed 

with one-way analysis of variance (ANOVA) with Tukey-Kramer multiple comparison post-test 

(=0.05). * p<0.0001 vs WT-FtsKN grown at the same temperature. 
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Figure 3.4 In vivo analysis of FtsKN variants. Cells were grown as described in the temperature-

sensitive complementation assay and representative cell length distribution graphs and 

micrographs for (A) a non-functional variant and a (B) WT-like variant are shown. Each figure 

panel compares the distribution of cell length measurements between the WT complemented 

(cyan) and mutant (pink) cell population grown at 30ºC and 42ºC. Top: Histogram of cell length 

distribution with the dotted line representing the 95th percentile of the WT (cyan) distribution. 

Bottom left: Fraction of elongated cells above the 95th percentile of the WT cell length. Bottom 

right: Whisker box plots with whiskers = 1.5×IQR. Inset: representative micrograph of the 2h 

culture from which measurements were taken, scale bar: 20µm. The complete set for all variants 

is shown in the appendix (Figure A3). 
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Figure 3.5 Complementation of E. coli LP11-1 with non-functional variants results in void 

phenotypes. Representative images of the void phenotype observed during the temperature-

sensitive complementation assay. Several different void characteristics are observed, including 

mid-cell and polar localization, as well as incomplete void formation (asterisks) which spans only 

half of the cell width. Right: Lighter regions (arrows) are present but do not result in a full void 

phenotype. Images were obtained using the E24S-T179L variant grown for 2 hours at 42ºC. Scale 

bar, 4 µm.  
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Table 3.2 Percentages of cells displaying a void phenotype. FtsKN variants were tested using 

the temperature-sensitive complementation assay. Cells were imaged via phase microscopy and 

the number of cells with voids, in any location within the cell, were counted. Percentages were 

calculated using the total number of cells over the three biological replicates. Grouping 

corresponds to the conclusions drawn from the complementation assay mean cell length 

measurements.  

 

 FtsKN variant % of cells with voids 

 30ºC 42ºC 

 WT FtsKN - 1.13 

G
ro

u
p
1

 

L63P 0.75 8.86 

S43G 0.21 0.13 

L63P-S43G 4.57 0.88 

I123W 0.87 1.17 

I123W-F79A 0.47 0.85 

A34C 0.12 - 

A34C-V91A - 0.48 

G
ro

u
p
 2

 

L37T 0.28 1.44 

L71W - 1.64 

L37T-L71W 4.40 0.34 

L158F - 0.54 

P67V 0.21 0.46 

L158F-P67V 0.42 0.45 

G
ro

u
p
 3

 

E24S 0.11 0.08 

T179L 0.40 3.70 

E24S-T179L 0.14 18.66 

W36A 0.21 - 

W36A-G64L - 0.16 

D48A 18.38 48.45 

N62D 15.73 10.73 

D48A-N62D 0.70 23.59 

P87Y 0.37 1.14 

P87Y-A34V 16.26 6.78 
 

 

3.3 Protein Expression Levels of FtsKN Variants  

FtsKN expression was confirmed using Western immunoblot analysis. LP11-1 with empty 

pBAD24 was run as a negative control and as expected produced no signal. LP11-1 complemented 

with pBAD24-His10-FtsKN220 was run as a positive control and produced a band around 22 kDa 

(theoretical size of His10-FtsKN = 25.8 kDa). All variants produced a single band at around 22kDa, 

except E24S/T179L which produced a low molecular weight band around 12 kDa (Figure 3.6). 
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Based on visual band intensity, it was concluded that, with the one exception, all strains expressed 

FtsKN in a comparable quantity to the WT complemented strain. 

 
 

 
 

Figure 3.6 FtsKN variants are expressed equally in all E. coli LP11-1 mutants generated. 

Western immunoblot analysis was performed using the 2-hour cultures from the temperature-

sensitive complementation assay. Samples were separated by SDS-PAGE and subsequently 

transferred to a nitrocellulose membrane. The blot was probed using mouse anti-His6 antibody, 

followed by alkaline phosphatase-conjugated goat anti-mouse IgG. Each sample is labelled based 

on the overexpressed FtsKN variant and consists of two lanes; left lane 30ºC grown culture, right 

lane 42ºC culture. LP11-1 with empty pBAD24 served as a negative control. LP11-1 

complemented with pBAD24-His10-FtsKN220 was run as a positive control. BluEYE protein ladder 

(GeneDireX) served as protein standard.  
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3.4 Growth Curves 

 Growth curves were performed at 30ºC and 42ºC to compare the growth of the mutant 

strains to the WT-complemented strain. The frequency of sampling was increased to 15-minute 

intervals during the first 2 hours for the 42ºC cultures because cells reached the stationary phase 

around 2 hours. The increase in time points allowed for the complete curve to be captured (Figure 

3.7 inset). This was notably different from the 30ºC, cultures which reached stationary phase at or 

after 8 hours. Cells with non-functional or impaired FtsKN will filament which results in more light 

scattering, rendering OD600 readings unreliable for filamentous cells. Therefore, only qualitative 

results were drawn from the growth curves. For the 30ºC cultures W36/G64 and L37/L71 were 

unaffected and all mutants in the set grew at a similar rate to WT (Figure 3.7 A, B). For A34/V91 

and L63/S43, the first mutation (A34C, L63P) resulted in a longer lag phase and a slower growth 

rate than WT suggesting impaired FtsKN function. The rescue mutation reverted the growth back 

to WT level, as indicated by the same shaped curve (Figure 3.7 C, D). This is in agreement with 

the hypothesis. I123/F79, D48/N62, and P87/A34 were considerably impaired in growth as 

evidenced by the long lag phases for both the single and double mutations (Figure 3.7 E, F, G). 

P87/A34 entered exponential phase after approximately 6 hours. L158/P67 was moderately 

impacted with the rescue mutation growing at a slower rate than WT and P67 entering death phase 

sooner (Figure 3.7 H). E24/T179 was the only pair that resulted in a slightly faster rate of growth 

in all three mutations within the set, but cells entered death phase sooner at approximately 6 hours 

(Figure 3.7 I). For the 42ºC cultures, most cultures followed the WT complemented strain closely. 

The exceptions are D48/N62 and P87/A34 which grew at a slower rate and to less cell density 

(Figure 3.7 F, G), I123/F79 which entered death phase sooner (Figure 3.7 E), and the rescue 

mutation (E24S-T179L) for E24/T179 which grew to less cell density (Figure 3.7 I). 
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Figure 3.7 Growth curves of FtsKN mutants. E. coli LP11-1 expressing FtsKN variants at the 

permissive temperature of 30ºC and non-permissive temperature of 42ºC. Growth was 

monitored for 7-8 hours for the 30ºC cultures (dashed lines) and 2 hours for 42ºC cultures (solid 

lines, insert). Time points were taken in 1-hour intervals for the 30ºC cultures and 15-min intervals 

for the 42ºC cultures. WT complemented LP11-1 is shown as a black line. The detrimental 

mutation is shown in red and the rescue mutation in green. Where applicable, the second single 

mutation is shown in orange.  
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Figure 3.7, continued 
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Figure 3.7, continued 
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Figure 3.7, continued 

 

3.5 In silico Modelling of FtsKN 

A total of 23973 models were generated using the ab initio RosettaMembrane protocol. 

Sorting by atom pair constraints highlighted structures in most agreement with the covariance 

constraints, and sorting by overall score highlighted the most energetically favourable structures. 

Seven models with the lowest atom pair constraint score and five structures from among the 

highest scoring models were examined to confirm consistency with the prediction algorithm and 

convergence with each other (Figure 3.8, Table A1). Out of these 12 models, S15205 was the only 

one yielding a combination of both low atom pair constraints and a low overall score. The first and 

second transmembrane helices interact most consistently in all structures and converge fairly well. 

Most variation between the structures is found in the last transmembrane segment and the 

extramembrane regions. Additional differences between the structures can be seen in the 

orientation of the helices to each other; three structures have defined parallel helices, while the rest 

have helices on various angles. The cytoplasmic C-terminal helix in most models could potentially 

lie parallel to the membrane (Figure 3.8). The variability between the structures suggests that more 

sequences and additional experimental data are needed to refine the current models.



 47 

 
 

Figure 3.8 Ab initio RosettaMembrane models of FtsK20-194. Models were created in Rosetta using C-C distance constraints 

generated in GREMLIN. Structures are shown as cartoons and coloured from N- to C-terminus (blue to red). The top two rows show 

models sorted by atom pair constraints (left to right, top to bottom) with the top left as the lowest score and bottom right with the highest. 

The bottom row shows models sorted by overall score with the lowest on left and increasing to the right. Model identifiers are printed 

below the structure and correspond to constraint values and scores values listed in Table A1. Structures rendered in PyMOL 2.0. 
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CHAPTER 4: DISCUSSION 

 FtsKN is the only known bifunctional essential divisome protein; the N-terminal domain is 

implicated as a division checkpoint and the C-terminal domain acts as a DNA translocase. The N-

terminal domain (FtsKN) has been demonstrated to be the only domain necessary for division and 

is the focus of this research. FtsKN is suggested to connect different stages of division and act as a 

checkpoint for proper chromosome segregation and initiation of septation (Berezuk et al., 2014; 

Grainge, 2010). Limited structural information is available for FtsKN. In this work, we analyzed 

the sequence of FtsKN using covariance analysis to predict residues in contact within the tertiary 

structure of FtsKN.  

 Covariance analysis was performed using GREMLIN and yielded a total of 261 residue 

pair predictions. Of these, 9 pairs were selected for in vivo testing using the temperature-sensitive 

complementation assay based on their probability scores and biochemical properties. Based on the 

assay results residue pairs were placed into three groups: (1) in agreement with the pattern 

predicted for interacting pairs of residues, (2) very little change observed, and (3) performed 

differently than hypothesized. One problem encountered when assigning groups was the small 

changes in cell length which were enough to cause a statistically significant difference in the mean 

cell length (MCL) compared to the WT population. A previous study by Codon et al. (2018), which 

used covariance analysis to predict contacts between interfaces of the FtsL/FtsB subcomplex, 

highlighted this issue as well and accounted for it by calculating the fraction of elongated cells 

above the 95th percentile in the distribution of the WT MCL (Condon et al., 2018). The same 

approach was taken here, with the expectation that the fraction of elongated cells would provide 

an improved identification of elongated cell populations. Most of the fractions were not 

statistically different than the WT, but showed the distribution of cells better than the MCL alone. 
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For example, E24S at 42ºC has a statistically shorter MCL than WT, but the fraction of elongated 

cells is four times higher than WT. This example highlights the fact that the MCL measurement 

alone is not a sufficient indicator of population cell length in the temperature-sensitive 

complementation assay. Other factors like the number of elongated cells and growth of the culture 

are needed as well, with simple cell phenotype and morphology being the most important factor. 

For classification into groups, the combination of MCL and fraction of elongated cells took 

priority. Cell growth was used sparingly as a guide for classification because the growth curves 

collected for each FtsKN variant are based on optical density readings which become unreliable 

with filamentous cells. For example, the growth of I123W and I123W-F79A was drastically 

different than WT at 30ºC, and the 42ºC cultures entered death phase sooner than WT. Despite this 

the data for MCL, fraction of elongated cells, and cell morphology indicate a successful 

complementation as they are comparable to WT (Figure 3.3, Table 3.2). Overall the lack of clear 

and consistent phenotypes, made classification into groups difficult. However, the lack of clear 

phenotypes is similar to the study by Condon et al. (2018) which observed only elongated cells 

instead of fully filamentous cells, and also observed cells that when compared to WT resulted in 

shorter MCL.  

Group 1 contains one residue pair (L63/S43) that performs as hypothesized in all aspects 

tested: the detrimental mutation (L63P) resulted in a statistically significant increase in the mean 

cell length at both 30ºC and 42ºC, the fraction of elongated cells was elevated at both temperatures, 

the cell morphology changed at 42ºC with increased presence of cellular voids, and the growth 

was slower compared to WT at 30ºC and reached lower cell density at 42ºC. The rescue mutation 

(L63P-S43G) reverted all changes back to WT-levels. The other two residue pairs in Group 1 were 

not as well-defined. A34/V91 behaved as expected in the MCL measurements; however, there was 



 50 

a large degree of variance in the fraction of elongated cells (Figure 3.3B). I123/F79 strains grew 

significantly slower than WT, for all the mutations in the set, and the MCL of the detrimental 

mutation (I123W) at 42ºC was not statistically different than WT. It is important to note that this 

residue pair was specifically chosen to test the effect of making substitutions with large side chain 

amino acids to increase van der Waals repulsion. The assumption was that the interaction of I123W 

with F79 would cause an increase in steric hinderance significant enough to disrupt helical packing 

and yield an observable phenotype. As shown by the MCL measurements and microscopy (Figure 

3.3, Figure A3) this assumption did not hold true, as only minor changes in phenotype were 

overserved. However, the interactions of I123 are not limited to F79 and other residues will also 

be influenced by this mutation. This could mask the effect of the targeted mutagenesis and 

consequently the effect of large chain substitutions becomes difficult to interpret. Group 2 did not 

produce considerable changes within the residue pairs tested. Group 3 was assigned the majority 

of residue pairs. Most noticeable in this group are the large, unexpected increases in cell lengths 

for the rescue mutations. It was the only group to produce fractions of elongated cells statistically 

different than the WT strain (Figure 3.3B) and produced the most void phenotypes (Table 3.2). 

While the residue pairs may not have followed the hypothesis, they do open new areas of 

investigation for FtsKN structural studies as the Group 3 residues have a profound effect on cell 

phenotype. Given the lack of clear phenotypes, grouping residue pairs was challenging. The loose 

categorization allows for reinterpretation of data which could alter the success of experimental 

approach.  

Protein structures are complex and contain numerous residue interactions which may 

obscure the predictions generated by GREMLIN. For example, A34 is predicted to interact with a 

total of five other residues. This study tested two of these interactions, A34/V91 and P87/A34. The 
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coupling matrices for all the interactions possible as well as the matrices for the newly formed 

interactions by the mutation of A34C (for the A34/V91 pair) and A34V (for the P87/A34 pair) 

were inspected and all resulting coupling scores change little in magnitude and should therefore 

be negligible. An example would be the A34-C94 interaction: the mutations of A34C and A34V 

reduce the coupling score from 0.6 to 0.3 and 0.6 to 0, respectively. While this scenario holds true 

for A34, the other contact predictions tested in this study may not follow suit and could produce 

more than one unfavourable interaction. However, the time required to assess all coupling matrices 

corresponding to each residue tested here would have been prohibitive and therefore only the 

interaction with the highest probability was tested. In addition, the coupling matrices are based on 

an algorithmic approach and are imperfect representations of the more complicated in vivo system. 

Residue combinations vary slightly from run with different lengths of the input sequence. All A34 

interacting residues are in close vicinity to each other (C94, V91, I90, P87) and the algorithm may 

not be able to make distinctions between individual residues. The algorithm does however indicate 

an area of high interaction for A34 which warrants further investigation. One future approach 

would be to expand the area of interaction to adjacent residues, to account for potential prediction 

inaccuracy, and mutate the whole stretch of residues to interact unfavourably with A34. This larger 

disruption in the target area should then increase phenotypic readout.  

The results of this study suggest the numerical values of the coupling scores are unrelated 

to the magnitude of phenotypic changes observed in vivo. It was expected that large quantitative 

changes in the coupling scores would result in more obvious phenotypic changes than small 

quantitative changes. The L63/S43 prediction had the largest change in magnitude of the coupling 

scores (-1.2 [L63P] to +1.9 [L63P-S43G]) and showed the clearest pattern that supported the 

research hypothesis. The L37/L71 prediction was specifically chosen to test large changes in 
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magnitude and the mutations were designed to yield large changes in coupling scores (-1 to +1.9). 

However, the results of the complementation assays do not support the assumption because very 

little changes in cell length and morphology were observed when expressing the L37/L71 variants 

(Figure 3.3). Therefore, large changes in coupling scores do not always result in the most 

observable phenotype, suggesting other factors may influence the test outcome.  

Testing the GREMLIN predictions in vivo is complicated by the higher number of intra- 

and interprotein interactions within the divisome. GREMLIN has been designed to predict only 

direct interactions (i.e. A to B) and avoid predictions of indirect interactions (i.e. A to B, B to C), 

which would otherwise lead to false contact predictions (Kamisetty et al., 2013). Despite the 

algorithm being able to distinguish between direct and indirect couplings, an in vivo system is 

significantly more involved as several residues interact with each other and build a network of 

correlations. Considering this, one mutation made in the system will not only affect the targeted 

residue but also neighbouring residues of both the mutated residue and the predicted interacting 

residue. Therefore, the morphology seen in vivo may not be a direct result of the mutation made 

according to the coupling matrix, but due to a knock-on effect of indirect interactions with 

unknown residues not accounted for by the matrix. Additionally, the secondary mutation 

introduced to generate the rescue mutation may interact favourably with the predicted residue pair 

under investigation, but the same mutation may interact unfavourably with other residues in close 

proximity potentially disrupting a chain of correlations. The secondary mutation was investigated 

individually for most mutants created to account for this and no adverse changes were observed, 

with the exception of N62D. Consequently, if no phenotypic changes are seen by expressing the 

secondary mutation alone, then the phenotype observed when expressing the rescue mutation 

should solely be caused by the residue combination of the double mutation.  
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The observed phenotypic changes could also be caused by disrupting interactions with 

other divisome proteins, especially when mutations are located in the periplasmic loops. FtsKN 

interacts with a number of essential division proteins and point mutations in residues mediating 

these interprotein contacts may result in abnormal cell division. The inhibition of cell division may 

then be erroneously attributed to a loss of structure in FtsKN, when in fact essential divisome 

interactions were altered affecting the whole downstream pathway. The most accessible sites of 

interaction with other divisome members are the exposed periplasmic loops between the first and 

second, and the third and fourth transmembrane segments. One previous study has identified a 

stretch of four residues in the second periplasmic loop that, when mutated to cysteines, result in 

increased cell lengths and novel void formation (Berezuk et al., 2014). The authors propose the 

voids were created as a result of cytoplasmic division with a lack of outer membrane division and 

cell wall ingrowth, and that this uncoupling of inner and outer membrane division could be the 

result of disrupted FtsKN-mediated signal transduction between FtsZ, the putative active force in 

constriction, and the septal PG synthesis enzymes (Berezuk et al., 2014). Here, voids have been 

observed in a number of cells expressing either the single or double FtsKN variants (Figure 3.5) 

and it is entirely possible they are created in the same manner as described by Berezuk et al. (2014). 

However, the voids created by the GREMLIN mutants were irregularly formed, more numerous 

per cell, and occasionally located at the poles of the cells. Void formation at the poles suggests 

improper localization of the divisome, specifically FtsZ as it is the first protein to localize to the 

future site of division. Overexpression of FtsK has been shown to inhibit FtsZ polymerization into 

ring structures (Draper et al., 1998), but because voids are actively being formed, cytoplasmic 

division must still be occurring and therefore FtsZ, despite not localizing at midcell, should also 

be present. FtsKN has been suggested to link cytoplasmic and periplasmic division events by 
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initiating the switch from elongation to septation (Berezuk et al., 2018; Grainge, 2010). Assuming 

the interaction with FtsZ is maintained for the initiation of constriction, the lack of septal PG 

synthesis and outer membrane constriction observed in the voids could be explained by the 

impaired FtsKN variant failing to relay the switch to late stage division. Further evidence of 

improper localization of the divisome is provided by select variants, such as E24S, which result in 

a mixed cell population with the presence of short cells in addition to regular length cells and void 

formation at the cell poles. The short cell phenotype could be indicative of mini-cell formation. 

Mini-cells are created by asymmetric cell division, due to improper localization of the divisome 

(de Boer et al., 1989). They do not contain genomic material (Adler et al., 1967) and future work 

should confirm this via dual immunofluorescence to show co-localization of FtsZ and FtsK, in 

addition to a DNA stain. Additionally, the E24/T179 pair residues are located at the cytoplasmic 

ends of TM1 and TM4 and thus freely available for interaction with FtsZ (Figure 4.1). The other 

two FtsKN variants that resulted in significant voids are L63P and all mutations created within the 

D48/N62 set; all of which are located within the first periplasmic loop which allows them to 

interact with periplasmic domains of the late stage division proteins (Figure 4.1). Therefore, the 

observed voids could be caused due to disruption of divisome interactions mediated by the first 

periplasmic loop. 
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Figure 4.1 Locations of predicted residue pairs. The residue contacts predicted by GREMLIN 

mapped onto a schematic drawing of the FtsKN topology. Each contact is depicted as two circles 

coloured according to the legend on the right. 

 

Lastly, the oligomeric state of FtsKN has to be taken into consideration in order to assess 

the validity of the in vivo testing of the GREMLIN predictions. Currently, the oligomeric state of 

FtsKN is unknown. In vivo experiments using quantitative live-cell imaging suggest that the N-

terminal hexamerizes in the inner cell membrane (Bisicchia et al., 2013). When the FtsKN variant 

expression was verified via Western immunoblotting in this study, high molecular weight bands 

were observed in select samples (Figure 3.6). The bands are approximately twice the weight of the 

FtsKN band, with some samples showing faint higher weight bands. They are observed on blots 

probed with both -His and -FtsKN antibodies (data for -FtsKN blot not shown). The fact that 

the -FtsKN antibodies are able to produce a signal indicates that the bands do contain FtsKN; 

however, whether they a true dimer, or a higher oligomeric state remains unknown. Future studies 

such as size-exclusion chromatography on purified FtsKN would have to be conducted to determine 

the true oligomeric state. The unknown oligomeric state of FtsKN complicates the interpretation of 

in vivo testing results. GREMLIN was run with the assumption that FtsKN is a monomer and there 

is no way to distinguish between intraprotein contacts, or contacts mediating an oligomeric state. 
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Consequently, the observed phenotypes in the temperature-sensitive complementation assay could 

be the result of disrupting helical packing within FtsKN, or the result of altering oligomeric 

structure.  

All GREMLIN generated contact predictions were used to build FtsKN models in Rosetta. 

Many of the highest-scored predictions are located within the first two transmembrane segments 

and the periplasmic loop connecting them (Figure 3.1, Figure 4.1). The models were generated 

based on the distance constraints computed by GREMLIN and thus it makes sense that the models 

converge best within this area because most data is available for this region. Model S15205 was 

the only model yielding both low atom pair constraints and a low overall score, indicating that it 

conformed well to the GREMLIN distance constraints while simultaneously yielding an 

energetically favourable prediction. The residue pairs tested in this study have been mapped onto 

S15205 to visualize their locations in the predicted three-dimensional structure (Figure 4.2B). Four 

contact pairs are candidates for mediating helical packing: A34/V91, P87/A34, I123/F79, and 

E24/T179 (Figure 4.2C). As discussed above, A34 is predicted to interact with four residues on 

TM2 (C94, V91, I90, P87) all of which are in proximity according to the model and their combined 

interaction most likely mediates the helical interactions between TM1 and TM2. I123 and F79 are 

located in TM3 and TM2, respectively, and are in close proximity to mediate helical packing of 

TM2 and TM3. In addition, I123 and F79 are ideal candidates for oligomeric interactions. A second 

monomer of S15205, rotated 180º, could back onto the model as oriented in Figure 4.2B by lining 

up TM2 and TM3 via I123 and F79. Three sets of constraints are located in the periplasmic loops. 

D48 and N62 are both in Loop 1 and the loop’s flexibility would allow them to interact. L63/S43 

and W36/G64 each have one residue in Loop 1 (L63 and G64) and one in TM1 (S43 and W36). 

This suggests that either Loop 1 is capable of folding back into the membrane, or the residue pairs 
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mediate an oligomeric state. However, L63/S43 was the only residue pair that showed a clear 

pattern as expected by the hypothesis. The in vivo results suggest that this is a true interaction, and 

therefore the model may be incorrect, at least in predicting the first periplasmic loop. When 

originally designed, L158/P67 was proposed to mediate an interaction between Loop 1 and Loop 

2 according to the topology map (Figure A4). However, in all 12 models, P67 is either the starting 

point of TM2 or the residue just before the N-cap of the helix. This severely limits the flexibility 

of the region and, as mapped on S15205, it is unlikely that the two residues would be in sufficient 

proximity to interact. Consequently, the prediction could again be attributed to oligomeric states, 

but given the inconclusive phenotypic changes for the mutations made in this set it is unlikely that 

L158 and P67 interact in vivo. The same argument can be applied to L71/L37. This residue 

prediction was also classified into Group 2 based on the little changes observed in the in vivo 

complementation assay. As with P67, L71 is located in Loop 1 according to the topology map but 

located in TM2 in the 12 models investigated. The modelling process did include the topology 

map as constraints for determining membrane incorporated residues. Proline is a known -helix 

breaker (Li et al., 1996), but has also been shown to localize to the N-cap of -helices (Richardson 

and Richardson, 1988). Thus, given the large proportion of hydrophobic residues downstream of 

P67, including L71 (Figure A4), it seems energetically favourable to extend TM2 further than the 

topology map predicts, resulting with incorporation of L71 into the second transmembrane helix.  

The C-terminal -helix presented with the greatest variability in all models investigated. 

Upon closer examination of S15205 and other models, it seems that the C-terminal helix associates 

with the membrane in most structures. The -helix has been analyzed in HeliQuest (Gautier et al., 

2008). Most hydrophobic residues cluster to one side (Figure 4.2D) and mapping them onto the 

structure of S15205, a hydrophobic interface becomes evident (Figure 4.2E). This interface would 
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then allow the helix to interact with the membrane. Therefore, it is reasonable to predict the C-

terminus of FtsKN consists of a peripheral membrane helix.   

The results of the modelling show that biologically feasible structures can be obtained via 

covariance analysis. The variability in the resulting models can be decreased by including more 

sequences in the multiple sequence alignment analyzed by GREMLIN, as well as upweighting 

contact constraints that have been confirmed in vivo. The limitations of interpreting the in vivo 

results have been acknowledged in the beginning of this discussion section; however, if 

statistically significant results in accordance with the hypothesis are obtained, and if the residues 

are in close proximity on a preliminary model, then the interaction is most likely a true residue-to-

residue contact and the significance of this constraint should be increased in the modelling process 

to refine the computations.  
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Figure 4.2 Detailed view of S15205, the most probable model of FtsKN. A) S15205 shown as a 

cartoon representation coloured from N- to C-terminal (blue to red). Transmembrane segments 

(TM), as well as the two periplasmic loops, and the C-terminus are indicated. B) The residue 

contacts as predicted by GREMLIN superimposed on the structure of S15205. Contacts are shown 

as coloured sections in the cartoon representation and follow the legend on the right. Loop residues 

are labeled for clarity. C) A34 is predicted to interact with 5 other residues. P87 (light blue) and 

V91 (blue) have been tested in this thesis and their interactions with A34 are shown via the yellow 

dotted lines. D) HeliQuest prediction of the C-terminus of S15205 (residues 183-197). Polar 

residues are shown in yellow. E) The C-terminal helix of S15205 is hypothesized to be a peripheral 

membrane helix. Polar residues are shown in red and cluster to the membrane side of the helix. 

The membrane is approximated by the dotted line. All images rendered in PyMOL.  
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4.1 Future Directions 

 This work provided residue-level insight into the structure of FtsKN. We have identified 

residue pairs in contact within the tertiary structure, as well as single residues that seem to be 

critical for FtsKN function or structural integrity. The results of the covariance analysis were used 

to guide in silico modelling of FtsKN and yielded preliminary structures. These preliminary models 

could benefit from more in vivo verified constraints to further refine the modelling process. 

 To improve the signal obtained from the in vivo complementation assay, future studies 

should mutate a string of residues around the amino acid of interest. This ensures that the entire 

area of interest, instead of a single contact point, is disrupted. This should lead to a greater 

disruption of helical packing and thus impact FtsKN function to a greater extent than a single 

mutation. It is assumed this will then present with more significant phenotypic changes than a 

single mutation. Additionally, this would compensate for any potential inaccuracy of residue 

number predictions in the algorithm. If the numbering is shifted, mutating several residues around 

the amino acid of interest would ensure the target area is included.  

 Some of the temperature-sensitive complementation assays should be repeated with an 

extended growth period. The growth curves of I123/F79 and D48/N62 at 30ºC indicate a long lag 

period with a slight increase in OD600 at 7 hours, which suggests that if exponential growth is 

achieved it only occurs after 7 hours. To verify this, cultures need to be grown for more than 8 

hours and the complementation assay should be performed in the exponential phase to match the 

growth phase of the wild-type culture.  

 FtsK needs to be co-localized with FtsZ for successful cell division to occur (Buddelmeijer 

and Beckwith, 2002). The results from the temperature-sensitive complementation assay are 
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inconclusive when trying to establish whether the detrimental mutation caused a disruption in 

helical packing and thus overall FtsKN structure, disruption of interactions with other divisome 

members, altered single functional residues, or prevented FtsKN localization to the membrane and 

co-localization with FtsZ. To ensure FtsKN is integrated successfully into the membrane, 

membrane fractions of the FtsKN variant cultures will need to be isolated and analyzed by Western 

immunoblot. To ensure FtsK is recruited to midcell and co-localizes with FtsZ, dual 

immunofluorescence should be performed on all FtsKN variant cultures. Preliminary work has 

been done to improve the method used in Berezuk et al. (2014) and achieved a more reliable and 

gentler fixation with better preservation of cell morphology, as well as antibody signal 

optimization for -His and -FtsK antibodies. When performing immunofluorescence on all 

FtsKN variants, cells should be counter-stained with DAPI (4′,6-diamidino-2-phenylindole), a stain 

specific to DNA, to the confirm presence of properly segregated DNA within the cells. The stain 

will also be useful in identifying possible formation of mini-cells, as they do not contain any 

genetic material.  

 Lastly, it would be worthwhile to pursue crystallization of FtsKN. The work in this thesis 

was conducted as an alternative to crystallization and will most likely produce more tangible 

results in the future. Nevertheless, a crystal structure is the perfect comparison to verify the 

accurateness of the in silico structural predictions. Our lab is actively purifying FtsKN and 

conducting on-going crystallization trials with success in maintaining protein stability and 

purification yield. With improvements in purification yield, size exclusion chromatography with 

multi-angle light scattering should be attempted to determine the oligomeric state of FtsKN. 

 In summary, the work presented here lays a foundation for determining protein structures 

by means of covariance analysis and in silico modelling. The approach can serve as a general 
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method for validating in silico predictions as long as a reliable readout of protein function is 

achievable. The results of the temperature-sensitive complementation assay highlight the 

complexity of the divisome and emphasize the limitations encountered for testing FtsKN function. 

Preliminary models are promising and with more biological data the modelling process could be 

refined. Overall, this thesis identified several residues in contact within the structure of FtsKN as 

well as residues important for FtsKN function and potential interaction sites with other divisome 

members that yield avenues for further investigation, such as future discovery of novel 

antibacterials. The data from this thesis will advance our currently still limited knowledge of the 

structural assembly of the divisome, thereby furthering the understanding of a fundamental cellular 

process. 
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APPENDIX 

Table A1 Scoring results for selected FtsKN20-194 models. Structures were generated in Rosetta 

3.5 using GREMLIN generated C-C pairwise distance constraints. The seven highest structures 

based on atom pair restraint, and five high scoring structures are shown. 

Model 
Atom pair constraint Overall Score 

Relative positiona,b Score Relative positiona,c Score 

S20211 1 -43.492 1976 -171.119 

S10784 2 -43.469 9098 -145.235 

S00810 3 -42.093 164 -195.098 

S08996 4 -42.014 1519 -174.178 

S20398 5 -40.832 1045 -178.622 

S07386 6 -40.659 2660 -167.265 

S01678 7 -40.195 4570 -159.277 

 

S16616 7597 -24.451 1 -228.439 

S15205 12 -38.519 2 -228.121 

S17845 16503 -21.766 6 -219.384 

S23196 5670 -25.241 7 -219.372 

S23123 7540 -24.475 8 -214.378 
 

a Total number of models generated: 23973 
b sorted by atom pair constraint 
c sorted by overall score 
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Figure A1 Coupling matrices for predicted residue interactions. Matrix was generated using 

GREMLIN for the specified residue-residue interaction (shown above matrix as residue type: 

residue number). Interaction scores were computed for all combinations obtained using the 20 

common amino acids at each residue position for the interaction. The score is calculated based on 

the propensity of the amino acid combination and the sequence conservation of the amino acids at 

those positions. Amino acids shown along the left of the table correspond to the first mentioned 

amino acid, and the along top for the second mentioned amino acid. A positive score indicates a 

residue combination more frequently observed in the multiple sequence alignment than the 

expected calculated value, a negative score indicates a combination less frequent than the expected 

value. Positive scores (green) are hypothesized to be favourable, negative scores (red) are 

hypothesized to be unfavourable.  
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Figure A1, continued 
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Figure A1, continued 



 75 
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Figure A1, continued 
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Figure A2 WebLogo of GREMLIN-generated sequence alignment. Amino acid frequency at 

each position is shown with amino acids coloured according to chemical properties (green polar 

(G,S,T,Y,C), purple neutral (Q,N), blue basic (K,R,H), red acidic (D,E), black hydrophobic 

(A,V,L,I,P,W,F,M)). Blue lines indicate transmembrane segments based on topology. Logo was 

created using weblogo.berkeley.edu. 
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Figure A3 In vivo analysis of FtsKN variants. Cells were grown as described in the temperature-

sensitive complementation assay and representative cell length distribution graphs and 

micrographs are shown for all variants. Each figure panel compares the distribution of cell length 

measurements between the WT complemented (cyan) and mutant (pink) cell population grown at 

30ºC and 42ºC. Top: Histogram of cell length distribution with the dotted line representing the 

95th percentile of the WT (cyan) distribution. Bottom left: Fraction of elongated cells above the 

95th percentile of the WT cell length. Bottom right: Whisker box plots with whiskers = 1.5×IQR. 

Inset: representative micrograph of the 2h culture from which measurements were taken, scale bar: 

20µm. 
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Figure A4 Topology map of FtsKN. Residues are coloured based on the amino acid’s biochemical 

property as shown by the legend on the bottom. Taken from (Berezuk et al., 2014). 


