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Abstract 

 Today, about a quarter of the world’s population are infected with Mycobacterium 

tuberculosis (Mtb) and therefore, are at risk of developing tuberculosis (TB) disease. 

Tuberculosis, on average, takes about six months to treat, and even longer for those 

with drug resistant Mtb infections (World Health Organization, 2022). Extended 

treatment times for these infections are caused by the inherent tolerance to antibiotics 

conveyed by mycobacteria’s distinct cell wall. Mycobacteria have a wide variety of cell 

wall regulators that help the cell adapt to stress, such as antibiotics. By understanding 

how these regulators work, we can learn how mycobacteria evade killing by antibiotics.  

 This work aims to further investigate cell wall regulation. Specifically, we 

characterize the cell division regulator, SepIVA. We begin by analyzing the post-

translational modifications on SepIVA and how they affect SepIVA function. We also 

study the effects of SepIVA protein depletion on different cytoplasmic cell wall precursor 

enzymes and polar elongation. Finally, we determine how SepIVA helps mycobacterial 

cells adapt to certain stressors, mainly DNA damage.  

 Our data led us to conclude that SepIVA is an activator of cell division and that 

arginine methylation on the N-terminus and C-terminus of SepIVA have differing roles in 

the cell cycle. We find that arginine methylation near the N-terminus of SepIVA 

promotes its role in polar elongation, while the C-terminus largely functions in septation. 

We characterize specific arginine residues that are crucial to SepIVA’s function in cell 

division as well as its response to DNA damage. Our results support the importance of 

cell wall regulation on the mycobacterial cell cycle and the treatment of TB. 
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Chapter 1: Introduction 

 
1.1 Challenges facing the tuberculosis epidemic 

 The genus Mycobacteria includes the pathogens Mycobacterium tuberculosis 

and Mycobacterium leprae. Mycobacterium tuberculosis (Mtb) causes the lung infection 

tuberculosis (TB). Prior to the coronavirus pandemic, TB was the leading cause of death 

due to a single pathogen (World Health Organization, 2022). A key challenge to the TB 

epidemic is antibiotic resistance and tolerance to current drug regimens. In fact, current 

TB drug regimens include 6 months of first-line antibiotic treatment and anywhere from 

9-20 months of treatment for those with drug-resistant TB infections (World Health 

Organization, 2022).  

Many of the leading antibiotics used to treat infections are cell wall antagonists, 

meaning they cause bacterial cell walls to lose integrity and eventually cause cell lysis. 

To create effective antibiotics, scientists aim to understand the organisms they are 

fighting against. A key part of this understanding includes how bacterial cells adapt in 

environmental stress. When mycobacteria encounter stress, the cell wall is heavily 

remodeled, and cells decrease in size (Wu et al., 2016). Responses to stressful 

environments, such as inside the human lungs, require strict regulation of the cell wall to 

maintain the balance between cell elongation and cell division. To understand the 

response of mycobacteria to stress, many scientists use mycobacterial model organism, 

Mycobacterium smegmatis (Msmeg). Msmeg is not only non-pathogenic but has a 

population doubling time that is significantly less than Mtb, making it a much more 

pliable relative of Mtb. Examining the regulation of the mycobacterial cell wall will 
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expand knowledge of how mycobacterial cells respond to stressful environments and 

are tolerant to front-line antibiotics.  

 

1.2 Balancing elongation and division 

All bacteria face the same challenges when regulating cell elongation and 

division: how to organize cell wall machinery spatially and temporally for one cell to 

elongate and eventually divide into two daughter cells. This includes efforts of the cell to 

elongate by incorporating newly synthesized cell wall components, replicate and 

segregate the chromosome, build new cell wall assembly of the division apparatus 

(known as the divisome), septal cell wall synthesis and then bisect the septum to 

separate the two cells (Baranowski et al., 2019). To fully layout bacterial cell division, 

scientists focus on model organisms, such as E. coli, and then apply the principles of 

division in model organisms to other species. By detailing what is known about 

mechanisms of division in E. coli, scientists can understand mechanisms in division of 

organisms that are tiresome or even harmful to work with, such as Mycobacterium 

tuberculosis (Mtb).  

 

1.3 Elongation in E. coli  

Before one bacterial cell divides into two daughter cells, the cell must elongate to 

approximately twice as long as its original size. Elongation can be separated into three 

stages, 1) peptidoglycan (PG) synthases building new cell wall material, 2) newly 

synthesized PG incorporation into the cell wall and 3) hydrolases to cleave the PG to 

create space for nascent PG incorporation. Peptidoglycan is composed of alternating 
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glycan sugars, N-acetylglucosamines and N-acetylmuramic acid, referred to as GlcNAc 

and MurNAc, respectively, strung together by glycosyltransferases (Heijenoort, 2001; 

Vollmer and Bertsche, 2008). These glycan strands are attached to each other by D,D-

transpeptidases crosslinking peptide chains stemming from the lactyl group on MurNAc 

glycans (Born et al., 2006).  

1.3a Lipid II synthesis 

Before the PG layer can be assembled, the cell has to synthesis the monomeric 

precursor for peptidoglycan, lipid II (Fig. 1.1). Lipid II is synthesized by the Mur pathway 

beginning with a single MurNAc residue synthesized by MurA and MurB. A 

pentapeptide chain consisting of L-alanine, meso-diaminopimelic acid (m-DAP), D-

glutamate, and D-alanine dipeptide are added sequentially by ATP-dependent ligases, 

MurC to MurF, to the MurNAc residue (Benson et al., 1996; Gegnas et al., 1998; Zeng 

et al., 1998; Yan et al., 2000; Reck et al., 2001; Baum et al., 2001; El Zoeiby et al., 

2003). The peptide chain is attached and the MurNAc is tethered to the plasma 

membrane by MraY through an undecaprenyl phosphate tail, creating lipid I (Ikeda et 

al., 1991; Boyle and Donachie, 1998). A second glycan residue, GlcNAc, is attached to 

lipid I by MurG, resulting in lipid II (Mengin-Lecreulx et al., 1991). This precursor 

molecule then must be flipped into the periplasm by lipid II flippase, MurJ (Ruiz, 2008; 

Sham et al., 2014).  

Once in the periplasm, lipid II is polymerized into glycan strands by 

glycosyltransferases and then crosslinked to other glycan strands by D,D-

transpeptidases. Peptidoglycan synthases, often referred to as penicillin-binding 

proteins (PBPs), are classified into three groups, 1) class A PBPs, bifunctional 



 4 

glycosyltransferases and transpeptidases, catalyzing both reactions, 2) class B PBPs, 

which are monofunctional transpeptidases (TPases) or 3) monofunctional 

glycosyltransferases (GTases) (Suginaka et al., 1972; Typas et al., 2012; Garde et al., 

2021). By utilizing different PG synthases, there are two main routes for lipid II to be 

incorporated into the PG layer that are needed for elongation to occur.  

Figure 1.1. Lipid II synthesis in E. coli.  

 

1.3b The Rod complex 

The Rod complex consists of RodA, a GTase that is coupled to PBP2, a 

monofunctional TPase (Rohs et al., 2018). RodA and PBP2 associate with scaffold 

proteins, MreBCD through MreB’s interaction with RodZ (Morgenstein et al., 2015). 

RodA and PBP2 build new PG, while MreB governs where new PG is incorporated into 

the sidewall. MreB localizes in small structures that move along the inner perimeter of 

the cell membrane, resulting in even distribution of new PG into the lateral wall (van 

Teeffelen et al., 2011; Shi et al., 2018). The incorporation of PG into the lateral wall 

maintains cell wall integrity and rod shape (Wachi et al., 1987). MreB even interacts with 
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MurG, directing where the PG precursor molecule, lipid II is synthesized (Mohammadi et 

al., 2007). MreC is a membrane bound protein that binds to both MreB and PBP2 

(Kruse et al., 2005; Contreras-Martel et al., 2017) connecting Mre proteins to PG 

synthases, in addition to MreB’s interaction with RodZ. MreC interacts with 

transmembrane protein, MreD, and tethers MreB to the membrane (Kruse et al., 2005). 

Together, MreBCD associate with the Rod complex to spatially regulate PG layer 

synthesis along the lateral wall of the cell, resulting in elongation of the cell.  

1.3c Class A PBPs 

Class A PBPs, PBP1a and PBP1b are functionally redundant, and at least one of 

them has to be present for proper cell growth in E. coli (Kato et al., 1985). Before the 

discovery of the Rod complex, these high molecular weight, bifunctional PBPs were 

thought to be the sole major peptidoglycan synthases within the cell (Typas et al., 2012; 

Garde et al., 2021). However, characterization of the Rod complex lead to the discovery 

that class A PBPs more often fill in gaps in the PG layer (Cho et al., 2016). PBP1a and 

PBP1b are linked to the outer membrane (OM) of the cell wall through their interactions 

with lipoproteins, LpoA and LpoB (Typas et al., 2010). LpoA simulates TPase activity of 

PBP1a (Jean et al., 2014) and LpoB stimulates PBP1b activity (Egan et al., 2014). Put 

simply, as the Rod complex is assembling PG during elongation, there are holes left 

behind along the layer. LpoA and LpoB span the periplasm and recruits and associates 

with their respective PBPs through holes in the PG layer to repair them (Egan et al., 

2014; Jean et al., 2014). Through cooperation of the Rod complex and class A PBPs, 

the PG layer maintains cell wall integrity and shape as the cell elongates before 

initiating division.  
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1.3d Peptidoglycan hydrolysis 

 Once complete, the peptidoglycan (PG) layer appears to be a mesh-like covering 

encapsulating the cell. For newly synthesized PG to be incorporated, hydrolase 

enzymes must break the mesh-like PG to make room for new glycan strands. To make 

room for new glycan strands, endopeptidases, like MepS, MepM and MepH, cleave D-

ala and m-DAP crosslinks, creating space for crosslinks with new PG material to be 

made (Chodisetti and Reddy, 2019). D,D-carboxypeptidases, such as PBP5 (Nelson 

and Young, 2001), cleave the terminal D-alanine on lipid II after it has been added to a 

glycan strand. This allows for transpeptidases to then crosslink the newly free m-DAP 

peptide to the D-ala from the new glycan strand (Egan et al., 2020; Garde et al., 2021). 

The balance of hydrolysis and PG synthesis results in elongation of the cell wall before 

the cell is ready to divide.   

1.3e Chromosome replication & segregation 

Elongation continues until the cell reaches the correct size to trigger initiation of 

chromosome replication (Katayama et al., 2017). As cell mass increases, so does the 

amount of the initiator protein, DnaA (Kleckner et al., 2018). When the threshold amount 

of active DnaA has accumulated, DnaA promotes DNA unwinding at the origin of 

replication (oriC), allowing DNA replication to begin (Katayama et al., 2017; Hansen and 

Atlung, 2018). While chromosome replication and segregation are happening, the 

division apparatus is being assembled. However, the chromosome must fully replicate 

and segregate before cell wall synthesis at the septum occurs. Chromosome 

segregation is the one of the checkpoints the cell needs to pass before cell constriction 

(Kleckner et al., 2018). 
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1.4 Division in E. coli 

 FtsZ is widely understood as the initiator and master regulator of bacterial cell 

division. The earliest step of cell division is polymerization of FtsZ along the 

circumference of the cytoplasmic membrane, resulting in a ring-like structure called the 

Z-ring (Ma et al., 1996; Tsang and Bernhardt, 2015b). After this step, several division 

factors are recruited to the Z-ring, located at the midcell. These factors, both essential 

and non-essential, form and regulate the division apparatus, the divisome. An estimated 

dozen conserved proteins are thought to be recruited to the midcell as part of the 

divisome (Mahone and Goley, 2020). Recruitment of division factors can be sectioned 

into early and late divisome assembly. 

1.4a Early divisome assembly 

 Factors considered early divisome proteins are those that directly interact with 

FtsZ. Once the Z-ring formation begins, FtsZ polymers are anchored to the cell 

membrane via ZipA and FtsA (Hale and de Boer, 1997). FtsA co-localizes with FtsZ and 

is required for FtsZ localization (Ma et al., 1996). ZipA stabilizes FtsZ polymers through 

its interaction with the C-terminus domain of FtsZ. ZipA helps bundle FtsZ polymers, 

allowing the Z-ring to form circumferentially along the inner membrane of the cell (Hale 

et al., 2000). Overproduction of ZipA causes inhibited division, implying that ZipA is a 

negative regulator of FtsZ (Hale and de Boer, 1997; Geissler et al., 2003). However, 

overproduction of both ZipA and FtsZ leads to normal cell division. This implies that 

FtsZ and ZipA binding is a checkpoint of cell division, as unbound ZipA could signal to 

the cell that the Z-ring has not yet formed (Hale and de Boer, 1997). While both FtsA 
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and ZipA are considered Z-ring anchor proteins, FtsA serves as the communication 

center between FtsZ and the rest of the divisome (Liu et al., 2015; Pichoff et al., 2015). 

 The next divisome factors to be recruited are FtsE and FtsX. FtsEX is an ATP-

binding cassette (ABC), with FtsE possessing as the nucleotide binding domain and 

FtsX as the transmembrane domain (Corbin et al., 2007). FtsE interacts with FtsZ and 

FtsX interacts with FtsA (Corbin et al., 2007; Du et al., 2019). FtsEX recruits 

peptidoglycan (PG) amidase regulators, such as EnvC and NlpD, to the division site, 

eventually leading to septation of the cell (Schmidt et al., 2004; Yang et al., 2011). EnvC 

localizes with the inner membrane while NlpD localizes to the outer. Here, EnvC and 

NlpD activate cell wall amidases, AmiA, AmiB, and AmiC (Yang et al., 2011). These 

amidases are PG hydrolases that break PG crosslinks and split apart cell materials 

shared by the two developing cells, leading to separation of the daughter cells (Yang et 

al., 2012; Tsang et al., 2017). Outer membrane invagination lead by NplD is regulated 

by the Tol-Pal system. This system connects the outer membrane to the PG layer and 

then to the inner membrane to pinch the cell closed with the help of NplD and amidases 

(Gerding et al., 2007). FtsEX is required for recruitment of late divisome proteins, 

beginning with the DNA translocase, FtsK.  

1.4b Late divisome assembly 

Late-stage divisome assembly starts with the DNA translocase, FtsK. FtsK is 

multifunctional, playing a role in both chromosome segregation and cell division 

(Sherratt et al., 2010). With the help of FtsEX, FtsK also completes anchoring of 

FtsA/ZipA to the cell membrane (Hale and de Boer, 2002; Villanelo et al., 2011). Before 

division can continue, FtsK acts as a checkpoint to ensure the chromosome has fully 
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replicated and segregated to ensure no DNA is trapped as the new cell envelope is 

constructed (Mahone and Goley, 2020). FtsK localization leads to recruitment of FtsQ, 

which then cascades into the recruitment of the remaining divisome proteins (Villanelo 

et al., 2011). 

FtsQLB is part of a highly conserved, transmembrane, regulator of division that 

also acts as a scaffold for maintaining the structure of the divisome as it matures (Liu et 

al., 2015). FtsL recruits FtsW and FtsQ recruits FtsI, with stabilization through the 

FtsQLB subcomplex (Villanelo et al., 2011; Park et al., 2020). When FtsQLB is 

depleted, cells become filamentous, meaning septation is inhibited (Goehring et al., 

2005). FtsL has been implicated as an activator of the cytokinetic ring, based on a FtsL 

mutant that caused accelerated division (Tsang and Bernhardt, 2015a). FtsQLB is 

assumed to be a regulator of septal PG synthesis, possibly activating FtsW and FtsI, 

which are the PG synthases building the septum (Marmont and Bernhardt, 2020). FtsW 

is a glycosyltransferase, polymerizing lipid II, while FtsI is a transpeptidase, crosslinking 

glycan strands together to form the new PG (Pogliano et al., 1997; Taguchi et al., 2019; 

Marmont and Bernhardt, 2020). As FtsEX recruits PG hydrolases to the Z-ring to break 

apart the PG layer, FtsWI has room to synthesize new PG and build the septum 

(Marmont and Bernhardt, 2020; Attaibi and den Blaauwen, 2022). FtsWI enlist other PG 

synthases, like PBP1b and lipid II synthases, to help create the new cell septum before 

cell constriction can occur (Boes et al., 2019). 

The final protein recruited to the divisome is FtsN (Addinall et al., 1997). Despite 

all other divisome components already localizing, active cell constriction is not triggered 

until the accumulation of FtsN at the Z-ring (Liu et al., 2015). FtsN interacts with FtsA 
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and FtsQLB, conformationally changing them from an “off” state to an “on” state (Liu et 

al., 2015; Weiss, 2015). Additionally, FtsN activates PBP1b, further supporting FtsN 

accumulation at the Z-ring as the licensing step for septal PG synthesis and launching 

cell constriction (Boes et al., 2020).  

1.4c Regulation of cell division 

 Cell division is regulated via two pathways: the Min system and nucleoid 

occlusion (Noc). The Min system is made up of MinC, MinD and MinE. MinCD 

cooperate to prevent Z-ring formation, while MinE topologically regulates MinCD by 

keeping it from inhibiting septation at the midcell (de Boer et al., 1989; Raskin and de 

Boer, 1997). MinC inhibits FtsZ polymerization, stopping the Z-ring from forming (Hu et 

al., 1999; Pichoff and Lutkenhaus, 2001). Additionally, MinC functionality results lower 

integrity Z-rings, by unbundling FtsZ polymers (Dajkovic et al., 2008). MinC is activated 

by MinD, which recruits MinC to the membrane (de Boer et al., 1991; Raskin and de 

Boer, 1999b; Hu et al., 2003).  To determine the correct site of septation, MinD 

oscillates from cell pole to cell pole, inhibiting division from occurring at the poles 

(Raskin and de Boer, 1999a). Finally, MinE localization follows MinD oscillation, 

inhibiting MinD polymerization at the septation site, therefore, allowing the Z-ring to form 

and division to occur (Hale et al., 2001). 

Cell division and chromosome segregation are coordinated by the nucleoid 

occlusion (Noc) protein, SlmA (Cabré et al., 2015). While DnaA kicks off replication, 

SlmA makes sure a single, complete copy of the chromosome ends up in each daughter 

cell. SlmA interacts directly with FtsZ to antagonize polymerization and inhibit 

cytokinesis before chromosome replication and segregation can be complete (Cho et 
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al., 2011; Cabré et al., 2015). In fact, DSlmA + DMin cells had even greater number of Z-

rings compared to DMin cells, implying that the two systems work together to inhibit Z-

ring assembly at non-septal sites (Bernhardt and de Boer, 2005). Without regulation 

through the Min and Noc systems, bacterial cell division would often result in irregularly 

sized daughter cells with different sized chromosomes. Since misregulation of cell 

division would often lead to non-viable daughter cells, regulation of division is equally 

essential to the division process itself.  

 

1.5 Mycobacterial growth and division 

 While PG synthesis is the core of most bacterial cell division, mycobacteria must 

account for an additional two layers of cell wall. The three main layers of the 

mycobacterial cell wall include a thick layer of peptidoglycan (PG), a layer of highly-

branched arabinogalactans, and a bilayer of long-chained mycolic acids (Fig. 1.2) 

(Jankute et al., 2015). The synthesis of distinct cell wall features creates a need for 

machinery that is also distinct to mycobacteria. Mycobacteria also differ from many of 

the hallmark features of cell division as described in model organisms, such as 

elongation mode and regulation of division. While cell division is well characterized in E. 

coli, there is much still unknown about mycobacteria.  

1.5a Division in Mycobacteria 

Because of the distinct features of mycobacteria, such as the extra layers of the 

cell wall, mechanisms and factors of division must be distinct from model organisms as 

well. Within the cassette of division factors in mycobacteria, homologs of FtsA, ZipA and 

FtsN are missing, despite their essentiality to division in E. coli. Homologs of other 
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divisome factors (FtsZ, FtsEX, FtsK, FtsQLB, FtsI and FtsW) have been found in 

mycobacteria (Hett and Rubin, 2008). In E. coli, the Z-ring is stabilized by FtsA and 

ZipA, the lack of these two proteins brings into question how the Z-ring is stabilized in 

mycobacteria. Investigation into this mystery revealed that, in mycobacteria, FtsW and 

FtsI create a ternary structure with FtsZ, implying that in addition to the PG synthesis 

roles these proteins play, they also stabilize the Z-ring, covering the functionalities of 

FtsA and ZipA (Datta et al., 2006). Mycobacteria stabilize their Z-ring with help of SepF, 

another FtsZ interacting protein found in Gram-positive bacteria. SepF has been named 

as the best candidate divisome component that fulfills the function of FtsA and ZipA 

(Gola et al., 2015).  

Figure 1.2. The mycobacterial cell wall. 

Mycobacteria also lack a homolog of the division protein, FtsN, which is 

considered a negative regulator of cell division in E. coli. In E. coli, FtsN is the last 

protein to be recruited to the divisome and is required for initiation of cell constriction 

(Weiss, 2015). Without FtsN, cells cannot balance elongation and division. Since this 
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balance is highly regulated in mycobacteria, it can be assumed that mycobacteria 

possess distinct factors performing the functions of FtsN. 

Mycobacteria lack negative regulators of cell division, such as the nucleoid 

occlusion (Noc) and Min systems, that are found in both Gram-positive and negative 

bacteria. Noc, proteins ensure that chromosome segregation has completed, and no 

DNA will be lost due to the splitting of the cell septum at the end of division (Wu and 

Errington, 2012). Mycobacteria also lack the Min system, which negatively regulates 

division by inhibiting FtsZ polymerization at non-division sites (Hu et al., 1999). 

Considering mycobacterial chromosomes are successfully segregated and FtsZ rings 

are only present at the midcell before normal cell division, there must be division 

regulatory systems distinct to mycobacteria. 

1.5b Polar elongation 

Mycobacteria incorporate new cell wall material at the cell poles, denoted as 

polar elongation (Logsdon and Aldridge, 2018). This is different from E. coli, which 

incorporates new cell wall along the lateral body of the cell with the help of MreB. 

Mycobacteria, lacking a known MreB orthologue, need a different set of tools to 

incorporate recently synthesized cell wall precursors into the already existing cell wall. 

While some of these tools have been discovered, such as Wag31, which regulates new 

cell wall synthesis at sites of polar elongation (Kang et al., 2008), much of the 

machinery accounting for the differences between mycobacteria and other rod-shaped 

bacteria is still unknown. 

Mycobacteria possess LamA, which has been shown to inhibit growth at the new 

pole, causing elongation from one cell’s two poles to occur at different rates (Rego et 
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al., 2017). In mycobacteria, the newer pole, created by the last division, grows at a 

slower rate compared to the older pole. Because of variable elongation rate, daughter 

cells will be variable in size after cytokinesis, with the daughter cell inheriting the older 

pole being longer in length. This helps create a phenotypically heterogenous population 

of cells of different sizes (Aldridge et al., 2012; Kieser and Rubin, 2014). It has also 

been shown that heterogeneity conveys antibiotic tolerance or provides advantages in 

survival within certain conditions (Rego et al., 2017).  

When mycobacteria divide at the midcell, a new pole is created. The division 

machinery at this new pole must then switch modes and begin elongating from the 

same site. This switch requires additional spatiotemporal regulation that is not needed 

in lateral growers. How the cell pole regulates the switches from division to elongation is 

unknown. One way the cell could be regulating growth modes at the poles, although 

speculative, is through cell wall enzymes like the lipid II synthase, MurG. In E. coli, 

MurG interacts with both divisome and elongasome proteins (Mohammadi et al., 2007). 

The switch from division to elongation at the poles in mycobacteria could be regulated 

by cell wall enzymes’ interactions with either division or elongation proteins.   

1.5c Extra layers of the cell wall 

For most bacterial species, cell wall synthesis is centered around PG 

construction. In mycobacteria, the PG layer is just the first cell wall component to be 

established. Covalently attached to the PG layer is a thick layer of arabinogalactan, a 

highly branched polysaccharide assembled by specified transglycosylases (Fig. 1.3) 

(Alderwick et al., 2015; Shen et al., 2020). The arabinogalactan layer attaches to the 

outer membrane layer, the inner leaflet of which is composed of mycolic acids. Mycolic 
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acids are long-chain, two-branched, three-hydroxylated fatty acids that have been 

observed in every mycobacterial species to date (Marrakchi et al., 2014). Mycolic acids 

are key to virulence of mycobacteria and are even targeted by front-line anti-tubercular 

drugs such as isoniazid (Takayama et al., 2005; Puffal et al., 2018). Mycolic acids 

primarily make up the inner leaflet of the outer membrane. While the outer leaflet of the 

outer membrane has mycolic acids, it is also rich in glycans and lipids, such as  

lipoarabinomannan and trehalose dimycolate, but a wide variety of lipids can be found 

in outer membranes across the mycobacteria genus (Jankute et al., 2015; Zhou et al., 

2019). 

Figure 1.3. Arabinogalactan synthesis in mycobacteria. 

 
Each of the extra layers of the mycobacterial cell wall requires machinery to be 

made, regulated, set in place and often ends up being remodeled. The tight regulation 

of the cell wall to constantly adapt these extra layers to the environment contributes 

significantly to failed treatment of pathogenic mycobacteria with antibiotics. While the 

biosynthetic pathways of the individual components of the mycobacterial cell wall have 
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been well-studied, the coordination that results in a well-organized cell wall remains 

elusive. 

1.5d DivIVA and Wag31 

In B. subtillis, a Gram-positive model organism, the DivIVA protein interacts with 

and is functionality dependent on MinCD (Cha and Stewart, 1997). MinCD acts as a 

septation repressor and DivIVA functions as a pilot protein, guiding MinCD to primary 

septation sites. Here, MinCD can inhibit FtsZ polymerization, preventing division from 

occurring at that septation site. Essentially, MinCD tells the cell where not to divide and 

ensures that division occurs at the mid-cell with help from DivIVA. Mycobacteria lack the 

Min system, but possess a DivIVA homolog, Wag31. Since DivIVA piloting MinCD is 

essential to growth mechanisms in lateral growers, it’s possible that Wag31 is acting as 

a pilot but with different cargo. Wag31 localizes to the cell poles as well as the cell 

septum (Meniche et al., 2014). When Wag31 is depleted, cells become spherical, 

meaning they are unable to sustain their rod shape, first at the poles, and then 

throughout the cell (Kang et al., 2008). This, along with data that suggests Wag31 

abundance correlates to the growing cell pole, implies that Wag31 plays a key role in 

polar elongation. Specifically, Wag31 regulates polar elongation at the new pole (Habibi 

Arejan et al., 2023). 

Wag31 is regulated via phosphorylation. Phosphomimetic and non-

phosphorylatable mutants were still able to grow, suggesting that while Wag31 is 

essential for survival, the phosphorylation of Wag31 is not essential to the protein’s 

function. Modification of Wag31 regulates PG synthesis at the new cell pole (Habibi 

Arejan et al., 2023). This suggests that the activation of Wag31 coincides with the need 
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for new cell wall to be built, conceivably in reaction to environmental stimulus (Jani et 

al., 2010). In fact, Wag31 interacts with FtsI in oxidative stress but not in stress-free log 

phase environments (Mukherjee et al., 2009; Habibi Arejan et al., 2023). Wag31 

interacts with several essential cell wall synthesis proteins, like those involved in PG 

synthesis and mycolic acid biosynthesis, implicating Wag31 as a major regulator of the 

cell wall (Plocinski et al., 2011; Hammond et al., 2019). 

1.5e SepIVA, another DivIVA homolog 

 Novel protein, SepIVA, is an essential division factor first identified as a new 

septal factor that interact with FtsQ in mycobacteria (Wu et al., 2018; Jain et al., 2018). 

SepIVA contains a DivIVA-domain and when it is depleted, cells display an elongated, 

filamentous phenotype, like FtsQ depletion phenotypes (Goehring et al., 2005). This 

also suggests that SepIVA plays a role in cell division (Wu et al., 2018). This phenotype 

is incompatible with what is seen when DivIVA in B. subtillis is depleted, suggesting that 

SepIVA is not involved in septal site establishment. Unlike the DivIVA homolog Wag31, 

SepIVA primarily functions as part of the divisome, versus at the cell poles (Wu et al., 

2018).  

SepIVA does interact with FtsQ, which has been shown to modulate cell length 

and cell division in mycobacteria (Jain et al., 2018). Based on this interaction, and 

evidence that SepIVA is likely a regulator (Lu et al., 2020), it’s possible that SepIVA 

plays a role in regulating FtsQ. SepIVA could transmit information to FtsQ, such as 

environmental changes, leading to cell wall modifications. However, any additional 

information about this interaction is still being investigated. Data presented here shows 

that SepIVA is post-translationally modified via protein arginine methylation. The effects 
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of this modification in prokaryotes have yet to be elucidated. In theory, arginine 

methylation of SepIVA could be involved in a signaling cascade leading to cell wall 

modulation via interaction with FtsQ and other cell wall factors.  

 

1.6 Arginine methylation 

 Post-translational modifications (PTMs) are critical in cell signal transduction and 

in mediating protein interactions (Biggar and Li, 2015). Protein methylation is equally as 

relevant as phosphorylation for the regulation of cell physiology in eukaryotes. Arginine 

methylation is known to be involved in various cell functions, such as membrane 

association/disassociation (Fig. 1.4a), protein transport (Fig. 1.4b), DNA binding (Fig. 

1.4c) and protein-protein interactions (Fig. 1.4d). Arginine methyltransferases are 

overexpressed in cancer, a disease of the cell cycle. In fact, many of the interactors of 

protein arginine methyltransferases (PRMTs) are known cell cycle regulators (Raposo 

and Piller, 2018).  

Even though methylated amino acids were first discovered in bacterial flagellar 

proteins (Weibull and Koffler, 1959), much of what is known of this PTM is based on the 

methylation of histone proteins in eukaryotes. There is enough evidence to establish 

protein arginine methylation as a PTM within bacteria, yet further evidence is needed to 

determine its regulatory and functional potential as a PTM (Lassak et al., 2019). In fact, 

bioinformatic studies in E. coli revealed 37 methylated proteins (Zhang et al., 2018). 

Additionally, lysine methylation of a histone-like protein in mycobacteria has been linked 

to isoniazid resistance but arginine methylation has yet to be investigated (Sakatos et 

al., 2018). Understanding the role that arginine methylation plays in prokaryotes will 
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provide insight on how information is transduced in bacterial cells to regulate the cell 

wall in response to environmental changes.  

 
Figure 1.4. Various functions of protein arginine methylation. (1.4a) Arginine methylation 
can cause association or disassociation to the cell membrane. (1.4b) Methylation of proteins 
can facilitate protein transport. (1.4c) Methylation can increase a proteins ability to bind to DNA. 
(1.4d) Methylation can mediate protein-protein interactions, such as the tight compaction of 
eukaryotic histones. 
 
 
1.7 Questions asked in this dissertation 

 Mycobacteria are inherently tolerant to many antibiotics due to their distinct cell 

wall. This cell wall requires strict regulation to persist in the presence of antibiotics. We 

ask what the molecular function of the cell wall regulator, SepIVA, is and how it 

regulates mycobacterial growth. We also ask how post-translational modifications on 

SepIVA may regulate SepIVA’s function. We address these questions in chapter 2.  

A 

B 

C 

D 
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 Once mycobacteria divide at the midcell, a new cell pole is created. The new 

pole then must switch growth modes to begin elongating from the pole. We ask what 

factors are involved in mediating this switch. We propose potential factors involved in 

this process in chapter 2.  

 Our results from investigating arginine methylation sites on SepIVA that are 

important to its function showed that residue R230, near the C-terminus of SepIVA, is 

crucial for SepIVA to function properly. We then asked what mutating R230K and 

R230M could inform us about the molecular mechanism of SepIVA. We address this 

question in chapter 3.  

 Since the molecular mechanism of SepIVA function is unknown, we ask what 

environmental stressors may elicit a regulatory response from SepIVA. Specifically, we 

ask how SepIVA arginine methylation site mutant strains tolerate DNA damage. We 

also ask how potential SepIVA interactor, UvrA, which recognizes DNA damage as part 

of the nucleotide excision repair system, affects SepIVA’s ability to regulate cell division. 

We address this question in chapter 4.  

1.7a Approaches 

 To investigate the molecular function of SepIVA, we looked for changes in 

different cell wall precursor enzymes upon SepIVA depletion. Since it is already known 

that SepIVA depletion inhibits division, we measured the effects of SepIVA depletion on 

polar elongation. To deplete SepIVA, we used a strain of Mycobacterium smegmatis 

(Msmeg) that contains a tetracycline-regulated gene depletion system. This system 

requires the protein to be degraded be labeled with a das tag, which is recognized by 

adapter protein, SspB (Kim et al., 2011). SspB delivers the das-tagged protein to the 
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protease, ClpXP, where proteolysis occurs. SspB expression is controlled through an 

inducible tetracycline promoter. In short, upon addition of anhydrotetracycline (ATc), 

SspB will be expressed, and das-tagged proteins will be degraded (Kim et al., 2011). I 

will also use this strain without the addition of ATc as a negative control. 

 To look for localization changes in cell wall precursor enzymes upon SepIVA 

depletion, we fluorescently labeled MurG, the lipid II synthase, and GlfT2, the final 

cytoplasmic protein in arabinogalactan synthesis. To measure polar elongation, we 

dyed the PG layer with fluorescent D-amino acid (FDAA) stains. I first stained log phase 

cells with hydroxycoumarin-carboxylic acid D-alanine (HADA) stain, which consists of a 

small fluorophore bound to D-amino acids that is incorporated into the PG layer as it is 

metabolized (Kuru et al., 2015). I let cells grow in the 37° C roller for 1.5 hours before 

staining them again with a different FDAA stain. This allowed us to manually measure 

the elongation of the PG layer between the two staining events.   

 We investigated how SepIVA’s post-translational modifications affect its 

molecular function. Our collaborators provided us with data suggesting that SepIVA in 

Mtb is arginine methylated on multiple residues. We found, via mass spectrometry, that 

all 24 arginine residues on SepIVA from Msmeg can be methylated. I constructed many 

different strains of Msmeg with mutated arginine methylation sites. I grouped together 2-

5 arginines at a time to narrow down which methylation sites are important to SepIVA 

function. I mutated arginine to alanine, to remove the positive charge found on arginine 

residues. I also mutated arginine to lysine, to act as a methyl-ablative mutant, as lysine 

retains the positive charge but is unable to be methylated by the same 
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methyltransferase. To create methyl-mimetic strains, I mutated arginine to methionine, 

as methionine’s side chain mimics that of a methylated residue.  

 To create these strains, I used the L5-phage integrase site allelic exchange 

system (Pelicic et al., 1997; Pashley and Parish, 2003) (Fig. 1.5). Beginning with a 

strain of Msmeg with sepIVA at its native locus (Fig. 1.5a), we integrated a copy of 

sepIVA fused to a nourseothricin resistance cassette into the L5 phage integration site 

on the chromosome (Fig. 1.5b). Then, via recombineering, we replaced sepIVA at its 

native locus with a zeocin resistance cassette (Fig. 1.5c). The next step in this 

exchange system can produce three different results, depicted in Fig. 1.5d-f. The 

desired result, a mutant allele of sepIVA fused to a kanamycin resistance cassette with 

the WT sepIVA excised from the integration site (Fig. 1.5e). To guarantee I isolated 

strains with a single copy of sepIVA at the L5 site, I selected for kanamycin-resistant but 

nourseothricin-sensitive colonies.  

 
Figure 1.5. Schematic of L5-phage integrase allelic exchange system. (1.5a) Gene 
arrangement with WT sepIVA (blue) at its native locus. (1.5b) Gene arrangement with sepIVA at 
its native locus as well as sepIVA-nuoR at the L5 phage integration site. (1.5c) Gene 
arrangement after recombineering, resulting in zeoR at the sepIVA native site. (1.5d) Possible 
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gene arrangement after unsuccessful allele exchange, resulting in no change in gene 
arrangement. (1.5e) Possible gene arrangement after successful excision of WT sepIVA-nuoR 
and integration of mutant sepIVA (orange) fused to kanR. (1.5f) Third possible gene 
arrangement after unsuccessful excision of sepIVA-nuoR but successful integration of mutant 
sepIVA-kanR. (1.5g) Depiction of plasmid containing WT sepIVA and nuoR. 
 
 With these arginine methylation site mutants, I looked for phenotypic differences 

in population doubling time, cell length, polar elongation (as previously described), PG 

layer staining, and changes in localization of SepIVA and cell wall precursor enzymes, 

MurG and GlfT2. With help from collaborators, we also assessed SepIVA’s membrane 

association using sucrose density gradients.  

 To further elucidate SepIVA’s molecular function we looked for potential SepIVA 

interactors via immunoprecipitation and mass spectrometry. One possible interactor 

was UvrA, a non-essential, DNA damage response protein. I constructed a uvrA 

knockout strain using recombineering, which replaces uvrA on the chromosome with a 

hygromycin-resistance cassette (Murphy et al., 2015). I constructed DuvrA L5::sepIVA 

with all methylation site mutant versions of sepIVA. To induce DNA damage, I used 

mitomycin C, a cancer drug that crosslinks the chromosome, inhibiting DNA synthesis 

(Peh et al., 2001; Sinawe and Casadesus, 2022). We used the DuvrA strains and 

mitomycin C to investigate changes in cell length, SepIVA localization, growth rate and 

PG layer staining.  

1.7b Co-author contributions  

 Each of the following data chapters including collaborative work between the 

author of this dissertation, Angela H. Freeman, and co-authors. In chapter 2, 

conceptualization was done by Angela H. Freeman and Cara C. Boutte. The manuscript 

was written by Angela H. Freeman and reviewed and edited by Cara C. Boutte. This 
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chapter was based on preliminary data curated by Sarah M. Fortune and Michael R. 

Chase. All data was curated and analyzed by Angela H. Freeman with the exceptions of 

figure 2.9a, which was done by Yasu S. Morita and James R. Brenner, and figure 

2.10abcd, which was done by Karen Tembiwa. Funding acquisition and project 

administration were done by Cara. C. Boutte.  

 Chapter 3 was conceptualized by Angela H. Freeman and Cara C. Boutte. Data 

curation, formal analysis and writing was done by Angela H. Freeman. Funding 

acquisition and project administration were done by Cara. C. Boutte. 

 Chapter 4 was conceptualized by Angela H. Freeman, Cara C. Boutte, and 

Anusuya Nepal. All data was curated and analyzed by Angela H. Freeman apart from 

figure 4.3ab, which was done by Anusuya Nepal. Writing was done by Angela H. 

Freeman. Funding acquisition and project administration were done by Cara. C. Boutte.  
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2.1 Abstract 

Growth of mycobacterial cells requires successful coordination between 

elongation and septation. However, it is not clear which factors mediate this 

coordination. Here, we studied the function and post-translational modification of an 

essential division factor, SepIVA, in Mycobacterium smegmatis. We find that SepIVA is 

arginine methylated, and that alteration of its methylation sites affects both septation 

and polar elongation of Msmeg. Furthermore, we show that SepIVA regulates the 

localization of MurG, and that this regulation may impact polar elongation. Finally, we 

map SepIVA’s two regulatory functions to different ends of the protein: the N-terminus 

regulates elongation while the C-terminus regulates division. These results establish 

SepIVA as a regulator of both elongation and division and characterize a physiological 

role for protein arginine methylation sites for the first time in mycobacteria. 

 

2.2 Introduction 

The cell cycle of rod-shaped bacteria requires coordination of elongation and 

division. Elongation involves incorporation of newly synthesized cell wall components, 

including peptidoglycan (PG) into the existing cell wall. In the well-studied species B. 

subtilis and E. coli, this incorporation occurs along the lateral cell walls and is directed 

by the cytoskeletal factor MreB (Egan et al., 2020). However, some rod-shaped 

bacteria, including many Actinobacteria and some Alpha-proteobacteria, lack MreB-like 

proteins and elongate by incorporating new cell wall near the cell poles (Thanky et al., 

2007; Aldridge et al., 2012; Brown et al., 2012; Cameron et al., 2015; Zupan et al., 

2019; Zupan et al., 2021). Polar elongation in mycobacteria, which includes the 
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pathogen Mycobacterium tuberculosis (Mtb), requires the DivIVA homolog, Wag31 

(Kang, 2005; Kang et al., 2008; Melzer et al., 2018), through mechanisms that are 

currently unclear. 

Many essential cell division factors are conserved from E. coli to mycobacteria 

(Hett and Rubin, 2008; Wu et al., 2018). However, because of the extra layers of the 

cell wall (Jankute et al., 2015) and polar growth (Thanky et al., 2007) in mycobacteria, 

we expect that some aspects of cell division must be different. In mycobacteria, polar 

elongation occurs at the site of previous septation; while in lateral growers, elongation 

and septation are spatially distinct. Because division creates the site of polar growth for 

the next generation of mycobacterial cells, we expect there to be proteins involved in 

transitioning the new pole from the septal mode of cell wall metabolism (orthogonal to 

the long axis of the cell) to the elongative mode of cell wall metabolism (parallel to the 

long axis of the cell) - though such factors have not been described.  

The intracellular membrane domain (IMD) is likely shared by the elongation and 

division processes. The IMD is a membranous hub for generation of lipid-linked cell wall 

precursors and it localizes to sites of cell wall synthesis: the subpolar region and septum 

(Hayashi et al., 2016). Cell wall precursors assembled in the IMD are thought to be 

translocated into the plasma membrane associated with the cell wall (PM-CW) before 

assembly into the cell wall (García-Heredia et al., 2021). How precursor enzymes 

associate with the IMD, and how that affects their activity is unknown. 

SepIVA is essential for division and interacts with the conserved divisome 

protein, FtsQ (Wu et al., 2018; Jain et al., 2018). sepIVA has also been implicated as a 

determinant of beta-lactam susceptibility, indicating that it may affect peptidoglycan 
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metabolism (Flores et al., 2005). Like Wag31, SepIVA comprises a DivIVA domain and 

aligns to DivIVA from B. subtillis. DivIVA homologs are often involved in recruitment of 

other proteins to cell poles or septa (Marston and Errington, 1999; Halbedel and Lewis, 

2019; Hammond et al., 2019; Hammond et al., 2021). However, none of the confirmed 

interactors of DivIVA-domain proteins interact with residues that are conserved in 

SepIVA. Depletion of Wag31 and SepIVA have opposite effects: depletion of SepIVA 

leads to continued elongation and defective division (Wu et al., 2018), while depletion of 

Wag31 leads to elongation arrest but continued division (Kang et al., 2008).  

Here, we show that SepIVA is arginine methylated.  Arginine methylation is 

known to be involved in various cell functions in eukaryotes, such as membrane 

association, protein transport, DNA binding and protein-protein interactions (Biggar and 

Li, 2015; Raposo and Piller, 2018). Protein arginine methylation has been identified 

using mass spectrometry in E. coli (Zhang et al., 2018), mycobacteria (Sakatos et al., 

2018) and Salmonella (Su et al., 2021). Arginine methylation sites have been shown in 

vitro to affect DNA binding of transcription factors in Salmonella (Su et al., 2021) and 

mycobacteria (Singhal et al., 2020). However, the physiological roles of protein arginine 

methylation have barely been studied in bacteria. Currently, there are no characterized 

protein arginine methyltransferases in mycobacteria. Recent work has suggested that 

the protein glutamate methyltransferase CheR in Salmonella enterica can somehow 

also methylate arginines (Su et al., 2021); there is no homolog with a predicted CheR 

methyltransferase domain in mycobacteria. 

 In this work, we show that SepIVA is arginine methylated, and that methyl-

ablative and methyl-mimetic mutations at certain arginine methylation sites on SepIVA 
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regulate SepIVA’s localization, peptidoglycan metabolism, polar growth, and division. 

We also show that SepIVA is involved, likely indirectly, in regulating the localization of 

peptidoglycan precursor enzyme MurG, and that arginine methylation site mutations of 

sepIVA affect MurG’s localization to the poles. This work establishes SepIVA as a 

regulator of both elongation and division and indicates that it may have a role in 

regulating MurG.  

 

2.3 Results 

2.3a Methylation site mutations on SepIVA affect growth and cell length of Msmeg 

 Post-translational modifications are critical for regulating the physiology of Mtb  

and other mycobacteria (Kang et al., 2008; Prisic et al., 2010; Garces et al., 2010; Prisic 

and Husson, 2014; Boutte et al., 2016; Sakatos et al., 2018; Iswahyudi et al., 2019; 

Shamma et al., 2020). Most studies thus far have focused on phosphorylation. To 

identify proteins that could be regulated by other types of post-translational modification, 

we re-analyzed a mass spectrometry data set of Mtb peptide masses that we had 

previously published (Garces et al., 2010) to search for post translational modifications. 

We found evidence of four arginine methylations on SepIVA (Rv2927c), as well as on 

many other proteins from Mtb. The four methylated arginines from Mtb SepIVA were 

R19, R105, R111, R199 and all are conserved in SepIVA from Msmeg.  

 To see if SepIVA in M. smegmatis is also arginine methylated, we 

immunoprecipitated SepIVA-strep from Msmeg lysates and used LCMS-IT-TOF mass 

spectrometry to measure the post-translational modifications. We found evidence of 

widespread arginine methylation on SepIVA’s 24 arginine residues.  
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To identify arginine residues in SepIVA for which methylation might have a 

physiological role in Msmeg, we used L5 allele swapping to make mutants of all the 

arginines in sepIVA (Pashley and Parish, 2003). First, we integrated a wild-type sepIVA 

at the L5 site on a nourseothricin-marked vector and deleted the endogenous copy of 

sepIVA. Then, we cloned various sepIVA arginine mutants into kanamycin-marked 

vectors, and transformed these into the ∆sepIVA L5::sepIVA WT strain, and selected for 

allele swaps. Because there were so many arginines with potential methylation sites, we 

made mutants with several clustered arginines mutated at once. We grouped arginines 

based on their location and orientation on the SepIVA protein, as predicted by 

AlphaFold (Jumper et al., 2021)  (Pettersen et al., 2021) (Fig. 2.1).  

 

Figure 2.1. Predicted SepIVA structure with colored arginine residues. Tertiary structure of 
SepIVA protein as predicted by AlphaFold and visualized using UCSF ChimeraX. Arginine 
residues with methylations identified by mass spectrometry are grouped and colored to reflect 
fig. 2.2. We grouped arginines by their proximity to each other and their position on the SepIVA 
predicted structure. Arginine labels: green (R3, R19, R31; also referred to as the N-terminus 
mutants); red (R105, R116, R127); orange (R111, R122); dark blue (R134, R142, R149); teal 
(R199, R201); and pink (R224, R228, R230, R234, R245; also referred to as the C-terminus 
mutants).  
 

We made R->M methionine mutants to represent methyl-mimetic mutations, as 

methionine is the closest structural mimic to a methylated arginine (Singhal et al., 2020). 

We made R->A alanine mutations to test the function of the positive charge of arginines 

and R->K lysine mutations to serve as methyl-ablatives that retain the positive charge 

on the residue. We found that several groups of arginines were essential for sepIVA 
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function, as the alanine mutant strains did not grow (R->A mutants, Fig. 2.2a) in liquid 

culture.  

 Our analysis of clustered arginine mutants of sepIVA (Fig. 2.2ab) identified two 

sets of mutants with interesting phenotypes. If the lysine and methionine mutants mimic 

the different arginine methylation states, and if that methylation has a physiological role, 

then we expect to see opposing phenotypes in the methyl-ablative (R->K) and methyl-

mimetic (R->M) strains compared to the wild-type. The sepIVA R3K, R19K, R31K 

mutant, hereafter called the NT-K mutant, as these are the most N-terminal arginines, 

had a comparable growth rate, and shorter cells than the wild-type, while the NT-M 

mutant (sepIVA R3M, R19M, R31M) had slower growth (Fig. 2.2ab). The allele swap 

mutant sepIVA R224K, R228K, R230K, R234K, R245K, hereafter called the CT-K 

mutant, had slow growth and (Fig. 2.2a) and very short cell length (Fig. 2.2b). The C-

terminal methionine mutant (sepIVA R224M, R228M, R230M, R234M, R245M) was not 

viable, likely because the protein was unstable (Fig. 2.2c).  

To examine whether individual arginine residues were responsible for these 

growth and cell length defects, we generated allele swap Msmeg strains with single 

methylation site mutations in the N-terminal and C-terminal arginines. We found that 

single methylation site mutations near the N-terminus of sepIVA did not have the same 

effects on growth and cell length as the triple mutant (Fig. 2.2de). Since more than one 

methylation site mutant near the N-terminus was needed for these phenotypes to be 

apparent, we used the NT-K and NT-M triple mutants to study the potential role of 

arginine methylation on SepIVA’s N-terminus. The single methylation site mutations on  
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Figure 2.2. Methylation site mutations on SepIVA affect growth and cell length of Msmeg. 
(2.2a) Doubling time of allele-swap M. smeg cells expressing WT or arginine methylation site 
mutants of SepIVA. WT SepIVA represents the L5 complemented strain. Lighter color outlined 
bars represent arginine to alanine mutants. No outline, darker color bars represent methyl-
ablative methylation site mutants. Black outline bars represent methyl-mimetic methylation site 
mutants. Strains without bars were non-viable. At least 3 biological replicates of each strain 
were used. Error bars represent standard deviation. ****, P = <0.0001. (2.2b) Cell lengths of 
SepIVA WT or arginine methylation site mutants. Bars represent mean. At least 300 cells over 
three biological replicates of each strain were analyzed. *, P = 0.0439; ****, P = <0.0001. (2.2c) 
α-strep western blot of L5::sepIVA-strep WT or arginine methylation site mutants. mc2155 
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without a strep tag was used as a negative control (lane 2). The non-specific band serves as a 
loading control. ‘*’ denotes merodiploid strains. Merodiploid strains were used for SepIVA 
variants did not support growth as allele swaps. (2.2d) Doubling time of allele-swap M. smeg 
cells expressing WT or single arginine methylation site mutants of SepIVA. WT SepIVA is the 
strain with WT sepIVA-strep at the L5 site and sepIVA deleted from its native locus – this is the 
isogenic control. No outline, darker color bars represent methyl-ablative methylation site 
mutants. Black outline bars represent methyl-mimetic methylation site mutants. Strains without 
bars were non-viable. At least 3 biological replicates of each strain were used. Error bars 
represent standard deviation. ****, P = <0.0001. (2.2e) Cell lengths of SepIVA WT or single 
arginine methylation site mutants. Bars represent mean. At least 300 cells over three biological 
replicates of each strain were analyzed. *, P = 0.0351; ****, P = <0.0001. (2.2f) α-strep western 
blot of L5::sepIVA-strep WT or single arginine methylation site mutants. mc2155 without a strep 
tag was used as a negative control (lane 2). The non-specific band serves as a loading control. 
P-values were calculated using ordinary one-way ANOVA, Dunnett’s multiple comparisons test, 
with a single pooled variance in GraphPad Prism (v9.2). At least two western blots were 
performed for each strain shown, and representative results are displayed. 
 

the C-terminus of SepIVA had different phenotypes from the quintuple CT-K allele swap 

mutant (Fig. 2.2abde), suggesting that the quintuple mutant may be genetically 

unstable. Both the sepIVA R230K and R230M exhibited slow growth and long cells (Fig. 

2.2de): this indicates that these mutations likely do not represent different methylation 

states and are instead both loss-of-function mutations. Another methylation site, R234, 

only showed growth defects in the methionine mutant (Fig. 2.2de).  

We made all the mutants described above with C-terminal strep tags so we could 

test for protein stability using western blotting. (Fig. 2.2cf). To test the stability of mutant 

proteins that did not support growth in allele swap strains (Fig. 2.2a – missing bars), we 

transformed the vectors carrying the mutant sepIVA-strep into wild-type Msmeg with the 

wild-type sepIVA allele at its native locus to support growth. Using these merodiploid 

strains, we found that SepIVA-strep alanine mutant proteins that did not support growth 

were unstable (Fig. 2.2c, ‘*’ indicates merodiploid strain). Several of the mutants had 

significantly higher levels of SepIVA than the wild-type, including the NT-K, NT-M and 
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CT-K mutants (Fig. 2.2c) which exhibited phenotypes. To test whether high levels of 

SepIVA protein might be responsible for the slow growth, we tested how overexpression 

of the WT or CT-K mutant SepIVA protein affected growth rates (Fig. 2.3). We found 

that overexpression of these proteins did not slow growth in either WT sepIVA or 

sepIVA CT-K genetic backgrounds. This result shows that the increased protein levels 

are not responsible for the slow growth and short cell length of the sepIVA CT-K mutant, 

and that overexpression of SepIVA alone does not inhibit growth rate. Other variants of 

SepIVA-strep are stable; though protein levels between the lysine and alanine mutants 

vary (Fig. 2.2c), these variations do not correlate with phenotypes (Fig. 2.2abde). 

Figure 2.3. Overexpression of sepIVA has no effect on population doubling time. 
Overexpression of sepIVA was controlled by a tetracycline inducible promoter found on an 
episomal plasmid. +ATc denotes addition of anhydrotetracycline causing overexpression of 
SepIVA. Strains are labeled based on the sepIVA allele at the L5 integration site followed by the 
sepIVA allele overexpressed via episomal plasmid. At least two biological replicates were used 
per strain. Error bars represent standard deviation.  
 

These data suggest that methylation sites on SepIVA play a role in how SepIVA 

regulates growth and division. Near the N-terminus, methyl-mimetic site mutations 

cause slow growth and lead to slightly shorter cells (Fig. 2.2). However, near the C-
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terminus of SepIVA, both R230 mutants are defective in division. At R234 the methyl-

mimetic mutation results in slow growing, long cells, while the methyl-ablative mutation 

results in cells like the WT. For the remainder of this chapter, we focus on the N-

terminal triple mutants and the single site mutants of R234. 

According to TnSeq experiments and our previous work, sepIVA is an essential 

gene (DeJesus et al., 2017; Wu et al., 2018; Dragset et al., 2019).  In another recent 

study, a mutant of sepIVA missing only residues 156-245, the C-terminus, was 

characterized and the authors described cell division defects (Pickford et al., 2020). We 

generated this C-terminus truncation mutant using L5 allele swapping and were able to 

generate colonies on plates. However, once in liquid culture, these mutants exhibited 

highly variable or no growth (Fig. 2.4). We interpret this to mean that the deletion of the 

sepIVA C-terminus leads to severe growth defects that result quickly in suppressor 

mutants. 

Figure 2.4. The C-terminus of SepIVA affects growth rate of Msmeg. (2.4a) Gene 
arrangement of WT sepIVA and sepIVA truncation mutant strains. The C-terminus truncation 
mutant only contains the first 155 amino acids of SepIVA. (2.4b) Doubling times of WT sepIVA 
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and sepIVA truncation mutants. Doubling times were only calculated for C-terminus isolates that 
were able to grow in liquid culture. At least 3 biological replicates of each strain were used. Error 
bars represent standard deviation. ****, P = <0.0001. P-value calculated by unpaired t-test using 
GraphPad Prism (v9.2). (2.4c) Growth chart of sepIVA C-terminus truncation mutants. Twenty 
biological replicates were individually grown in liquid culture. “Days before growth” represents 
number of days rolling at 37C before visible growth occurred. Cultures that did not show visible 
growth after two weeks were deemed “no growth.” Doubling time was calculated only on 
isolates that grew in liquid culture.  
 

2.3b Methylation site mutations on SepIVA affect its polar localization 

 We sought to determine if alterations at the arginine methylation sites could 

affect SepIVA’s localization. SepIVA normally localizes at the poles and septum, with 

stronger localization to the old pole, and spotty localization along the lateral walls in a 

pattern (Wu et al., 2018) that is seen in proteins that associate with the Intracellular 

Membrane Domain (IMD) (Meniche et al., 2014; Hayashi et al., 2016). To test this, we 

made merodiploid strains of Msmeg with GFPmut3-SepIVA methyl-mutant alleles 

expressed from the L5 site. We were unable to generate strain of Msmeg carrying 

GFPmut3-sepIVA as the only sepIVA allele, so merodiploid strains were used. Because 

the fusion protein does not complement, we will be cautious in drawing conclusions 

from these localization data. However, we note that FtsZ-FP fusions do not complement 

in any species, and yet still give valuable information (Ma et al., 1996; Fu et al., 2010). 

We also note that protein aggregates of overexpressed protein in mycobacteria tend to 

accumulate at the poles and septum (Zhang et al., 2019), and we do not observe this 

localization pattern for GFP-SepIVA.  

We grew these strains in log. phase, and stained the cells with the fluorescent D-

amino acid HADA, which preferentially labels sites of new peptidoglycan synthesis, and 

allows us to identify the faster growing, old pole, as the pole that stains more brightly  
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Figure 2.5. Methylation site mutations affect polar localization of SepIVA. (2.5a) Images of 
Msmeg cells expressing L5::GFPmut3-sepIVA WT and methylation site mutants. Strains are 
merodiploid. Phase images are on the top row. Fluorescence images of GFPmut3-SepIVA are 
in the middle panel. HADA images are on the bottom row. Scale bar applies to all images. 
Pictures of several cells from images processed identically were pasted together. (2.5b) Mean 
intensity values per cell of cells expressing L5::GFPmut3-sepIVA WT and methylation mutants. 
At least 250+ cells across three biological replicates of each mutant were analyzed in MicrobeJ. 
Bar represents mean intensity value between cells. ****, P = <0.0001. P-values were calculated 
using ordinary one-way ANOVA, Dunnett’s multiple comparisons test, with a single pooled 
variance in GraphPad Prism (v9.2). (2.5c) Normalized Intensity profiles of GFP-SepIVA signal of 
WT and methylation site mutants. The solid line represents the mean intensity value across the 
relative position of the cell. Normalized intensity values were generated by dividing each 
position’s intensity value by the mean intensity value. Cells were pole-sorted such that the 
brighter pole in the HADA channel was set to 0 on the X axis. 
 

(Kuru et al., 2012; Baranowski et al., 2018). Upon imaging the cells, we found that 

methylation site mutations on SepIVA affect its distribution and total intensity (Fig. 2.5). 
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Specifically, both NT-K and NT-M mutants showed inhibited localization of SepIVA to 

the fast-growing pole, and increased localization to the cell septum (Fig. 2.5c). This 

suggests that regulation of these methylation sites affects SepIVA distribution  

throughout the cell. Methylation site mutants also exhibit differences in GFPmut3-

SepIVA intensity broadly (Fig. 2.5b), however, we cannot conclude whether mean 

GFPmut3-SepIVA signal is an indicator of protein levels within the cell. Our findings 

suggest that SepIVA’s localization to the cell poles is affected by changes in the 

methylation sites on the N-terminus of SepIVA. We cannot discount the possibility that 

GFPmut3-SepIVA localizes differently from the untagged protein, but these results show 

at least that these mutations can affect the distribution of the fusion in a merodiploid 

background. 

2.3c Methylation site mutations on SepIVA affect peptidoglycan metabolism 

SepIVA’s essentiality for cell division and sequence similarity to DivIVA proteins 

suggests that it regulates cell wall synthesis. To determine if the methylation sites on 

SepIVA impact metabolism of cell wall components, we stained the allele swap sepIVA-

strep arginine-mutant strains with NADA (Kuru et al., 2015), which is incorporated into 

peptidoglycan mostly by periplasmic amino acid exchange by L,D-transpeptidases 

(LDTs) (Kuru et al., 2012; Baranowski et al., 2018), but also through new peptidoglycan 

incorporation (García-Heredia et al., 2018). We found that the N-terminal methyl-

mimetic site mutant, NT-M, showed slightly decreased NADA signal at the cell poles 

compared to the wild-type (Fig. 2.6). We also found that the NT-K mutant showed 

increased overall NADA incorporation compared to the wild-type (Fig. 2.6b). To observe 

differences in distribution of NADA, we looked at NADA incorporation across the length 
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of the cell. Based on normalized polar NADA intensities, there is less NADA 

incorporation at both poles in the NT-M mutant (Fig. 2.6cd).  These data suggest 

SepIVA affects peptidoglycan metabolism, though they do not address whether these 

effects are direct or indirect. SepIVA had previously been shown to be essential for 

division (Wu et al., 2018), but these differences in polar NADA incorporation indicate 

that SepIVA may also be a regulator of polar peptidoglycan metabolism. 

Figure 2.6. Methylation site mutations of SepIVA affect peptidoglycan metabolism. (2.6a) 
Images of M. smeg cells expressing L5::sepIVA WT and methylation site mutants. Scale bar 
applies to all images. Pictures of several cells from images processed identically were pasted 
together. (2.6b) Mean NADA intensity values of M. smeg cells expressing L5::sepIVA WT and 
methylation site mutants. At least 250+ cells across three biological replicates of each mutant 
were analyzed in MicrobeJ. Bar represents mean intensity value. ****, P = <0.0001. P-values 
were calculated using ordinary one-way ANOVA, Dunnett’s multiple comparisons test, with a 
single pooled variance in GraphPad Prism (v9.2). (2.6c) Normalized intensity profiles of NADA 
signal of WT and methylation mutants. The solid line represents the mean intensity value across 
the relative position of the cell. Intensity values were normalized by dividing each strain’s 
intensity value by its mean intensity value. Cells were pole-sorted such that the brighter pole in 
the NADA channel was set to 0 on the X axis. (2.6d) Normalized polar NADA intensities of WT 
and methylation site mutants. Intensity values were normalized by dividing each cell’s maximum 
polar intensity value by the mean intensity of the whole cell. ****, P = <0.0001. P-values were 
calculated using ordinary one-way ANOVA, Dunnett’s multiple comparisons test, with a single 
pooled variance in GraphPad Prism (v9.2). 
 

2.3d Methylation site mutations on SepIVA affect polar elongation 

 To determine if the changes in NADA staining in the sepIVA methyl-mutants 

were due to alterations in LDT-mediated peptidoglycan remodeling (Baranowski et al., 
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2018) or due to insertion of new cell wall at the poles, we measured polar elongation in 

the sepIVA wild-type and mutant strains. We developed a method of measuring 

elongation using a pulse of HADA (blue), 1.5 hours of outgrowth in media, and another 

pulse of NADA (green) stain. We then measured the distance of the NADA-stained but 

HADA-clear poles, which represents the polar growth during the 1.5-hour outgrowth 

(Fig. 2.7a).   

First, we used this method to determine if depletion of SepIVA affects cell 

elongation. SepIVA depletion leads to a slight increase in net polar elongation (Fig. 

2.7b). Because cell division is inhibited in the SepIVA-depletion condition, the increase 

in net polar elongation could be due to the increased age of the poles in non-dividing 

cells: older poles in mycobacteria grow faster (Aldridge et al., 2012), so cells that are 

not creating new poles through division will have older poles overall. From these data 

we conclude that SepIVA is not essential for elongation.   

 
Figure 2.7. Methylation site mutations on SepIVA affect polar elongation. (2.7a) Schematic 
of pulse-chase-pulse staining method. We stained growing cells with blue peptidoglycan dye 
HADA, then returned them to media for another 1.5 hours of growth, then stained them again 
with green dye NADA. We false-colored the green signal as red in these images to make the 
contrast clearer. (2.7b) Length of poles after SepIVA depletion. +SepIVA (black dots) represent 
cells expressing SepIVA, -SepIVA (black-outlined dots) represent cells with depleted SepIVA 
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protein. At least 100 cells across three biological replicates were analyzed. Bar represents 
median. Scale bar applies to all images. ****, P = <0.0001. P-value calculated by unpaired t-test 
using GraphPad Prism (v9.2). (2.7c) Length of poles elongation after 1.5 hours in cells 
expressing sepIVA WT and methylation site allele swap mutants. At least 100 cells across three 
biological replicates were analyzed. Bar represents mean polar elongation. *, P = 0.0461, ****, P 
= <0.0001. P-values were calculated using ordinary one-way ANOVA, Dunnett’s multiple 
comparisons test, with a single pooled variance in GraphPad Prism (v9.2).  
 

 To determine if methylation sites on SepIVA could affect elongation, we 

performed pulse-chase-pulse staining on sepIVA-strep wild-type and methylation site 

mutant allele swap strains. We observed increased elongation in the NT-K methyl- 

ablative mutants, while the NT-M methyl-mimetic mutant showed decreased polar  

Figure 2.8. Net polar elongation of single methylation site mutants. Length of poles 
elongation after 1.5 hours in cells expressing L5::sepIVA WT and single methylation site 
mutants. At least 250 cells across three biological replicates were analyzed. Bar represents 
mean polar elongation. The adjusted p-values of the mutant compared to the WT are: R3M = 
0.0009; R19M = 0.0066; and R31K = 0.0143; R31M = 0.0051; R224M = 0.0163; R228K = 
<0.0001; R228M = <0.0001; R230M = 0.0086; R234K = <0.0001; R245M = 0.0002. P-values 
were calculated using ordinary one-way ANOVA, Dunnett’s multiple comparisons test, with a 
single pooled variance in GraphPad Prism (v9.2).  



 42 

elongation (Fig. 2.7c). Since our methyl-ablative and methyl-mimetic site mutations 

show opposing effects on polar elongation, this suggests that methylation of SepIVA at 

these sites regulates polar elongation. We also performed this elongation assay on 

single methylation site mutants (Fig. 2.8). We found that individual N-terminal arginines 

had a similar trend - with the lysine mutants exhibiting greater elongation than the 

methionine mutants – but none of the single mutants had a statistically significant effect. 

From these results, we conclude that methylation at the R3, R19 and R31 residues work 

together in regulating elongation. These results show that SepIVA is an elongation 

regulator; since it is not required for elongation (Fig. 2.7b) we suggest that its function 

may be to help toggle growth between the poles and septum.  

2.3e SepIVA affects MurG localization 

The Intracellular Membrane Domain (IMD) is a membrane domain that can be 

separated by sucrose density centrifugation from the cytoplasmic fractions and from the 

PM-CW (plasma membrane attached to the cell wall) fraction, which contains PBPs and 

other periplasmic cell wall enzymes (Hayashi et al., 2016). Microscopy from our 

previous study showed that GFPmut3-SepIVA has a similar localization pattern as the 

IMD-associated arabinogalactan precursor enzyme GlfT2 (Wu et al., 2018).  To 

determine if SepIVA is biochemically associated with the IMD, we performed sucrose 

gradient fractionation on an Msmeg strain with a C-terminal strep tag on SepIVA (Fig. 

2.9a). We found that SepIVA was found in the cytoplasmic fractions 1-2, as well as 

fraction 3, which shows that SepIVA is not biochemically associated with the IMD. GlfT2 

is found in the IMD in fractions 4-6 (Hayashi et al., 2018). MurG, the final cytoplasmic 

enzyme in PG precursor synthesis, which also has a typical IMD-localization pattern 
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(Meniche et al., 2014; García-Heredia et al., 2021), is in both the IMD and the 

cytoplasmic fractions (García-Heredia et al., 2021). Thus, SepIVA and MurG have some 

overlap in their biochemical fractionation in this assay. These results show that SepIVA 

is not an IMD-associated protein; however, the microscopic co-localization of GFPmut3-

SepIVA and IMD-associated proteins suggests (Wu et al., 2018) that it may associate 

indirectly.  

Because other DivIVA homologs are involved in recruiting proteins to their site of 

activity (Marston and Errington, 1999; Halbedel and Lewis, 2019), we hypothesized that 

perhaps SepIVA could be involved in recruiting proteins to its locations near the IMD 

and at the septum. To test this, we looked at the effects of SepIVA depletion on 

localization of GlfT2-mRFP and MurG-Dendra2, which have a similar localization 

pattern (Meniche et al., 2014; Wu et al., 2018). We built an Msmeg strain where the only 

copy of sepIVA has a C-terminal DAS degradation tag, which targets a protein to be 

proteolyzed by ClpP when the SspB protease adaptor is induced by adding Atc (Kim et 

al., 2011; Wu et al., 2018). We transformed this depletion strain with either of the 

localization constructs. We then added Atc to induce sspB expression, leading to 

degradation of SepIVA-DAS, or did not add Atc in the control, and imaged the cells.  We 

found that depletion of SepIVA had mild effects on GlfT2-mRFP localization (Fig. 2.9bc). 

However, we found that MurG-Dendra2 localization was highly sensitive to SepIVA 

degradation. In the strain with SepIVA-DAS and no sspB, MurG-Dendra2 had a 

localization pattern similar to the normal IMD pattern that has been described before 

(Meniche et al., 2014; Hayashi et al., 2016; García-Heredia et al., 2021) (Fig. 2.9df). 

When we transformed the sspB vector into this strain but did not induce sspB  
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Figure 2.9. SepIVA has the same membrane association as MurG, and it affects MurG 
localization. (2.9a) anti-Strep western blot of sucrose gradient fractions. Fractions 4-6 contain 
intracellular membrane domain (IMD) proteins. The green bracket denotes fractionation of 
MurG-Dendra2, as shown in Garcia-Heredia et al. 2021. (2.9b) Micrographs of cells expressing 
or depleting SepIVA and induced for GlfT2-mRFP. Scale bar is 5 microns and applies to all 
images. Pictures of several cells from images processed identically were pasted together. (2.9c) 
Normalized intensity profiles of GlfT2-mRFP signal of cells expressing and depleting SepIVA 
and induced for GlfT2-mRFP. The solid line represents the mean intensity value across the 
relative position of the cell. Cells were pole-sorted such that the brighter pole in the HADA 
channel was set to 0 on the X axis. (2.9d) Micrographs of cells expressing sepIVA::FLAG-das. 
This strain lacks inducible sspB, therefore, SepIVA cannot be depleted in this strain. We refer to 
this strain as ++SepIVA. These images are 12-bit. Scale bar is 5 microns and applies to all 
images. Pictures of several cells from images processed identically were pasted together. (2.9e) 
Micrographs of cells expressing or depleting SepIVA while constitutively expressing MurG-
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Dendra2. These images are 16-bit. Scale bar is 5 microns and applies to all images. Pictures of 
several cells from images processed identically were pasted together. (2.9f) Normalized 
intensity profiles of MurG-Dendra2 signal of cells expressing and depleting SepIVA. The solid 
line represents the mean intensity value across the relative position of the cell. Cells were pole-
sorted such that the brighter pole in the HADA channel was set to 0 on the X axis. 
 

expression, we expect a moderate decrease in SepIVA-DAS levels due to leaky SspB 

expression (Huang et al., 2015; Costello et al., 2019), and we see complete 

delocalization of MurG-Dendra2 (Fig. 2.9ef). When we induce SspB to strongly deplete 

SepIVA-DAS, MurG-Dendra2 localizes in puncta that are randomly distributed around 

the cell (Fig. 2.9ef).  

 Because SepIVA has different effects on GlfT2-RFP and MurG-Dendra2, we 

conclude that SepIVA does not affect IMD structure globally and is not required for IMD-

association of GlfT2. Our results indicate, however, that SepIVA could have a role in 

modulating MurG’s localization and/or association with the membrane. 

2.3f Methylation site mutants on SepIVA affect polar localization of MurG  

We determined that depletion of SepIVA affects localization of MurG more 

strongly than GlfT2 (Fig. 2.9). To determine whether arginine methylation site mutations 

in sepIVA affect MurG or GlfT2 localization, we imaged each fluorescent protein fusion 

in sepIVA wild-type and methyl-mutant strains allele swap strains. We found that the 

distribution of GlfT2-mRFP around the cell was unaffected by methylation site mutations 

(Fig. 2.10abcd). However, MurG-Dendra2 localization was less polar and more septal in 

the methyl-mimetic NT-M mutant (Fig. 2.10efgh) compared to the methyl-ablative 

mutant and the WT. This suggests that an unmethylated N-terminus of SepIVA may 

stimulate MurG’s association with the growing pole (Fig 2.10gh), possibly by recruiting it 

to that site (Fig. 2.5) to promote polar peptidoglycan synthesis and polar elongation (Fig.  
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Figure 2.10. Methylation site mutations on SepIVA polar localization of MurG. (2.10a) 
Images of Msmeg cells expressing L5::sepIVA WT or methylation site mutants and induced for 
GlfT2-mRFP. Scale bar is 5 microns and applies to all images. Pictures of several cells from 
images processed identically were pasted together. (2.10b) Mean GlfT2-mRFP intensity values 
of Msmeg cells expressing L5::sepIVA WT or methylation site mutants and induced for GlfT2-
mRFP. At least 250+ cells across three biological replicates of each mutant were analyzed in 
MicrobeJ. Bar represents mean intensity value. ****, P = <0.0001. (2.10c) Normalized intensity 
profiles of GlfT2-mRFP signal of cells expressing L5::sepIVA WT or methylation site mutants 
and induced for GlfT2-mRFP. The solid line represents the mean intensity value across the 
relative position of the cell. Cells were pole-sorted such that the brighter pole in the HADA 
channel was set to 0 on the X axis. (2.10d) Normalized polar GlfT2-mRFP intensities of WT and 
methylation site mutants. Intensity values were normalized by dividing each cell’s maximum 
polar intensity value by the mean intensity of the whole cell. *, P = 0.0111. (2.10e) Images of 
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Msmeg cells expressing L5::sepIVA WT or methylation site mutants and constitutively 
expressing MurG-Dendra2. Scale bar is 5 microns and applies to all images. Pictures of several 
cells from images processed identically were pasted together. (2.10f) Mean MurG-Dendra2 
intensity values of Msmeg cells expressing L5::sepIVA WT and methylation site mutants. At 
least 250+ cells across three biological replicates of each mutant were analyzed in MicrobeJ. 
Bar represents mean intensity value. ****, P = <0.0001. (2.10g) Normalized intensity profiles of 
MurG-Dendra2 signal of cells expressing L5::sepIVA WT and methylation site mutants. The 
solid line represents the mean intensity value across the relative position of the cell. Cells were 
pole-sorted such that the brighter pole in the HADA channel was set to 0 on the X axis. (2.10h) 
Normalized polar MurG-Dendra2 intensities of WT and methylation site mutants. Intensity 
values were normalized by dividing each cell’s maximum polar intensity value by the mean 
intensity of the whole cell. ***, P = 0.0002. P-values were calculated using ordinary one-way 
ANOVA, Dunnett’s multiple comparisons test, with a single pooled variance in GraphPad Prism 
(v9.2). 
 
2.6, 2.7). SepIVA with a methylated N-terminus may instead decrease MurG’s 

association to the poles (Fig. 2.10gh), which results in decreased polar peptidoglycan 

metabolism (Fig. 2.6cd) and elongation (Fig. 2.7c) resulting in slower growth (Fig. 2.2a). 

We are observing a correlation between MurG polar association (Fig. 2.10gh) and polar 

growth (Fig. 2.7c) in these strains, which could be due to SepIVA directly or indirectly 

regulating MurG. 

To test if arginine methylation site mutants of sepIVA affect the FtsZ ring, we 

expressed ftsZ-mcherry2b in methylation mutants. Our results show that arginine 

methylation of SepIVA does not affect FtsZ-mcherry2B localization (Fig. 2.11). 

Figure 2.11. Arginine methylation of SepIVA does not affect FtsZ-mcherry2B localization. 
(2.11a) Images of cells expressing L5::sepIVA WT and arginine methylation mutants and 
TW::ftsZ-mcherry2B. Pictures of several cells from images processed identically were pasted 
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together. Scale bar applies to all images. (2.11b) Max intensity values of 250+ cells expressing 
L5::sepIVA WT and arginine methylation mutants and TW::ftsZ-mcherry2B. Bar represents 
mean intensity value between cells. The adjusted p-values of each mutant compared to the WT 
are: NT-K = 0.2925; NT-M = <0.0001; and CT-K = 0.0436. At least 2 biological replicate strains 
were imaged for each genotype. P-values were calculated using ordinary one-way ANOVA, 
Dunnett’s multiple comparisons test, with a single pooled variance in GraphPad Prism (v9.2). 
(2.11c) Histogram of distribution FtsZ-mcherry2B max intensity value over the relative length of 
the cell. At least 250+ cells were analyzed. Relative positions of intensities were analyzed in 
MicrobeJ. 
 
2.3g Residues near the C-terminus of SepIVA function in cell division 

 Our preliminary work on individual arginine mutations at the C-terminus of 

sepIVA indicated that these residues affect cell division (Fig. 2.2be). We further 

characterized the sepIVA R234 methylation site mutants. We observed the methyl-

ablative methylation site mutant, R234K, is like the WT in growth rate and cell length, 

while the methyl-mimetic R234M has slower growth, longer cell length and cell 

branching compared to the WT (Fig. 2.12abc). Cell branching is typical of mutants with 

cell division defects in mycobacteria (Wu et al., 2018).  The sepIVA R234M cells also 

elongate slightly more than the WT (Fig. 2.12d), though this is likely to be from the 

increased age of poles in cells with inhibited cell division, as in fig. 2.7b. Thus, the 

sepIVA R234M strain displays inhibited cell division. The R234M strain has higher net 

peptidoglycan metabolism, as measured by NADA staining, than the WT, while the 

R234K has lower peptidoglycan metabolism than the WT (Fig. 2.12e).  Because the two 

R234 mutants have opposing phenotypes, they may mimic the methylated and 

unmethylated states of SepIVA at R234. The data from these mutants suggests that 

arginine methylation at R234 inhibits division, while the unmethylated divides like the 

WT, suggesting that in the conditions measured, SepIVA is likely not methylated at this 

residue. The sepIVA R234 mutant strains both have increased MurG-Dendra2 
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fluorescence signal, but comparable distributions to the wild-type. Here, MurG signal 

does not correlate with difference in cell wall metabolism or growth (Fig. 2.12bcdgh), 

suggesting that regulation of cell division through the C-terminus of SepIVA does not 

involve regulating MurG localization. Our data show that the R234 methylation site is 

crucial for SepIVA’s role in cell division.  

Figure 2.12. Methylation site R234 of SepIVA affects cell division. (2.12a) Images of Msmeg 
cells expressing L5::sepIVA WT and R234 methylation site mutants. Scale bar is 5 microns and 
applies to all images. Pictures of several cells from images processed identically were pasted 
together. (2.12b) Doubling time of Msmeg cells expressing WT or R234 methylation site 
mutants of SepIVA. No outline, darker color bars represent methyl-ablative methylation site 
mutants. Black outline bars represent methyl-mimetic methylation site mutants. At least 3 
biological replicates of each strain were used. Error bars represent standard deviation. **, P = 
0.0012. (2.12c) Cell lengths of SepIVA WT or R234 methylation site mutants. Bars represent 
mean. At least 300 cells over three biological replicates of each strain were analyzed. ****, P = 
<0.0001. (2.12d) Net polar elongation after 1.5 hours in cells expressing L5::sepIVA WT or 
R234 methylation site mutants. Bar represents mean polar elongation. At least 100 cells across 
three biological replicates were analyzed. **, P = 0.0066. (2.12e) Mean NADA intensity values 
of Msmeg cells expressing L5::sepIVA WT or R234 methylation site mutants. Bar represents 
mean intensity value. At least 250+ cells across three biological replicates of each mutant were 
analyzed in MicrobeJ.  P = <0.0001. (2.12f) Normalized intensity profiles of NADA signal of cells 
expressing L5::sepIVA WT or R234 methylation site mutants. The solid line represents the 
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mean intensity value across the relative position of the cell. Cells were pole-sorted such that the 
brighter pole in the NADA channel was set to 0 on the X axis. (2.12g) Mean MurG-Dendra2 
intensity values of Msmeg cells expressing L5::sepIVA WT or R234 methylation site mutants. 
Bar represents mean intensity value. At least 250+ cells across three biological replicates of 
each mutant were analyzed in MicrobeJ. ****, P = <0.0001. All P-values were calculated using 
ordinary one-way ANOVA, Dunnett’s multiple comparisons test, with a single pooled variance in 
GraphPad Prism (v9.2). (2.12h) Normalized intensity profiles of MurG-Dendra2 signal of cells 
expressing L5::sepIVA WT or R234 methylation site mutants. The solid line represents the 
mean intensity value across the relative position of the cell. Cells were pole-sorted such that the 
brighter pole in the HADA channel was set to 0 on the X axis. 
 
 
2.4 Discussion 

Although SepIVA is a DivIVA-like protein, the preliminary data on this factor 

indicate that its function is distinct from other described DivIVA proteins. All other 

described DivIVA proteins localize specifically to the curved membranes at poles and 

septa (Ramamurthi and Losick, 2009). SepIVA has some localization to the septum, but 

it mostly localizes in a ring around the cell near the pole, but not at the pole tip (Wu et 

al., 2018) (Fig. 2.5). This shows that SepIVA is not associated primarily with curved 

membranes like other DivIVA proteins. Other described DivIVA proteins have been 

shown to have functions in promoting polar elongation (Kang et al., 2008; Letek et al., 

2008; Hempel et al., 2008; Melzer et al., 2018), helping to inhibit cell division (Marston 

and Errington, 1999; Eswara et al., 2018) and/or to bind and regulate transcription 

factors (Eswaramoorthy et al., 2014), cell wall enzymes (Cleverley et al., 2019), cell 

division regulators (Eswara et al., 2018), and an envelope saccharide transporter 

(Hammond et al., 2022). None of these DivIVA proteins are essential for cell division, as 

SepIVA is (Wu et al., 2018). While some individual residues on DivIVA homologs have 

been characterized as being involved in these functions, none of these residues are 

conserved in SepIVA. The low conservation between SepIVA and other DivIVA 
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proteins, the difference in localization, and the wide variety of functions and binding 

partners across species make it impossible to use homology to predict how SepIVA 

promotes cell division and regulates elongation. 

 Mycobacteria must regulate peptidoglycan precursor synthesis in coordination 

with cell wall expansion and remodeling needs. Our data indicate that SepIVA likely 

helps regulate the peptidoglycan layer (Fig. 2.6) possibly partly through control of MurG 

(Fig. 2.9, 2.10), which is the final enzyme in the construction of lipidII before it is flipped 

into the periplasm (Gee et al., 2012; Egan et al., 2020). In E. coli, MurG interacts with 

both elongation and division factors (Laddomada et al., 2016; Egan et al., 2020).  

According to our data, mild SepIVA depletion results in even dispersion of MurG 

throughout the cell, and strong SepIVA depletion results in mislocalization of MurG into 

large foci distributed randomly in the cell instead of near the poles (Fig. 2.9ef). We 

speculate that SepIVA is somehow affecting MurG’s association with the Intracellular 

Membrane Domain (IMD) (Hayashi et al., 2016; García-Heredia et al., 2021) or other 

regulators that help cell wall metabolism transition between septal and elongative 

modes – our data do not indicate whether this regulation is direct or indirect. A third 

possibility is that SepIVA depletion is causing the type of cell wall damage that has 

previously been shown to cause MurG to re-localize to the lateral walls (Melzer et al., 

2021). The arginine methylation sites on the N-terminus of SepIVA appear to toggle its 

effect on MurG localization in a way that correlates with polar elongation: the strain with 

the sepIVA N-terminal methyl-mimetic mutations have less polar growth (Fig. 2.7c) and 

less MurG at the poles (Fig. 2.10f). If SepIVA’s role in elongation regulation is to 

regulate MurG’s association and dispersal from the IMD domain at the poles - directly or 
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indirectly - then it appears that when SepIVA is methylated at the N-terminus, it is more 

active in dispersing MurG from the poles. 

 Arginine methylation sites near the C-terminus of SepIVA, specifically R234, 

seem to play a role in regulating cell division (Fig. 2.12). The methyl-mimetic R234M 

mutant showed inhibited division (Fig. 2.12) while the methyl-ablative, R234K, did not. 

Methylation at this arginine residue could be inhibiting cell division. These effects on cell 

division revealed through mutations at the C-terminus appear to be independent of 

MurG localization (Fig. 2.12g). 

Studies on protein arginine methylation done in eukaryotes support its 

importance in cell cycle progression (Biggar and Li, 2015; Raposo and Piller, 2018). Our 

data establish that protein arginine methylation sites on SepIVA affect the mycobacterial 

cell cycle as well. We have found that the arginine methylation sites on SepIVA affect 

both the elongation and division stages of the cell cycle. This work establishes protein 

arginine methylation as a physiologically important post-translational modification in 

bacteria and identifies SepIVA as a potential mediator between the elongation and 

division processes.  

 

2.5 Methods and Materials 

2.5a Bacterial strains and culture conditions. 

Mycobacterium smegmatis (mc2155) was cultured in 7H9 medium (Becton, 

Dickinson, Franklin Lakes, NJ) with 5 g/L bovine serum albumin (BSA), 2 g/L glucose, 

0.85 g/L NaCl, 0.003 g/L catalase, 0.2% glycerol, and 0.05% Tween 80 or plated on LB 

agar. For M. smeg cultures, antibiotic concentrations were: 20 μg/mL nourseothricin, 20 
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μg/mL zeocin, 20 μg/mL streptomycin, 25 μg/mL kanamycin, 50 μg/mL hygromycin, and 

30 μg/mL apramycin. For E. coli cultures, antibiotic concentrations were: 40 μg/mL 

nourseothricin, 25 μg/mL zeocin, 50 μg/mL streptomycin, 50 μg/mL kanamycin, 100 

μg/mL hygromycin, and 50 μg/mL apramycin E. coli TOP10 or DH5α were used for 

cloning.  

2.5b Strain construction 

Because it is essential in M. smegmatis, sepIVA mutants were constructed by 

first integrating an additional copy of sepIVA at the L5 integration site. After 

complementing sepIVA at the L5 site, sepIVA at its native locus was knocked out via 

recombineering (van Kessel and Hatfull, 2008), as previously described (Boutte et al., 

2016). Mutant copies of sepIVA replaced wildtype sepIVA at the L5 site via allelic 

exchange (Pashley and Parish, 2003; Kieser et al., 2015).  

sepIVA depletion strains were constructed as previously described (Wu et al., 

2018). Merodiploid expression constructs of GlfT2-mRFP, FtsZ-mcherry2B, and MurG-

Dendra2 were integrated at the Tweety integrase site (Pham et al., n.d.). The 

merodiploid construct expressing GFPmut3-SepIVA was integrated at the L5 integrase 

site.  

2.5c Growth rate assay 

Biological replicates of sepIVA arginine mutants were grown to log phase in 7H9 

medium. Cultures were diluted to OD600 = 0.1 in 200 μL 7H9 medium in a non-treated 

96-well plate. Optical density at 600 nm was measured over the next 18-24 hours using 

a plate reader (BioTek Synergy neo2 multi-mode reader) at 37°C, shaking continuously. 

Population doubling times were determined using the exponential growth equation and 
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least squares regression fitting method in GraphPad Prism (version 9.2). P values were 

calculated using ordinary one-way ANOVA, Dunnett’s multiple comparisons test, with a 

single pooled variance.  

2.5d Western blots 

Log phase cultures (10 mL) were pelleted and resuspended in 500 μL PBS + 1 

mM phenylmethylsulfonyl fluoride (PMSF). Cells were lysed using glass beads 

(MiniBeadBeater-16, model 607, Biospec). Supernatants from cell lysates were run on 

4–12% NuPAGE Bis Tris precast gels (Life Technologies, Beverley, MA) using MES 

running buffer (Life Technologies, Beverly, MA). Proteins were transferred onto 

polyvinylidene difluoride (PVDF) membranes (GE Healthcare). Strep-tagged proteins 

were detected using rabbit anti-Strep-tag II antibody (1:1000, Abcam, ab76949) in Tris-

buffered saline with Tween 20 (TBST) with 0.5% BSA and goat anti-rabbit IgG (H+L) 

horseradish peroxide (HRP)-conjugated secondary antibody (1:10,000, Thermo Fisher 

Scientific 31460) in TBST. Tagged proteins were visualized using chemiluminescent 

reagents (Thermo Fisher Scientific 34579). 

2.5e Microscopy 

Cells were imaged using a Nikon Ti-2 widefield epifluorescence microscope with 

a Photometrics Prime 95B camera and a Plan Apo 100X, 1.45 -numerical-aperture 

objective. Green-fluorescent images for GFPmut3 or Dendra2 localization or NADA 

staining were taken with a 470/40nm excitation filter and a 525/50nm emission filter. 

Blue-fluorescent images for HADA staining were taken with a 350/50nm excitation filter 

and a 460/50nm emission filter. Red-fluorescent images for mRFP and mcherry2B 

localization were taken with a 560/40nm excitation filter and a 630/70 emission filter. 
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Images were captured using NIS Elements software. Images were analyzed using FIJI 

and MicrobeJ (Ducret et al., 2016). For cell detection using MicrobeJ, parameters for 

width and area were set. V-snapping cells were cut at the septum so daughter cells 

could be detected as individual cells. Overlapping cells were excluded from analysis.  

 Cell lengths, mean intensities, maximum intensities, and minimum intensities of 

at least 250 cells per genotype were quantified using MicrobeJ. Mean intensity profiles 

were plotted using the “XStatProfile” plotting tool in MicrobeJ. P-values were calculated 

using ordinary one-way ANOVA, Dunnett’s multiple comparisons test, with a single 

pooled variance using GraphPad Prism (v9.2). 

2.5f Localization of cell wall proteins upon SepIVA depletion.  

For depletion of SepIVA, log phase cells (10 mL) were incubated (37°C) with 500 

ng/mL Anhydrotetracycline (ATc) for 7-9 hours. For induction of GlfT2-mRFP, 1 ng/mL 

IVN were added, and cells were incubated (37°C) for 5 hours. Cells were fixed for 

microscopy. Cells were fixed for microscopy with 1.6% paraformaldehyde for 10 

minutes and then washed and resuspended in PBS tween80. Microscopy images were 

analyzed in ImageJ and MicrobeJ. P-values calculated by unpaired t-test using 

GraphPad Prism (v9.2). 

2.5g Fluorescent staining 

HADA (ThermoFisher) and NADA (ThermoFisher) fluorescent D-alanine amino 

acids were used to stain the peptidoglycan cell wall layer (Kuru et al., 2012). For PG 

analysis, NADA stain was added to 1 mL exponentially growing cells at a final 

concentration of 1 ug/mL for 3 minutes at room temperature before washing twice in 

PBST. For pulse-chase experiments, HADA (1 ug/mL) was added for 15 minutes before 
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cells were washed twice in 7H9, incubated (37°C) for 1.5 hours, and stained again using 

NADA (1 ug/mL) for 3 minutes at room temperature. Cells were washed twice in PBST 

and imaged. Images were analyzed in ImageJ (NIH). The length of the poles and the 

length of the entire cell were measured manually for each cell.  

2.5h Sucrose Density Gradient Fractionation 

 Sucrose density gradient fractionation was performed as previously described 

(Hayashi et al., 2016). In brief, cells were grown to log phase and lysed by nitrogen 

cavitation. Lysate was then placed on top of a 20-50% sucrose gradient and centrifuged 

at 35,000 rpm for 6 hours at 4°C. Twelve one-mL fractions were collected and analyzed.  

2.5i Immunoprecipitation and mass spectrometry 

We previously performed LCQ-MS/MS to identify peptides from Mtb cell lysates 

(Garces et al., 2010). Here, we re-analyzed those data to search for modifications in 

peptides, using Andromeda software.  

SepIVA-strep was immunoprecipitated from CB1223. Cells were grown to late 

log. phase, pelleted and resuspended in PBS with PMSF at 1 mM, lysed by bead 

beating, and clarified by centrifugation. Immunoprecipitation was performed with 

MagStrep type 3 XT beads (Iba Life Sciences, Gottingen, Germany) according to the 

manufacturers protocol. Liquid was evaporated from the immunoprecipitants, and then 

digested by Trypsin/Lys-C Mix, Mass Spec Grade protease (Promega), according to the 

manufacturer’s protocols for reduction, alkylation and two-step in-solution digestion of 

proteolytically resistant proteins. The digested peptide solution was then cleaned by 

C18-Ziptips (Sigma Aldrich) according to the manufacturers protocol.  
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LC-MS analysis was performed on LTQ Velos pro mass spectrometer (Thermo 

Scientific, CA, USA) combined with a UHPLC (UltiMate 3000, Dionex, USA). The 

digested peptides were separated by a nano viper analytical C18 column. (Acclaim 

pepMap, 150 mm × 75μm, 2μm, 100 Å, Thermo Scientific, CA, USA). A 60 min gradient 

method was used to separate the digested peptides (0–3 min 4.0%B, 3–50 min 4.0–

50.0% B, 50–50.1 min 50–90% B,50.1–55 min 90% B, 55–55.1 min 90–4% B, 55.1–60 

min 4% B; mobile phase A: 0.1% FA in water; mobile phase B: 0.1% FA in 95% 

acetonitrile, 5% water). 5μL of digested samples was injected at 300 nL/min flow. The 

nano-electrospray ionization (ESI) source used with a fixed spray voltage at 2.4 kV and 

a heated capillary temperature at 275 °C. A full MS spectrum obtained in normal scan 

mode from 350 to 2000 m/z mass range. The data-dependent acquisition was 

performed to get the MS/MS spectra for the 5 most abundant ions. The software 

Proteome Discoverer (Thermo Scientific, USA) was used to search and identify the 

peptides. LC-MS was performed at the Shimadzu Center for Advanced Analytical 

Chemistry at UT Arlington.  
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3.1 Abstract 

 Mycobacteria have a distinct cell wall that is strictly regulated to tolerate stressful 

environments. Many of the factors involved in regulating the mycobacterial cell wall are 

unknown. Our previous work characterized methylation sites on the cell division 

regulator, SepIVA. While our results suggest that arginine methylation on SepIVA helps 

the protein balance regulation of elongation and septation, the molecular function of 

SepIVA is still unknown. One methylation site, R230, on SepIVA proved to be an 

arginine residue that is essential for SepIVA’s function in cell division. Here, we 

characterize the R230 methyl-ablative and methyl-mimetic mutants. Our work shows 

that this residue is crucial for SepIVA to regulate cell division, regardless of methylation 

state.  

 
3.2 Introduction 

 The genus Mycobacteria includes the pathogenic bacterium, Mycobacterium 

tuberculosis (Mtb), the causative agent of tuberculosis (TB). A key challenge in the TB 

epidemic is the tolerance of the bacillus to stress, including antibiotics. This 

phenomenon is partly responsible for the lengthy treatment regimen required to treat TB 

(World Health Organization, 2022). Rifampin is currently one of four drugs used to treat 

drug-susceptible TB infections. However, many TB infections are rifampin-resistant 

(World Health Organization, 2022). Developing better treatments for TB will require 

understanding how mycobacterial cells adapt to environmental stresses, like those seen 

in infection. When mycobacteria encounter stress, the cell wall is heavily remodeled, 

and cells decrease in size (Wu et al., 2016). Cell wall remodeling requires strict 

regulation of the cell wall. While plenty of research has been done to identify the 
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enzymes involved in construction of the cell wall, how these enzymes are regulated is 

still largely unknown. There is evidence that proteins like Wag31 (Jani et al., 2010), 

CwlM (Boutte et al., 2016) and SepIVA (Wu et al., 2018) have a role in cell division, 

even though they lack enzymatic function. This supports that these proteins are 

regulators of cell wall enzymes and could mediate cell wall changes in stress.  

 SepIVA is an essential division factor conserved among the Corynebacteria (Jani 

et al., 2010; Wu et al., 2018). SepIVA contains a DivIVA-domain. Proteins containing 

DivIVA-domains typically localize to cell poles and function by recruiting and regulating 

other proteins at the poles (Cha and Stewart, 1997). DivIVA in B. subtillis is involved in 

septal site establishment, and it works by recruiting septal inhibitors to the poles 

(Edwards and Errington, 1997). SepIVA localizes to the septum, indicating that SepIVA 

is part of the divisome (Wu et al., 2018), like DivIVA in B. subtilis and Wag31, the other 

DivIVA homolog in mycobacteria (Kang et al., 2008). While DivIVA and SepIVA both co-

localize with the divisome, SepIVA proteins are more evenly disbursed throughout the 

cell, versus Wag31, which localizes as puncta near the poles and midcell (Kang et al., 

2008; Habibi Arejan et al., 2023). Wag31 and SepIVA have opposing phenotypes when 

depleted, therefore, the proteins are not-functionally redundant, despite both having 

DivIVA domains (Kang et al., 2008; Jani et al., 2010; Wu et al., 2018). To understand 

the function of SepIVA without depleting the protein, we investigated the effects of post-

translational modifications of SepIVA.  

Our data in chapter 2 show that SepIVA is post-translationally modified via 

protein arginine methylation. In chapter 2, we concluded which arginine methylation 

sites on SepIVA help Mycobacterium smegmatis balance elongation and septation. In 
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chapter 3, we characterized arginine methylation site R230 in both methyl-ablative and 

methyl-mimetic states. We also perform a suppressor mutation screen in search of 

potential pathways that SepIVA may be involved in. Our work shows that R230 is 

important for SepIVA’s role in cell division, regardless of methylation state.  

 

3.3 Results 

3.3a R230 is crucial for SepIVA’s molecular function in cell division 

When SepIVA is depleted, cells become long and filamentous, suggesting that 

septation is not being activated (Wu et al., 2018). While investigating the role of arginine 

methylation sites on SepIVA, discussed in chapter 2, I discovered that both methyl-

ablative and methyl-mimetic R230 site mutations lead to similar growth phenotypes. 

These growth defects were less severe compared to when SepIVA is depleted (Wu et 

al., 2018). The doubling times of R230K (methyl-ablative) and R230M (methyl-mimetic) 

were both significantly greater than the WT (Fig. 3.1b). Looking under the microscope, I 

saw that R230 mutant cells were greater in length compared to the WT (Fig. 3.1ac). 

Since both methylation state mutants were longer in length and grew slower than the 

WT, we concluded that this residue was crucial to SepIVA’s regulation of cell division, 

rather than methylation of R230. 

To investigate whether R230 helped SepIVA regulate polar elongation, as well as 

division, I measured how much cells elongated in 1.5 hours. My results suggested that 

R230 mutants elongated more in 1.5 hours compared to the WT (Fig. 3.1d). However, 

because division is clearly inhibited in these cells, there is no new pole formation. As 

mycobacteria elongate from the poles, with the pole established after a division cycle 
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growing slower than the older pole (Kieser and Rubin, 2014), if no new pole is ever 

established, then only old poles will be measured. Since the old pole elongates faster 

than the new pole, only measuring old poles would lead to the appearance of greater 

elongation versus measuring both old and new poles. This led us to conclude that R230 

is needed for SepIVA’s role in division versus elongation.      

 

Figure 3.1. R230 on SepIVA is needed for its function in cell division. (3.1a) Images of 
Msmeg cells expressing L5::sepIVA WT and R230 methylation site mutants. Scale bar is 5 
microns and applies to all images. Pictures of several cells from images processed identically 
were pasted together. (3.1b) Doubling time of Msmeg cells expressing WT or R230 methylation 
site mutants of SepIVA. No outline, darker color bars represent methyl-ablative methylation site 
mutants. Black outline bars represent methyl-mimetic methylation site mutants. At least 3 
biological replicates of each strain were used. Error bars represent standard deviation. ****, P = 
<0.0001. (3.1c) Cell lengths of SepIVA WT or R230 methylation site mutants. Bars represent 
mean. At least 300 cells over three biological replicates of each strain were analyzed. ****, P = 
<0.0001. (3.1d) Net polar elongation after 1.5 hours in cells expressing L5::sepIVA WT or R230 
methylation site mutants. Bar represents mean polar elongation. At least 100 cells across three 
biological replicates were analyzed. ****, P = <0.0001. All P-values were calculated using 
ordinary one-way ANOVA, Dunnett’s multiple comparisons test, with a single pooled variance in 
GraphPad Prism (v9.2). 
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3.3b R230 on SepIVA contributes to antibiotic resistance 

 A key challenge to fighting the TB epidemic is the increasing number of cases of 

multi-drug resistant infections (World Health Organization, 2022). Since one of the ways 

drug resistances can develop is strict regulation of the mycobacterial cell wall, we tested 

our SepIVA R230 mutants for increased susceptibility to antibiotics. We determined the 

minimum inhibitory concentration (MIC) of two beta-lactam antibiotics, meropenem 

(Pryka and Haig, 1994) and cefoxitin (Wallick and Hendlin, 1974), and rifampin, which 

inhibits RNA synthesis (Hinkle et al., 1972). Our results showed increased susceptibility 

to all three antibiotics tested, compared to the WT (Fig. 3.2). 

 

Figure 3.2 R230 methylation site has a role in antibiotic susceptibility. (3.2a) MIC of 
meropenem against WT and R230 methylation site mutants. Mean MIC of WT = 2.8 ug/mL. 
Mean MIC of R230K = 0.36 ug/mL. Mean MIC of R230M = 0.42 ug/mL. ***, P = 0.0008. ****, P = 
<0.0001.  (3.2b) MIC of cefoxitin against WT and R230 methylation site mutants. Mean MIC of 
WT = 23.27 ug/mL. Mean MIC of R230K = 1.25 ug/mL. Mean MIC of R230M = 1.17 ug/mL. ***, 
P = 0.0001. ****, P = <0.0001. (3.2c) MIC of rifampin against WT and R230K methylation site 
mutant. Mean MIC of WT = 2 ug/mL. Mean MIC of R230K = 1.33 ug/mL. MIC of rifampin against 
R230M site mutant was not performed.  P-values were calculated using ordinary one-way 
ANOVA, Dunnett’s multiple comparisons test, with a single pooled variance in GraphPad Prism 
(v9.2). 
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 Despite differences in MIC of the three antibiotics tested between the WT and 

R230 mutants, it should be noted that statistically significant differences were only seen 

with beta-lactam antibiotics (Fig 3.2ab). Since it seems that R230 is needed for SepIVA 

function, this finding supports our conclusion in chapter 2, that SepIVA broadly 

regulates the peptidoglycan layer of the cell wall (Fig. 2.6). 

3.3c Suppressor mutations in R230K strains restore slow growth rate to WT 

 To further investigate the molecular mechanism of SepIVA, I performed 

suppressor screens of R230K mutants. Since R230K strains have similar phenotypes to 

strains with depleted SepIVA protein, this mutant was an ideal candidate for suppressor 

mutations in pathways that SepIVA could be involved in. To perform the suppressor 

screen, I passaged cultures of three R230K parent strains for 10 days (Fig. 3.3a). I 

performed growth curves on individual colonies grown from streak plates of each of the 

passaged cultures to find isolates with growth rates comparable to the WT (Fig. 3.3b). If 

isolates had restored growth rates to the WT rate, they were sent for whole genome 

sequencing to look for suppressor mutations (Fig. 3.3b, isolates marked with ‘*’). Our 

suppressor screen showed mutations in MSMEG_2739, MSMEG_5872, MSMEG_6828 

and an unknown MSMEG gene, with the most compelling mutations in MSMEG_2739 

(Fig. 3.3c).   

 Msmeg_2739 is a protein of unknown function with a transmembrane domain 

(Yates et al., 2022) and is non-essential for cell viability (DeJesus et al., 2017). 

Conserved domain analysis showed that Msmeg_2739 contains a Leu-Gly-Phe-Pro 

(LGFP) repeat domain (Lu et al., 2020). While the function of LGFP domains remains 

unknown, other proteins with this domain interact with cell wall components, such as 
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MytA in Corynebacterium glutamicum, which interacts with arabinogalactan and 

peptidoglycan polymers (Dietrich et al., 2020). If the LGFP domain of Msmeg_2739 was 

 

Figure 3.3 R230K suppressor screen methodology and results. (3.3a) Schematic of 
passaging method used to promote suppressor mutation formation. (3.3b) Doubling times of 
R230K parent (dark color) and suppressor strains (light color). Isolates with doubling times like 
the WT were sent for whole genome sequencing, denoted with ‘*’. (3.3c) Chart depicting 
mutations found in whole genome sequences of R230K suppressor strains when compared to 
the WT genome. Nucleotide insertions are denoted as “# bp ->” followed by nucleotide(s) 
inserted and insertion site.  
 
interacting with cell wall components, then SepIVA could be regulating Msmeg_2739 

and its role in cell growth. However, further investigation of the relationship between 

SepIVA and Msmeg_2739 would have to be done. All genes found in our suppressor 

mutations and their potential functions can be found in table 3.1. 
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Table 3.1 Potential suppressors of sepIVA R230K growth defect 

MSMEG # Gene name Protein function Essential? (y/n) 

MSMEG_2739 - Transmembrane alanine and 
glycine rich protein No 

MSMEG_5872 phoP DNA-binding response 
regulator No 

MSMEG_6828 - Transcriptional regulator No 
NO MSMEG # - Diol dehydratase reactivase - 

 

3.4 Discussion 

 In this chapter, we characterized the R230 methylation site found near SepIVA’s 

C-terminus. Our results suggest that this arginine residue is essential for SepIVA’s 

function in cell division, regardless of methylation state. This provided us with insight 

into the overall function of SepIVA. Based on the inhibited cell division (Fig. 3.1abc) and 

the increased susceptibility to beta-lactam antibiotics (Fig. 3.2ab), SepIVA could be 

regulating specifically the peptidoglycan layer of the cell wall. This is supported by our 

findings in chapter 2, specifically figures 2.6 and the effects on MurG localization seen 

in figure 2.9.  

 Because our suppressor screen largely uncovered uncharacterized proteins, it is 

difficult to make concrete conclusions about this data. I speculate that the LGFP domain 

of Msmeg_2739 interacts with cell wall components, such as arabinogalactan or 

peptidoglycan polymers. If this is true, SepIVA could be regulating this protein and its 

interaction with cell wall components. However, a lot of work would need to be done to 

confirm this speculation.  
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3.5 Methods and Materials  

3.5a Bacterial strains and culture conditions. 

Mycobacterium smegmatis (mc2155) was cultured in 7H9 medium (Becton, 

Dickinson, Franklin Lakes, NJ) with 5 g/L bovine serum albumin (BSA), 2 g/L glucose, 

0.85 g/L NaCl, 0.003 g/L catalase, 0.2% glycerol, and 0.05% Tween 80 or plated on LB 

agar. For M. smeg cultures, antibiotic concentrations were: 20 μg/mL nourseothricin, 20 

μg/mL zeocin, and 25 μg/mL kanamycin. For E. coli cultures, antibiotic concentrations 

were: 40 μg/mL nourseothricin, 25 μg/mL zeocin, and 50 μg/mL kanamycin. E. coli 

TOP10 or DH5α were used for cloning.  

3.5b Strain construction 

Because it is essential in M. smegmatis, sepIVA R230 mutants were constructed 

by first integrating an additional copy of sepIVA at the L5 integration site. After 

complementing sepIVA at the L5 site, sepIVA at its native locus was knocked out via 

recombineering (van Kessel and Hatfull, 2008), as previously described (Boutte et al., 

2016). Mutant copies of sepIVA replaced wildtype sepIVA at the L5 site via allelic 

exchange (Pashley and Parish, 2003; Kieser et al., 2015).  

3.5c Growth rate assay 

Biological replicates of sepIVA arginine mutants were grown to log phase in 7H9 

medium. Cultures were diluted to OD600 = 0.1 in 200 μL 7H9 medium in a non-treated 

96-well plate. Optical density at 600 nm was measured over the next 18-24 hours using 

a plate reader (BioTek Synergy neo2 multi-mode reader) at 37°C, shaking continuously. 

Population doubling times were determined using the exponential growth equation and 

least squares regression fitting method in GraphPad Prism (version 9.2). P values were 
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calculated using ordinary one-way ANOVA, Dunnett’s multiple comparisons test, with a 

single pooled variance.  

3.5d Microscopy 

Cells were imaged using a Nikon Ti-2 widefield epifluorescence microscope with 

a Photometrics Prime 95B camera and a Plan Apo 100X, 1.45 -numerical-aperture 

objective. Images were captured using NIS Elements software. Images were analyzed 

using FIJI and MicrobeJ (Ducret et al., 2016). For cell detection using MicrobeJ, 

parameters for width and area were set. V-snapping cells were cut at the septum so 

daughter cells could be detected as individual cells. Overlapping cells were excluded 

from analysis.  

 Cell lengths of at least 250 cells per genotype were quantified using MicrobeJ. P-

values were calculated using ordinary one-way ANOVA, Dunnett’s multiple comparisons 

test, with a single pooled variance using GraphPad Prism (v9.2). 

3.5e Fluorescent staining 

HADA (ThermoFisher) and NADA (ThermoFisher) fluorescent D-alanine amino 

acids were used to stain the peptidoglycan cell wall layer (Kuru et al., 2012). For pulse-

chase experiments, HADA (1 ug/mL) was added for 15 minutes before cells were 

washed twice in 7H9, incubated (37°C) for 1.5 hours, and stained again using NADA (1 

ug/mL) for 3 minutes at room temperature. Cells were washed twice in PBST and 

imaged. Images were analyzed in ImageJ (NIH). The length of the poles and the length 

of the entire cell were measured manually for each cell.  
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3.5f Passaging of strains to allow for suppressor mutations 

 Three biological replicates of SepIVA R230K methylation site mutants were 

grown in 7H9 media from frozen stocks. Once in log phase, 100 uL of culture was 

transferred into fresh 5 mL of 7H9. This was repeated daily for 10 days to allow for 

suppressor mutations to form. On day 10, 100 uL of each culture was plated on LB agar 

plates and incubated at 37°C for 3 days. From each plate, 3 larger colonies were grown 

up in 7H9 for growth rate analysis.  

3.5g Genomic DNA isolation for whole genome sequencing  

 The genomic DNA (gDNA) was isolated from six fast-growing suppressor strains. 

gDNA isolation was done according to the phenol:chloroform:isoamyl alcohol (15:24:1) 

method(Sambrook and Russel, 2001). Samples were prepped according to guidelines 

set by SeqCenter (PA, USA). Samples were sent to SeqCenter for whole genome 

sequencing and variant calling. Genome sequences were compared to genome 

sequence of mc2155 DsepIVA::zeoR L5::sepIVA-strep. Differences between WT and 

R230K genomes were considered potential suppressor mutations.  

3.5h Minimum inhibitory concentration determination 

 Three biological replicates of SepIVA WT and R230K methylation site mutants 

were grown in 7H9 media from frozen stocks. Once in log phase, cultures were diluted 

back to OD = 0.002. Antibiotics were diluted by half between each column of wells on 

96-well plate, from highest concentration on the left to lowest on the right. Two control 

columns were used, one with no antibiotic and one with no bacteria and highest 

antibiotic concentration. To each well, 100 uL of media and 100 uL of culture were 

added. Plates were incubated at 37°C for 48 hours, shaking continuously. To measure 
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any metabolic activity, a 0.02% solution of Alamar Blue (resazurin) was made. 20 uL 

were added to each well and plates were incubated at 37°C for 24 hours, shaking 

continuously. After incubation, color change from blue to purple or pink were recorded 

as growth. The lowest concentration of antibiotic that did not permit growth was 

considered the MIC. P values were calculated using ordinary one-way ANOVA, 

Dunnett’s multiple comparisons test, with a single pooled variance. 

  



 71 

Chapter 4: Investigating the role of SepIVA in the DNA 

damage response in Mycobacterium smegmatis 

Angela Freeman1, Cara Boutte1, Anusuya Nepal1 

 
1Department of Biology, University of Texas at Arlington, Arlington, Texas, USA 

  



 72 

4.1 Abstract 

 The environment inside the human lung is full of stressors stemming from the 

host’s immune defense against infections like tuberculosis (TB). Some of these 

stressors include reactive oxygen species which cause DNA damage in bacterial cells. 

Mycobacterium tuberculosis (Mtb), the causative agent of TB, has tools, such as 

nucleotide excision repair, to combat DNA damage and maintain integrity of the 

genome. Additionally, mycobacteria can strictly regulate cell division in response to 

environmental stress. In this chapter, we investigate the relationship between the cell 

division regulator, SepIVA and DNA damage repair protein, UvrA. Our findings suggest 

that SepIVA and UvrA are both involved in the cell’s response to DNA damage. 

However, the two proteins appear to be involved in separate DNA damage repair 

pathways. 

 
4.2 Introduction 

4.2a Coupling cell division and DNA replication 

 For bacterial cell division to occur, the chromosome must be fully replicated and 

segregated. This checkpoint, mediated by FtsK, results in two intact chromosomes, fully 

separated into two daughter cells (Sherratt et al., 2010). If DNA damage occurs, cell 

division will be halted until the chromosome can be repaired. While division is 

downregulated, elongation continues, resulting in long, filamentous cells (Raghunathan 

et al., 2020). In E. coli, division is inhibited by SlmA, which interacts with Min system 

proteins and FtsZ to prevent Z-ring formation when DNA is damaged (Bernhardt and de 

Boer, 2005). Additionally, E. coli cells can inhibit division in response to DNA damage 

through the Z-ring antagonist SulA. SulA destabilizes FtsZ polymers to inhibit division, 



 73 

specifically in the presence of damaged DNA(Mukherjee et al., 1998; Burby and 

Simmons, 2019; Vedyaykin et al., 2020). Since mycobacteria lack both the Min system 

and SulA, there are still many questions about how mycobacterial cells down regulate 

division when DNA is damaged. 

4.2b DNA damage repair in mycobacteria  

One of the multiple ways that mycobacteria fix DNA damage is through 

nucleotide-excision repair (NER). NER is highly conserved across prokaryotes and 

consists of Uvr proteins, UvrABCD (Hu et al., 2017). Damaged DNA is recognized by 

UvrA and UvrB, prompting UvrA to disassociate with UvrB (Van Houten and Snowden, 

1993). UvrB interacts with excinuclease, UvrC, which excises 12 or 13 bp fragments 

from the chromosome around the damaged DNA. UvrB and UvrC are bumped out of 

place by DNA helicase, UvrD. UvrD and DNA polymerase I then fill the 12 to 13 bp gap 

in DNA, with intact DNA, and the chromosome is repaired (Husain et al., 1985; Sibghat-

Ullah et al., 1990; Singh, 2017; Thakur et al., 2020). The Uvr proteins are highly 

characterized in E. coli, but in mycobacteria, characterization of these proteins and their 

connection to cell division is still being investigated.  

Our work in chapter four aims to link DNA damage repair systems, specifically 

NER, to cell division. We found that multiple Uvr proteins are potential interactors with 

cell division regulator, SepIVA. Our results show that SepIVA is involved in regulating 

division in response to DNA damage. However, we believe that SepIVA’s connection to 

DNA damage is through a different repair system than those involving Uvr proteins.  
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4.3 Results 

4.3a UvrAB are potential interactors of SepIVA 

 There are many environmental factors that can cause cell division regulators, like 

SepIVA, to modify division. In search of pathways that SepIVA could be involved in, we 

looked for SepIVA interactors. We immunoprecipitated SepIVA-strep and identified 

interactors via mass spectrometry (Schmidt and Skerra, 2007). Interestingly, our results 

included multiple Uvr proteins as potential SepIVA interactors, with UvrA being the most 

abundant (Table 4.1). This led us to hypothesize that SepIVA is regulating cell division 

when DNA is damaged through its relationship with UvrA. 

 
Table 4.1 SepIVA-strep pulldown data1 

Protein Description IP abundance 
(control) 

IP abundance 
(SepIVA-IP) Ratio 

UvrA UvrABC system protein A 283304.8926 16380160.28 57.81813 

UvrB UvrABC system protein B 2649133.141 13300662.06 5.02076 

UvrC UvrABC system protein C - 430190.5938 - 
1 IP abundance (control) indicates amount of peptide from strain without SepIVA-strep. IP 
abundance (SepIVA-IP) indicates amount of peptide from SepIVA-strep strain. Ratio equals 
abundance of protein from SepIVA-IP divided by control-IP.  
 
4.3b UvrA promotes survival in DNA damage 

 To investigate the relationship between SepIVA and UvrA, I constructed a 

DuvrA::hygR strain via recombineering (Murphy et al., 2015). DNA damage was induced 

using the cancer drug, mitomycinC (mitoC), which causes damage by crosslinking DNA 

(Iyer and Szybalski, 1963; Sinawe and Casadesus, 2022). We tracked how WT and 

DuvrA strains survived over 24 hours in the presence of DNA damage. Our results show 
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that UvrA promotes survival in DNA damage (Fig. 4.1). This led us to investigate 

whether SepIVA played a role in the DNA damage response.   

Figure 4.1 Survival of WT and DuvrA strains after DNA damage. Colony forming units/mL of 
WT and DuvrA strains over 24 hours after addition of mitomycin C (25 ng/mL). Three biological 
replicates were used for each strain.  
 
4.3c DNA damage, but not UvrA, affects GFPmut3-SepIVA localization 

 Our findings in chapter 2 suggest that SepIVA has both a role in elongation and 

septation. When DNA has been damaged, septation is down regulated, while elongation 

continues (Raghunathan et al., 2020). SepIVA localizes to the septum late in the cell 

cycle, presumably to activate septation, since septation does not occur when SepIVA is 

depleted (Wu et al., 2018). To determine if SepIVA localization changes when division is 

down regulated due to DNA damage, we localized GFPmut3-SepIVA after mitoC 

treatment for 5 hours. Our results show that GFPmut3-SepIVA localization is largely 

near the cell poles and less septal after DNA damage (Fig. 4.2ab). This is consistent 

with previous work that suggests SepIVA is activating septation (Wu et al., 2018), since 

without SepIVA located at the septum, division is inhibited. We also observed 

GFPmut3-SepIVA localization with and without uvrA in the presence of DNA damage. 

A. Survival after DNA damage 
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Our results showed that GFPmut3-SepIVA re-localization in DNA damage is not 

affected by DuvrA (Fig. 4.2c). This further supports that SepIVA and UvrA are 

independently involved in DNA damage responses, versus working in the same 

pathway.  

 

 
Figure 4.2. DNA damage, but not UvrA, affects septal localization of SepIVA. (4.2a) Images 
of Msmeg cells expressing L5::GFPmut3-sepIVA WT. Strains are merodiploid. Phase images 
are in the left column. Fluorescence images of GFPmut3-SepIVA are in the right column. Scale 
bar applies to all images. Pictures of several cells from images processed identically were 
pasted together. (4.2b) Normalized Intensity profiles of GFPmut3-SepIVA signal of WT SepIVA 
+/- mitomycin C treatment. MitoC was added at 50 ng/mL and incubated at 37°C for 5 hours. 
The solid line represents the mean intensity value across the relative position of the cell. 
Normalized intensity values were generated by dividing each position’s intensity value by the 
mean intensity value. Cells were pole-sorted such that the brighter pole in the HADA channel 
(not shown) was set to 0 on the X axis. (4.2c) Normalized Intensity profiles of GFPmut3-SepIVA 
signal of WT SepIVA +/- uvrA. The solid line represents the mean intensity value across the 
relative position of the cell. Normalized intensity values were generated by dividing each 
position’s intensity value by the mean intensity value. Cells were pole-sorted such that the 
brighter pole in the HADA channel (not shown) was set to 0 on the X axis. 
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4.3d DuvrA affects mean cell length after DNA damage, but not doubling time of 

SepIVA arginine methylation site mutants 

We looked for growth defects in our SepIVA arginine methylation site mutants 

with and without UvrA. We then tested the same mutants after addition of mitoC. Our 

results showed that all mutants had a greater doubling time after induction of DNA 

damage, and that SepIVA arginine methylation site mutants had an even greater 

doubling time compared to WT SepIVA (Fig. 4.3a) However, differences in doubling 

time seemed to be independent of UvrA (Fig. 4.3a), meaning that strains that grew 

slower were likely due to mutations in SepIVA, not UvrA.  

To determine if differences in growth were due to changes in elongation or 

division, I measured the cell length of SepIVA arginine methylation site mutants with  

and without uvrA and before and after mitoC treatment. Cultures were treated with 

mitoC at 25 ng/mL for 5.5-6 hours. In the presence of DNA damage, all strains were 

longer in length compared to untreated strains (Fig. 4.3b). This is consistent with the 

downregulation of septation when DNA is damaged, while elongation continues. 

Notably, all DuvrA, SepIVA arginine methylation mutants were longer in length after 

DNA damage, compared to WT SepIVA apart from the DuvrA, WT SepIVA strain (Fig. 

4.3b). This suggests that UvrA and SepIVA both contribute the DNA damage response, 

but likely through different mechanisms of action. When WT SepIVA is present, UvrA is 

not needed to recover from DNA damage. However, if sepIVA is mutated, then cells 

may need to rely on other DNA damage response pathways, such as NER, involving 

UvrA. When SepIVA arginine methylation sites are mutated in a DuvrA background, two 

DNA damage response systems are impaired, supported by the additive effect on cell 
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lengths. If SepIVA and UvrA were working in the same pathway, knocking out uvrA and 

mutating sepIVA would have equal effects when DNA is damaged.  

 
Figure 4.3 DuvrA and SepIVA arginine methylation site mutants affect cell length, but not 
doubling time in the presence of DNA damage. (4.3a) Doubling times of allele-swap M. smeg 
cells expressing uvrA or DuvrA and WT or arginine methylation site mutants of SepIVA, with and 
without mitomycin C treatment. MitoC was added at 25 ng/mL at t=0 of growth curve. Filled in 
bars represent uvrA strains. Outlined bars represent DuvrA strains. Left: doubling times without 
mitoC treatment, right: doubling times after mitoC treatment. At least 3 biological replicates of 
each strain were used. Error bars represent standard deviation. ****, P = <0.0001. WT SepIVA 
+mitoC vs. R230K DuvrA +mitoC, **, P = 0.0057. WT SepIVA +mitoC vs. R234M +mitoC, **, P = 
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0.0014. WT SepIVA +mitoC vs. R234M DuvrA +mitoC, ***, P = 0.0004.  (4.3b) Cell lengths of 
cells expressing uvrA or DuvrA and SepIVA WT or arginine methylation site mutants. Bars 
represent mean. Left: length without mitoC treatment, right: lengths after mitoC treatment at 25 
ng/mL for 5.5-6 hours. At least 300 cells over three biological replicates of each strain were 
analyzed. WT SepIVA vs. R230K, ***, P = 0.0006, WT SepIVA vs. DuvrA R230K, **, P = 0.0015.  
****, P = <0.0001. P-values were calculated using ordinary one-way ANOVA, Dunnett’s multiple 
comparisons test, with a single pooled variance in GraphPad Prism (v9.2). 
 
4.3e UvrA and SepIVA have individual roles in susceptibility to DNA damage 

agents 

 To further determine if SepIVA and UvrA work together or independently to 

response to DNA damage, we tested the minimum inhibitory concentration (MIC) of 

mitoC needed to prevent growth. Our results showed that SepIVA arginine methylation 

site mutants only grew at mitoC concentrations considerably lower than the WT (Fig. 

4.4). Furthermore, DuvrA SepIVA methylation site mutants only grew at even lower 

concentrations of mitoC, compared to those with uvrA present (Fig. 4.4).  

Figure 4.4 MIC of mitomycin C against DuvrA and SepIVA arginine methylation site 
mutants. Mean MIC of WT SepIVA = 102 ng/mL. Mean MIC of DuvrA = 117 ng/mL. Mean MIC 
of NTK = 102.5 ng/mL. Mean MIC of NTK DuvrA = 5.5 ng/mL. Mean MIC of R230K = 33 ng/mL. 
Mean MIC of R230K DuvrA = 6.4 ng/mL. Mean MIC of R234K = 66 ng/mL. Mean MIC of R234K 



 80 

DuvrA = 5.5 ng/mL. Mean MIC of R234M = 51.3 ng/mL. Mean MIC of R234M DuvrA = 6.4 
ng/mL. **, P = 0.0062. ***, P = 0.0001. ****, P = <0.0001. P-values were calculated using 
ordinary one-way ANOVA, Dunnett’s multiple comparisons test, with a single pooled variance in 
GraphPad Prism (v9.2). 
 
 Interestingly, WT SepIVA and DuvrA strains were able to grow at relatively high 

concentrations of mitoC (Fig. 4.4, black bars). This suggests that even without UvrA, 

WT SepIVA is enough for growth to continue in DNA damage. Our results further 

support that SepIVA and UvrA respond to DNA damage through separate pathways, 

based on the additive effects seen.   

4.3f N-terminus and C-terminus arginine methylation sites on SepIVA have 

different roles in balancing septation and elongation after DNA damage 

 We previously determined that arginine methylation sites near the N-terminus of 

SepIVA are involved in polar elongation while C-terminus methylation sites are mostly 

involved in septation. To determine how cell wall metabolism may be affected by DNA 

damage, we looked at peptidoglycan (PG) layer staining in our SepIVA arginine 

methylation site mutants, with and without uvrA, after mitomycin C treatment for 6 

hours. Our results showed that after induction of DNA damage, polar PG signal was 

increased compared to the non-treated strains (Fig. 4.5). This suggests that while 

division is down regulated when DNA is damaged, elongation continues. Notably, the 

NT-M mutant, showed even greater polar PG signal after mitoC treatment, compared to 

the WT (Fig 4.5). This is contrary to what is seen in non-stress induced environments 

(Fig. 2.6), suggesting that N-terminus methylation sites may be needed to properly 

regulate PG synthesis and elongation in response to certain stressors. The NT-M DuvrA 

mutant had less PG intensity at the poles, after mitoC treatment, compared to the NT-M 

mutant (Fig. 4.5). Since UvrA is involved in detection of DNA damage, it’s possible that 
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the DuvrA strain struggles to fully detect DNA damage and induce a response, resulting 

in increased polar PG signal compared to non-treated cells, but less polar PG signal 

than those with UvrA present.  

Figure 4.5 N-terminus and C-terminus arginine methylation sites on SepIVA have 
different roles in balancing elongation and septation in DNA damage. (4.5a) Images of M. 
smeg cells expressing L5::sepIVA WT and methylation site mutants +/- uvrA after mitoC 
treatment at 25 ng/mL for 6 hours. Scale bar applies to all images. Pictures of several cells from 
images processed identically were pasted together. (4.5b) Normalized intensity profiles of 
NADA signal of WT and methylation mutants +/- uvrA before and after mitoC treatment at 25 
ng/mL for 6 hours. The solid line represents the mean intensity value across the relative position 
of the cell. Intensity values were normalized by dividing each strain’s intensity value by its mean 
intensity value. Cells were pole-sorted such that the brighter pole in the HADA channel was set 
to 0 on the X axis. 
  

In chapters 2 and 3, we concluded that methylation sites near SepIVA’s C-

terminus, R230 and R234, promote SepIVA regulation of septation. Specifically, the 

R230K and R234M methylation site mutants have inhibited septation in non-stressful 

environments (Fig. 2.12, 3.1). Interestingly, there is no differences in PG signal 
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distribution in the R234M mutant with and without mitoC treatment (Fig. 4.5). This 

suggests that R234 methylation site may have a role in down regulating septation in 

response to stressors, such as DNA damage. If septation is already inhibited in the 

R234M mutant without DNA damage, then it does not need to be additionally down 

regulated when DNA is damaged. This is supported by the decreased polar PG signal in 

the R234K mutant compared to the WT (Fig. 4.5). While the R234K mutant had similar 

growth phenotypes to the WT without stress (Fig. 2.12), maybe this mutation now 

matters in the presence of DNA damage. These findings are largely independent of 

uvrA, further supporting that SepIVA and UvrA respond to DNA damage through 

different pathways.  

 
4.4 Discussion 

 In chapter 4, we investigated the relationship between SepIVA and DNA 

damage. Initially, we thought SepIVA could be regulating division in response to DNA 

damage through interaction with UvrA. While the two proteins could still be potential 

interactors, our data suggests that SepIVA and the Uvr proteins respond to DNA 

damage through different pathways. Our conclusion is supported by the additive effects 

on mitomycin C susceptibility (Fig. 4.4) and cell length (4.3b). If the two proteins were 

working together to respond to DNA damage, then knocking out uvrA and mutating 

arginine methylation sites on SepIVA, especially those essential to SepIVA function, 

would result in indistinguishable phenotypes. However, our results do support that 

SepIVA does regulate division in response to DNA damage.  

 After treatment with mitomycin C, SepIVA localization is no longer at the midcell, 

but more frequently at the poles (Fig. 4.2ab). Data from previous chapters (Fig. 2.12, 
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3.1) and Wu et al. 2018, suggest that SepIVA activates septation at the midcell. Our 

SepIVA localization after DNA damage also supports this (Figure 4.2ab), as division is 

down regulated and SepIVA no longer localizes to the septum.  

 SepIVA C-terminus methylation sites are important for SepIVA’s role in cell 

division (Fig. 2.12, 3.1). Since R234M already has inhibited septation in stress-free 

environments, inhibition of septation due to DNA damage may not be observable. 

However, since R234M mutants are longer after treatment with mitoC (4.3b), compared 

to non-treated cells, this suggests that elongation is being up regulated or that there are 

multiple checkpoints for division that are not passed by these cells, causing division to 

occur even less often than non-treated R234M cells. Based on the increased cell length 

(4.3b) and lower MIC of mitoC of the R234K (Fig. 4.4), compared to the WT, R234 could 

have a specific role in SepIVA’s regulation of division in response to stress. This is 

supported by the lack of growth defects seen in the R234K strain in stress-free 

environments (Fig. 2.12). While it’s possible that methylation on R234 is mediating 

SepIVA’s regulation of cell division in response to stressors, like DNA damage, more 

work would need to be done to confirm this hypothesis.  

 

4.5 Methods and Materials 

4.5a Bacterial strains and culture conditions. 

Mycobacterium smegmatis (mc2155) was cultured in 7H9 medium (Becton, 

Dickinson, Franklin Lakes, NJ) with 5 g/L bovine serum albumin (BSA), 2 g/L glucose, 

0.85 g/L NaCl, 0.003 g/L catalase, 0.2% glycerol, and 0.05% Tween 80 or plated on LB 

agar. For M. smeg cultures, antibiotic concentrations were: 20 μg/mL nourseothricin, 20 
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μg/mL zeocin, 25 μg/mL kanamycin, and 50 μg/mL hygromycin. For E. coli cultures, 

antibiotic concentrations were: 40 μg/mL nourseothricin, 25 μg/mL zeocin, 50 μg/mL 

kanamycin, and 100 μg/mL hygromycin, E. coli TOP10 or DH5α were used for cloning.  

4.5b Strain construction 

Because it is essential in M. smegmatis, sepIVA mutants were constructed by 

first integrating an additional copy of sepIVA at the L5 integration site. After 

complementing sepIVA at the L5 site, sepIVA at its native locus was knocked out via 

recombineering (van Kessel and Hatfull, 2008; Murphy et al., 2015), as previously 

described (Boutte et al., 2016). Mutant copies of sepIVA replaced wildtype sepIVA at 

the L5 site via allelic exchange (Pashley and Parish, 2003; Kieser et al., 2015).  

Recombineering was also used to build the DuvrA strain (Murphy et al., 2015). 

uvrA at its native locus was replaced with a hygR cassette. Unlike sepIVA, uvrA  is non-

essential, so an additional copy of uvrA elsewhere in the genome was not necessary.  

4.5c Growth rate assay 

Biological replicates of sepIVA arginine mutants were grown to log phase in 7H9 

medium. Cultures were diluted to OD600 = 0.1 in 200 μL 7H9 medium in a non-treated 

96-well plate. Optical density at 600 nm was measured over the next 18-24 hours using 

a plate reader (BioTek Synergy neo2 multi-mode reader) at 37°C, shaking continuously. 

Mitomycin C was added to wells of 96-well plate at 25 ng/mL at t=0 of growth curve. 

Population doubling times were determined using the exponential growth equation and 

least squares regression fitting method in GraphPad Prism (version 9.2). P values were 

calculated using ordinary one-way ANOVA, Dunnett’s multiple comparisons test, with a 

single pooled variance.  
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4.5d Minimum inhibitory concentration determination 

 Three biological replicates of SepIVA WT and arginine methylation site mutants 

+/- uvrA were grown in 7H9 media from frozen stocks. Once in log phase, cultures were 

diluted back to OD = 0.002. Antibiotics were diluted by half between each column of 

wells on 96-well plate, from highest concentration on the left to lowest on the right. Two 

control columns were used, one with no antibiotic and one with no bacteria and highest 

antibiotic concentration. To each well, 100 uL of media and 100 uL of culture were 

added. Plates were incubated at 37°C for 48 hours, shaking continuously. To measure 

any metabolic activity, a 0.02% solution of Alamar Blue (resazurin) was made. 20 uL 

were added to each well and plates were incubated at 37°C for 24 hours, shaking 

continuously. After incubation, color change from blue to purple or pink were recorded 

as growth. The lowest concentration of antibiotic that did not permit growth was 

considered the MIC. P values were calculated using ordinary one-way ANOVA, 

Dunnett’s multiple comparisons test, with a single pooled variance. 

4.5e Microscopy 

Cells were imaged using a Nikon Ti-2 widefield epifluorescence microscope with 

a Photometrics Prime 95B camera and a Plan Apo 100X, 1.45 -numerical-aperture 

objective. Green-fluorescent images for GFPmut3 localization were taken with a 

470/40nm excitation filter and a 525/50nm emission filter. Blue-fluorescent images for 

HADA staining were taken with a 350/50nm excitation filter and a 460/50nm emission 

filter. Images were analyzed using FIJI and MicrobeJ (Ducret et al., 2016). For cell 

detection using MicrobeJ, parameters for width and area were set. V-snapping cells 
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were cut at the septum so daughter cells could be detected as individual cells. 

Overlapping cells were excluded from analysis.  

 Cell lengths, mean intensities, maximum intensities, and minimum intensities of 

at least 250 cells per genotype were quantified using MicrobeJ. Mean intensity profiles 

were plotted using the “XStatProfile” plotting tool in MicrobeJ. P-values were calculated 

using ordinary one-way ANOVA, Dunnett’s multiple comparisons test, with a single 

pooled variance using GraphPad Prism (v9.2). 

 To induce DNA damage, cells were treated with mitomycin C at 25 ng/mL and 

incubated at 37°C, rolling, for 5.5 to 6 hours.  

4.5f Fluorescent staining 

HADA (ThermoFisher) fluorescent D-alanine amino acids was used to stain the 

peptidoglycan cell wall layer (Kuru et al., 2012). For PG analysis, HADA stain was 

added to 1 mL exponentially growing cells at a final concentration of 1 ug/mL for 10 

minutes at 37°C, rolling, before washing twice in Phosphate buffer saline with tween80 

(PBST). Cells were fixed with 16% paraformaldehyde (PFA) and incubated at room 

temp for 10 minutes. Cells were washed once more in PBST and imaged. Images were 

analyzed in ImageJ (NIH).  

4.5g Immunoprecipitation and mass spectrometry 

 To look for potential SepIVA interactors, 1 L cultures of SepIVA-strep strain and a 

WT control strain were grown up to OD = 0.8. Cells were spun down and washed x1 in 

50 mL PBST + 1 mL 16% PFA. Cells were spun down again and resuspended in 50 mL 

PBST + 1 mL 16% PFA and let incubate at 37°C for 1.25 hrs. Cells were spun down 

and resuspended in 20 mL buffer W (100 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA) 
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+ 200 uL PMSF. Cells were lysed by bead beating 4x 2 mins, icing for 5 mins in 

between. Lysates were pelleted at 15k rpm for 10 minutes in the cold rom. Supernatant 

was poured into 15 mL conical and incubated, rocking in the cold room with 450 uL of 

Streptactin beads added for 2 hrs. Beads were washed x3 with buffer W. Added 200 uL 

buffer BXT to beads. Vortexed and incubated at RT for 10 mins. Put on magnet and 

removed supt. This step was repeated and supts were combined. Added 100 uL 100% 

TCA (precipitates protein) to combined elutions, put in fridge overnight. Spun ppt’d 

protein in the cold room at 15k rpm for 15 mins. Pellet was resuspended in acetone and 

incubated at 27°C for 60 mins. Pellet was spun down in the cold room at 15k rpm for 15 

mins. Acetone was aspirated off, making sure not to disturb the pellet. Pellet was spun 

down at RT for 5 seconds. Remaining acetone was aspirated off. Tubes were left open 

on benchtop for 25 minutes to let remaining acetone evaporate. Pellet was resuspended 

in 25 uL 1x Laemmli buffer. Sample was loaded into gel and run at 135 V until sample 

reached interface between stacking and resolving gel. Gel slice was cut into 1 cm 

pieces and sent to UT Southwestern Proteomics Core Facility for mass spec. Results 

were sorted by their abundance in the SepIVA-strep strain pulldown versus the control 

strain pulldown.  

4.5h Survival Assay 

            Three biological replicates of SepIVA WT and DuvrA were grown in 7H9 media 

from frozen stocks. Once in log phase, cultures were diluted back to OD = 0.1. CFU/mL 

were measured at t = 0, 2, 4, 6 and 24 hours. CFU/mL were measured on LB plates 

with kanamycin.   
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Chapter 5: Conclusions 

5.1 Preface 

 This chapter revisits the questions asked in this dissertation (section 1.7) and 

how our findings answer them. In chapter 2, we addressed SepIVA’s role in regulating 

cell division and how post-translational modifications on SepIVA affect its functionality. 

We also discuss how SepIVA may be mediating the switch from division to elongation at 

the cell poles in chapter 2. In chapter 3, we characterize a single arginine methylation 

site, R230, near SepIVA’s C-terminus. This arginine residue is crucial to SepIVA’s 

function in cell division, implicating the R230K mutant as an ideal candidate to study the 

molecular mechanism of SepIVA. In chapter 4, we looked for potential SepIVA 

interactors, which suggested that SepIVA may have a role in DNA damage repair. 

Chapter 5 aims to summarize our conclusions and discuss additional theories about the 

cell division regulator, SepIVA.  

 
5.2 SepIVA, cell division regulator 

 Based on our findings in chapters 2, 3 and 4, as well as previous literature (Wu et 

al., 2018), SepIVA activates septation in mycobacteria. Cells are unable to divide when 

SepIVA is depleted, resulting in long, filamentous cells (Fig. 2.9). SepIVA was originally 

discovered as a potential FtsQ interactor (Wu et al., 2018; Jain et al., 2018). SepIVA 

could be regulating cell division through its interaction with FtsQ. However, validation of 

this interaction has yet to be done. To determine what step of division SepIVA is 

functioning in, the effects of localization of divisome factors (FtsZ, FtsEX, FtsK, FtsQLB, 

FtsI and FtsW) when SepIVA is depleted could be investigated. The divisome factors 

upstream from SepIVA should localize as expected. But factors downstream of SepIVA 
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should be delocalized, pinpointing which step of division SepIVA functions in. The 

effects of N-terminus arginine methylation on FtsZ-mRFP localization are done in 

chapter 2, where FtsZ appears to localize to the midcell as expected (Fig. 2.11). This 

data, in addition to previous literature (Wu et al., 2018), suggest that SepIVA’s role in 

cell division is not in Z-ring formation or stabilization, but downstream from FtsZ in 

divisome assembly. These localization experiments could answer how SepIVA is 

activating cell division. 

5.2a SepIVA functions in both polar elongation and division 

 Mycobacteria elongate from their poles. Once the cell is ready to divide, it splits 

at the midcell, creating two new poles. These new poles must then switch growth 

modes from division to elongation. How this switch in growth modes is regulated is 

unknown. Our results suggest that SepIVA regulates both polar elongation and division 

(Fig. 2.2, 2.7, 2.8, 2.12, 3.1). SepIVA depletion also has a notable effect on MurG 

localization (Fig. 2.9). In E. coli, MurG associates with both elongasome and divisome 

factors (Mohammadi et al., 2007), which is to be expected as lipid II is needed for 

elongation and building the new septum before division. MurG localization to the 

division site is dependent on FtsQ, in E. coli (Mohammadi et al., 2007).  If SepIVA’s role 

in division has to do with its interaction with FtsQ, then depletion of SepIVA may result 

in delocalization of FtsQ. If FtsQ in mycobacteria is delocalized, then MurG may also be 

delocalized, like what is seen in E. coli. This could explain why we see delocalization of 

MurG when SepIVA is depleted.  

 As previously stated, MurG also interacts with elongation factors and division 

factors. SepIVA could also be interacting with PG synthesis activators for polar 
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elongation. In E. coli, MurG interacts with MreB, which governs where new PG is 

incorporated into the sidewall during elongation (Shih et al., 2003; Mohammadi et al., 

2007; Shi et al., 2018). Mycobacteria lack an MreB homolog, meaning mycobacteria 

have distinct machinery regulating new PG incorporation at the cell poles. SepIVA could 

be involved in this regulation. This is supported by our results that suggest SepIVA is 

involved in polar elongation and broadly regulates PG synthesis (Fig. 2.6, 2.7, 2.8).  

 

5.3 The N-terminus of SepIVA 

 Our results in chapter 2 show that arginine methylation sites near the N-terminus 

of SepIVA are involved in polar elongation. Specifically, methyl-mimetic mutations of N-

terminus methylation sites (referred to as, NT-M), has a greater doubling time (Fig. 2.2), 

decreased PG incorporation at the poles (Fig. 2.6) and elongates slower than the WT 

(Fig. 2.7). Since this strain has a similar cell length as the WT (Fig. 2.2), this suggests 

that cell division is still occurring once the cell has reached a given length, meaning 

polar elongation is inhibited in this mutant. While this data supports the N-terminus of 

SepIVA’s broad regulation in PG synthesis, our work has yet to directly tie the molecular 

mechanism of SepIVA to the PG layer. There are two speculative theories I have come 

up with based on data already discussed and preliminary data shown here. 

5.3a N-terminus of SepIVA regulates elongation in stationary phase 

 To cope with stationary phase stress, mycobacteria down regulate elongation but 

continue to divide, resulting in shorter cells (Smeulders et al., 1999; Wu et al., 2016). 

While investigating the effects of stationary phase on MurG localization (not shown), I 

found that N-terminus methyl-mimetic SepIVA mutants (NT-M) were longer in length 



 91 

compared to the methyl-ablative (NT-K) and WT. Like our conclusion that N-terminus 

methylation regulates polar elongation in log phase (Fig. 2.7), the N-terminus may also 

down regulate of elongation in stationary phase. To further investigate this 

phenomenon, polar elongation of N-terminus methylation site mutants in stationary 

phase needs to be measured and compared to the WT.  

Figure 5.1 Cell lengths of SepIVA WT or N-terminus arginine methylation site mutants. 
Bars represent mean. At least 300 cells over three biological replicates of each strain were 
analyzed. ****, P = <0.0001. P-values were calculated using ordinary one-way ANOVA, 
Dunnett’s multiple comparisons test, with a single pooled variance in GraphPad Prism (v9.2). 
 
5.3b SepIVA interacts with itself through N-terminus residues  

 The N-terminus of SepIVA is interesting because mutating three arginine 

residues near the N-terminus does not cause all SepIVA function to be lost. While 

studying the SepIVA protein, I utilized the protein structure prediction tool, AlphaFold, to 

predict tertiary structures of SepIVA as a monomer (Fig. 2.1), a dimer, and a trimer 

(Jumper et al., 2021). I used ChimeraX to visualize these predictions (Pettersen et al., 

2021). According to AlphaFold, SepIVA may function as a dimer (Fig. 5.2). When I ran 

SepIVA as a dimer through AlphaFold, all predicted models showed SepIVA to interact 

with itself (Fig. 5.2a). However, when I ran SepIVA as a trimer through AlphaFold, 
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predicted models showed a SepIVA-SepIVA dimer and a non-interacting third SepIVA 

protein (Fig. 5.2b).   

 

 
 
Figure 5.2. Predicted SepIVA structures. Tertiary structure of SepIVA protein as predicted by 
AlphaFold and visualized using UCSF ChimeraX. Models shown are the highest-ranking models 
out of 5. (5.2a) Tertiary structure of SepIVA-SepIVA dimer as predicted by Alphafold. (5.2b) 
Tertiary structure of SepIVA-SepIVA-SepIVA trimer as predicted by Alphafold.  
 

 Because N-terminus mutations do not render SepIVA fully non-functional, it is 

possible, although speculative, that SepIVA is interacting with itself via its N-terminus. In 

eukaryotes, protein arginine methylation promotes protein-protein interactions (Fig. 1.4) 

in response to certain stressors, like DNA damage (Auclair and Richard, 2013). Arginine 

methylation at the N-terminus of SepIVA could be promoting its interaction with itself. N-

terminus methylation site mutants would have a harder time regulating SepIVA self-

interaction. This could inhibit some of SepIVA’s functions without rendering the entire 

protein useless. It’s possible that SepIVA dimerization promotes its function in polar 

elongation or PG synthesis. A lot of work, including verifying that SepIVA acts as a 

dimer, would need to be done to investigate this theory.  

 

 

A. SepIVA dimer prediction B. SepIVA trimer prediction 

N-terminus 

C-terminus 

C-terminus 

N-terminus 
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5.4 The C-terminus of SepIVA 

 In response to Pickford et al., 2020, I constructed a sepIVA C-terminus truncation 

mutant, removing the last 90 amino acids from SepIVA. I constructed this mutant using 

the allelic exchange system at the L5 site and was able to grow colonies on LB agar 

plates. However, only about half of these colonies grew in liquid culture and grew at 

highly variable rates, likely due to suppressor mutations (Fig. 2.4). This told me that the 

C-terminus of sepIVA is not only essential for SepIVA function, but for cell viability. 

Suppressor mutation screening of these strains could identify other proteins with similar 

functions to SepIVA, helping to pinpoint the molecular mechanism of SepIVA.  

 Arginine methylation sites near the C-terminus of SepIVA have opposing roles 

from those near the N-terminus of SepIVA. Depletion of SepIVA results in long, 

filamentous cells that are unable to divide, suggesting that SepIVA is an activator of 

septation (Wu et al., 2018). Mutations of both the R230 and R234 methylation sites 

result in similar phenotypes to SepIVA depletion (Fig. 2.12, 3.1). Our characterization of 

these two arginine methylation sites on SepIVA in chapters 2, 3 and 4 led us to 

conclude that the C-terminus of SepIVA is key to SepIVA’s regulation of cell division.  

5.4a R230 is needed for SepIVA’s function in cell division 

 In chapter 3, we thoroughly characterize R230 on SepIVA. We conclude that this 

arginine is important for SepIVA’s function in cell division. However, we still do not know 

how this residue contributes to the molecular mechanism of SepIVA. We know that the 

SepIVA is still stable when R230 is mutated to R230K or R230M (Fig. 2.2f), meaning 

that the effects of this mutation are not simply destabilizing SepIVA. However, these 

mutations could still cause a conformation change of SepIVA. This conformational 
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change could block interaction or active sites on SepIVA. Both methyl-ablative and 

methyl-mimetic mutations of R230 have similar phenotypes, suggesting that arginine 

methylation at this site is not important for SepIVA function, but rather the arginine 

residue itself. R230 mutants are great candidates to study SepIVA function, since 

sepIVA is an essential gene and R230 mutants remain viable. While out of the scope of 

this dissertation, protein crystallography of SepIVA and R230 mutants would determine 

if loss of SepIVA function is due to conformational changes. Performing 

immunoprecipitations and mass spectrometry of R230 mutants and WT SepIVA could 

determine if R230 is mediating any SepIVA interactions.  

5.4b Methylation of R234 near SepIVA’s C-terminus regulates division 

 When characterizing arginine methylation sites on SepIVA, many individual 

methylation site mutations showed little to no changes in phenotype compared to the 

WT (Fig. 2.2de, 2.8). One arginine methylation site, R234, acted like the WT when 

mutated to the methyl-ablative (R234K), but showed significant growth defects when 

mutated to the methyl-mimetic (R234M). Since studying protein arginine methylation in 

prokaryotes is relatively new, these results gave us confidence that our methyl-ablative 

(R->K) and methyl-mimetic (R->M) mutants were a great model to study the effects of 

arginine methylation.  

 Based on our findings about R234 in chapters 2 and 4, we concluded that 

arginine methylation on R234 inhibits cell division (Fig 2.2de, 2.12, 4.1). In stress free 

environments, there is no reason to inhibit cell division, so, presumably, R234 remains 

un-methylated. However, in response to stress, such as DNA damage, R234 may be 

methylated to signal to SepIVA to inhibit cell division. This theory is supported by the 
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lack of growth defects seen with the R234K mutant in stress free environments. But 

when DNA damage occurs and division needs to be down regulated, R234K is unable 

to be methylated, resulting in growth defects like increased cell length (Fig. 4.3b) and 

increased susceptibility to mitomycin C (Fig. 4.4). In other types of stress, such as 

stationary phase stress, division is not inhibited like in DNA damage stress. To test 

whether methylation on R234 of SepIVA inhibits division due to certain stressors, cell 

length and polar elongation of R234K and R234M in stationary phase could be 

measured. We expect cells to down regulate elongation, but not division, in stationary 

phase. If R234M cells are not elongating but have increased length compared to the 

R234K and WT, this implies that methylation on R234 is inhibiting division in response 

to specific stressors.  

 

5.5 SepIVA and UvrA work independently to respond to DNA damage 

 In chapter 4, we characterized the role of SepIVA and its potential interactor, 

UvrA, in the DNA damage response. Since uvrA is a non-essential gene, I constructed a 

DuvrA strain and used the allelic exchange system to swap in arginine methylation site 

mutant versions of sepIVA, at the L5 site. To investigate how these mutants tolerated 

DNA damage, I looked for growth defects after treating them with the DNA damage 

agent, mitomycin C. Our results, particularly figure 4.4, showed additive growth defects 

when SepIVA arginine methylation sites were mutated in a DuvrA background. In short, 

by hindering both SepIVA and UvrA pathways, growth defects were greater than when 

just one pathway was hindered. This suggests that SepIVA and UvrA respond to DNA 

damage individually, versus together. If the two contributed to the same DNA damage 



 96 

response pathway, growth defects would be the same whether UvrA or SepIVA was 

rendered useless.  

 SepIVA’s re-localization away from the midcell after DNA damage supports our 

conclusion that SepIVA is activating division (Fig. 4.2). One of our original hypotheses 

about the relationship between UvrA and SepIVA was that upon detection of DNA 

damage, UvrA disassociates with UvrB and interacts with SepIVA, signaling the protein 

to inhibit division. While UvrA is clearly not fulfilling this role, another DNA damage 

repair protein could be. It’s possible that this other DNA repair protein is interacting with 

the protein arginine methyltransferase (PRMT) that methylates SepIVA. Perhaps, when 

this DNA repair protein interacts with SepIVA’s PRMT, R234 is methylated, causing 

SepIVA to re-localize and not activate division. While localization of SepIVA was 

investigated in figures 2.5 and 4.2, how R234K and R234M mutations affect SepIVA 

localization has yet to be investigated. Finding the PRMT that methylates SepIVA, as 

well as when in the cell cycle SepIVA is methylated, would really help to understand the 

role of methylation on SepIVA, in addition to its overall function.  
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