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Abstract

Mycobacterium tuberculosis (Mtb) is the causative agent of the deadly infection
Tuberculosis (TB). The current standard antibiotic regimen for TB treatment combines
fours drugs to be taken for at least six months. Mtb shows intrinsic phenotypic tolerance
to antibiotics contributing to the long treatment regimen. In addition, Mtb cells can
achieve a non-replicating state exhibiting antibiotic tolerance, reduced metabolism and
altered cell wall staining. The changes in the cell wall and reduced permeability to
antibiotics in stressed cells suggest that the regulation of the cell wall is a major
contributor to antibiotic tolerance. The mycobacterial cell wall consists of covalently
cross-linked peptidoglycan, arabinogalactan and mycolic acid layers. While this complex
architecture is well studied, not much is known about how cell wall is regulated in stress.
Mycobacteria use reversible Serine/Threonine phosphorylation as an important
mechanism to regulate their cell wall. In contrast to the eleven Serine/Threonine protein
kinases (STPKs), which regulate a number of known cell wall regulatory factors, there is
only one essential Serine/Threonine phosphatase- PstP in Mycobacteria, which is also
itself phosphorylated by the STPKs. In this study we investigate the role of PstP in
regulating the cell wall using the non-pathogenic model Mycobacterium smegmatis. We
report some novel substrates of PstP in vitro, describe the significance of PstP’s
phospho-sites in regulating its activity and specificity and the effects of phospho-
misregulation of PstP in cell wall metabolism and antibiotic tolerance. Our findings
provide substantial insights for future studies on cell wall regulation and assessing PstP

as a drug target.



Chapter 1

Introduction

Preface: This dissertation and the pre-Robert Koch days

Centuries ago, when people became infected with Tuberculosis, all they could get as
‘treatment’ was the advice to rest and eat healthy (Fogel, 2015). The term ‘Tuberculosis’
was coined much later, and the disease was known as ‘consumption’ back in the days
(Fogel, 2015). In 1882, the revolutionary discovery by the German physician Robert
Koch identifying Mycobacterium tuberculosis as the etiological agent of this deadly
disease led to vaccines and anti-tuberculosis drugs in the later period (Nguyen et al.,
2007; Keshavjee and Farmer, 2012). What found success as the initial treatment was
the very first anti-tubercular drug Streptomycin (Nguyen, 2016). The emerging
resistance of this pathogen to this single drug not long after created the need to find
new antibiotics. Over time, the current treatment regimen of multiple antibiotics for at
least half a year was established (Nguyen, 2016). To date, this pathogen has remained
a most successful one to adopt to survive within its host, which is human, continuing to
pose challenges to the increasing burden of TB (Chai et al., 2018). The complex yet
somewhat fascinating cell wall architecture of this pathogen, which is distinct from that
of the Gram-positive or a Gram-negative bacteria, acts like an armor to drugs,
contributing to its inherent drug tolerance (Jarlier and Nikaido, 1990). Its cell wall is
regulated in conditions that create stresses on the pathogen, leading to antibiotic
tolerance (Cunningham and Spreadbury, 1998; Betts et al., 2002; Xie et al., 2005;
Bhamidi et al., 2012; Sarathy et al., 2013; Liu et al., 2016; Sarathy et al., 2017). This
dissertation is part of an effort to find promising drug targets in Mycobacteria. The
dissertation unveils the importance of the phosphorylation-mediated role of PstP- the
only essential Serine/Threonine Phosphatase in Mycobacteria- in cell wall modulation
and antibiotic tolerance. It is hoped that this work will offer useful information for future

studies aimed to target the cell wall in order to fight the age-old peril better.



1.1 Tuberculosis and its causative agent Mycobacterium tuberculosis

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is among the top ten
fatal diseases worldwide. It is an airborne pulmonary disease characterized by severe
coughing, chest pain and fever (Fogel, 2015). Mtb causes about 10 million of active
infections and over a million of deaths every year (World Health Organization, 2021).
Vaccines, antibiotics and improved diagnostic approaches are currently available

(Nguyen, 2016); nevertheless, the TB disease burden continues to remain high.

TB can have a latent phase of infection, where people are infected without being ill, but
may develop the disease at some point of their life (Getahun et al., 2015) . It is thought
that about a quarter of the people in the world has latent TB (Fogel, 2015). So it is likely

that in addition to the current active illnesses, there will be more TB illnesses with time.

1.2 TB Treatment

TB treatment remains complicated for various reasons. One of the reasons is TB’s
latent stage, where people remain infected without any manifestation of illness, and
therefore do not get treated. The other major reason is that TB treatment is arduous and
lengthy- two months with four drugs (rifampicin (RIF), isoniazid (INH), pyrazinamide and
ethambutol (EMB) and two drugs (RIF and INH) for the following four months (Botella et

al., 2017).

Moreover, spontaneous mutations in the Mtb genome may favor survival of Mtb in
presence of a specific antibiotic. Continuous exposure to antibiotics along with patient’s

poor-compliance to the lengthy treatment regimen act as a selective pressure to cause



the emergence of drug resistant Mtb mutants (Nguyen, 2016). Hence, the emergence of
drug resistant TB continues to be a threat. In 2020, 0.13 million Multi-drug resistant
(MDR)/RIF (the first-line treatment) resistant TB cases have been reported (World
Health Organization, 2021). Therefore, shorter and simpler regimens to treat TB are

urgently needed.

1.3 Mtb’s drug tolerance- a difficulty in TB treatment

In order to develop drugs that will treat TB faster, it is necessary to understand why it
takes such a long time to kill Mtb with the current regimen. The fact that TB treatment
requires at least six months is partly due the intrinsic phenotypic tolerance of Mtb to
antibiotics. It has been reported that, Mtb can be drug tolerant in its stationary growth
phase and under stresses, which poses a great problem for antibiotic treatment of TB
(Wallis et al., 1999). Mtb cells can achieve a dormant, non-replicating state in the host in
which they are antibiotic tolerant, having reduced metabolism and altered cell wall
staining (Seiler et al., 2003). In the non-growing state, Mtb’s cell wall undergoes
chemical alteration and thickening (Jarlier and Nikaido, 1994; Seiler et al., 2003). It is
thought that the conditions that Mtb encounter in the host like hypoxia, low pH, high
carbon dioxide may act as stresses that could induce dormancy. This in vivo dormant
phenotype is typically mimicked in vitro by applying stresses like hypoxia or nutrient
starvation e.g. carbon and nitrogen starvation (Gomez and McKinney, 2004), which also

cause antibiotic tolerance.

1.4 Mtb’s cell wall, drug tolerance and stress



The cell wall of Mtb itself acts as a permeability barrier to drugs (Jarlier and Nikaido,
1990). And, Mtb cells become antibiotic tolerant in nutrient deprivation conditions (Xie et
al., 2005). The cell wall is a key player in Mtb’s antibiotic tolerance.

Understanding this regulation of cell wall biosynthesis in starvation is of thus immense
importance. However, little is known about Mtb cell wall regulation in stress. Knowing
more about cell wall regulation in stress could lead to the development of antibiotics that

could shorten the treatment duration of TB.

1.5 The Mtb cell wall has multiple layers
The currently accepted cell wall architecture of Mtb can be termed as the mycolyl-

arabinogalactan-peptidoglycan complex (Daffé and Draper, 1997) (Figure 1).

Peptidoglycan (PG) is the first layer surrounding the plasma membrane. Alternative
repeats of disaccharide N-acetyl glucosamine (NAG) and N-acetyl muramic acid (NAM)
compose this layer, and these sugar chains are cross-linked with short peptides. An
arabinogalactan layer is covalently bound to this PG layer. A lipid layer composed of
mycolic acids is covalently linked to the arabinogalactan layer. The mycolic acid layer is
the inner leaflet of the outer membrane, and the outer leaflet contains mainly glycolipids
as well as glycans and proteins (Marrakchi et al., 2014). The mycolic acid layer is the
thick lipid coat of mycobacteria and is the major contributor to impermeability of the cell
wall (Hett and Rubin, 2008). This mycolic acid layer is the distinctive feature of the Mtb
cell wall, which is 60% of the cell wall weight, mainly consisting of long chain (60-90
carbons) mycolic acids (Minnikin, 1991). A capsule layer composed of proteins and

polysaccharides surrounds the mycolic acid layer. There are fewer porins in the cell wall



so the hydrophilic solutes permeate inefficiently and slowly and the low fluidity and

thickness of the lipid bilayer slows down lipophilic drugs (Liu et al., 1996).

While the architecture of the cell wall is well known, little is known about the regulation

of this well-understood cell wall structure.

capsule

glycolipids

myecolic acids

arabinogalactan

peptidoglycan

> lipid membrane

Figure 1.1 Schematic diagram of the Mycobacterial cell wall

1.6 Mtb’s cell wall is regulated in stress causing drug tolerance

Mtb cells lose acid-fastness in Ziehl-Nielsen staining due to altered mycolic acid
biosynthesis, and undergo cell wall thickening in stress conditions in vitro (Cunningham
and Spreadbury, 1998; Seiler et al., 2003; Deb et al., 2009; Sarathy et al., 2013). These
are the same features of non-replicating Mtb cells in vivo. So it is very likely that, stress
conditions encountered in the host may induce Mtb to regulate its cell wall in response

to environmental stimuli, leading to tolerance to antibiotics. It is very important to



understand the cell wall regulatory events that occur when the cells encounter stress

and thus become drug tolerant.

1.7 Phosphorylation mediated cell wall regulation in Mtb

While much is known about the cell wall structure of Mtb, little is known about the
regulation of the cell wall during stress or the mechanisms of antibiotic tolerance. The
signaling pathways regulating Mtb cell wall might be an important clue to understand

how Mtb adapts to stressful environments.

Reversible Serine/Threonine (S/T) protein phosphorylation is a crucial regulatory
mechanism used by bacteria for environmental signal transduction to regulate cell
growth (Galyov et al., 1993; Wang et al., 1998; Juris et al., 2000; Echenique et al.,
2004). Mtb uses the process of reversible S/T phosphorylation to regulate cell growth
(Kieser and Rubin, 2014). In this mechanism, an S/T protein kinase (STPK) will
phosphorylate a substrate on serine (S) or threonine (T) residues, and an S/T protein
phosphatase dephosphorylates the S/T residue(s) to revert the effect of phosphorylation

(Sajid et al., 2011).

Mtb has 11 STPKs (PnkA-B and PknD-L) and only one S/T protein phosphatase, PstP
(Cole et al., 1998; Bach et al., 2009). Among the STPKs, PknA and PknB are essential
for Mtb growth and regulate mycobacterial cell division and elongation via
phosphorylation of substrates involved in these processes (Sassetti and Rubin, 2003;

Kang et al., 2005; Fernandez et al., 2006; Kusebauch et al., 2014).



1.8 Cell wall regulatory enzymes and proteins in Mtb

1.8.1 Phospho-regulated cell wall enzymes (InhA, KasA and KasB):
Some of the cell wall substrates of STPKs are cell wall enzymes whose activities are

directly altered by phosphorylation, of which a few are mentioned below:

InhA:

InhA (NADH-dependent 2-trans-enoyl-ACP reductase) is an enzyme of the fatty acid-
synthase (FAS)-1l system in the mycolic acid biosynthesis pathway in Mtb and is mainly
phosphorylated the STPK PknA and to a lesser degree by PknB in vitro (Molle and
Kremer, 2010). Phosphorylation reduces the enzymatic activity of InhA (Molle and
Kremer, 2010; Khan et al., 2010), suggesting a phospho-inhibited regulatory role of this

enzyme in vivo to regulate the mycolic acid content of the cell wall.

KasA and KasB:

The ketoacyl acyl-carrier-protein (AcpM) synthases KasA and KasB are also enzymes
of the FAS-Il system in the mycolic acid biosynthesis pathway and their activities are
reduced when phosphorylated in vitro by different STPKs (Molle et al., 2006). KasA and
KasB are dephosphorylated by PstP (Molle et al., 2006) suggesting that they might be

activated by dephosphorylation to upregulate mycolic acid biosynthesis in vivo.

All the enzyme of the FAS-II system in Mtb are inhibited when phosphorylated (Molle et
al., 2006; Molle and Kremer, 2010; Veyron-Churlet et al., 2010; Khan et al., 2010).
Although only KasA and KasB have been verified as substrates of PstP, it can be

expected that dephosphorylation of these substrates may activate these enzyme for



active mycolic acid biosynthesis in vivo.

1.8.2 Phospho-regulated cell regulatory proteins (CwliM, Wag31 and FhaA)
There are also cell wall regulators that are not enzymes but whose essential presence
and phosphorylation affect cell shape and growth. The ones we focus on in our study

are introduced below:

CwiM: CwiIM is an important regulator of the cell wall that is controlled by
phosphorylation. CwIM helps regulate peptidoglycan (PG) biosynthesis. The enzyme
MurA catalyzes the first step in PG precursor synthesis (Typas et al., 2012). In
mycobacteria, the MurA enzyme is inactive by default. CwIM is phosphorylated by the
kinase PknB and, when phosphorylated, activates MurA, allowing PG biosynthesis and
cell growth to proceed (Boutte et al., 2016). In the transition to starvation, CwIM has
been found to be rapidly dephosphorylated, implying that there is a phosphatase for
CwlIM (Boutte et al., 2016). A mutation in murA disrupts proper downregulation in PG
biosynthesis and the cells show more sensitivity to antibiotics in early starvation (Boutte
et al., 2016). So it seems probable that the dephosphorylation of CwIM to downregulate

PG synthesis is crucial for the formation of antibiotic tolerant cells.

Wag31: Wag31, involved in regulating cell shape and polar cell wall synthesis, is an
essential protein for both Mtb and Mycobacterium smegmatis (Msmeg) (Sassetti and
Rubin, 2003; Kang et al., 2008; Jani et al., 2010). Depletion of Wag31 changes Msmeg
cell shape from bacillus to coccus due to a defect in cell wall synthesis at the poles
(Kang et al., 2008). Wag31 is phosphorylated by the STPKs PknA and PknB in vivo and

PknA in vitro (Kang et al., 2005). Wag31 is highly phosphorylated when expressions of



the kinases pknA/B are the highest in the exponential phase (Kang et al., 2005; Kang et
al., 2008). The phosphorylation of Wag31 affects its localization to the poles and
possibly also its homo-oligomerization (Jani et al., 2010). Wag31 and PknB are
localized at the cell poles, which are the sites of PG turnover (Kang et al., 2008; Mir et
al., 2011; Prisic and Husson, 2014). Interestingly enough, the mycobacterial enzymes of
Fatty Acid Synthase-Il (FAS-II) complex, which regulate membrane lipid biosynthesis,
have been found to be co-localized at the poles and septum with Wag31 (Carel et al.,
2014). Also, Wag31 interacts with enzymes involved in synthesis of precursors for the
mycolic acid layer of cell wall (Meniche et al., 2014). It seems probable Wag31 is
involved in regulating the coordination of PG and mycolic acid layer synthesis in

growing cells.

Based on the data that Wag31 is highly phosphorylated in log phase when PG is
required for polar elongation, we think that Wag31 may activate cell wall enzymes when
it is phosphorylated and it is likely to be dephosphorylated when cell wall growth is
downregulated. There has to be a phosphatase that acts on dephosphorylating Wag31

in transition to downregulation of cell wall synthesis machinery.

FhaA:

FhaA is a Forkhead Associated (FHA) domain-containing protein in Mycobacteria. The
FHA domains in proteins can bind to phosphorylated Threonine residues to regulate
protein function (Pallen et al., 2002). In Msmeg, FhaA likely regulates PG metabolism
and also cell elongation via its interactions with the PG precursor Lipid-Il flippase MurJ

(Gee et al., 2012), the phosphoform of the PG regulator CwIM and the class B penicillin
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binding protein PBPA (Viswanathan et al., 2017), though the exact nature of this
regulation is yet unclear. It is important in regulating integrity of the cell envelope and
antibiotic tolerance (Viswanathan et al., 2015). Moreover, fhaA (Rv0020c) is located
downstream of the gene cluster that includes pstP (Rv0018c), pbpA (Rv0016¢c), pknA
Rv0015¢ and pknB (Rv0014c) and FhaA is localized at the poles and septum (Gee et
al., 2012). The role of phosphorylation of FhaA is yet unclear but its interactions with the
PG regulators indicate a possible phosphorylation-mediated regulation and role of FhaA

in the PG synthetic network.

1.9 The phosphatase for cell wall regulatory proteins

The phosphatase for CwlM had not been studied, although the findings (Boutte et al.,
2016) strongly point to its significant role in downregulating cell wall synthesis, leading
to antibiotic tolerance. The phosphatase for Wag31 and FhaA had also not been
identified. Identifying and understanding the regulation of the phosphatase involved in
downregulation of cell wall synthesis could help in developing a more complete

molecular model for antibiotic tolerance of Mtb during infection.

1.10 PstP- the possible S/T phosphatase of the cell wall regulators

A recent study suggests that PstP serves as a global negative regulator of
phosphorylation (Iswahyudi et al., 2019). Since PstP is the only cognate S/T
phosphatase of the 11 STPKS (Cole et al., 1998; Bach et al., 2009), it can be expected

to dephosphorylate a lot of substrates.

PstP is essential in Mtb and Msmeg (Sharma et al., 2016; Dedesus et al., 2017). ltis a

member of the Protein phosphatase 2C (PP2C) subfamily of PPM (metal-dependent
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protein phosphatase) Serine/Threonine phosphatases (Chopra et al., 2003) which
strictly require divalent metal ions for activity (Shi, 2009). In addition to the two
characteristic metal binding sites of PP2C phosphatases, the PstPy, catalytic domain
has a third Mn?* binding site close to the flap subdomain adjacent to the active site

(Pullen et al., 2004) (Figure 1. 2).

Figure 1.2 Schematic diagram of the crystal structure of PstPy,

Crystal structure of PstP from M. tuberculosis (PstPuw) (Pullen et al., 2004) (PDB ID:
1TXO). The threonine (T) sites on PstPuys phosphorylated by the kinases PknA and
PknB (Sajid et al., 2011) are highlighted on the structure: red- PstPyy T137 (the
corresponding threonine in PStPuysmeg is T134), blue- PstPus, T141 (the corresponding
threonine in PstPuysmeg is T138) and green- PstPuyy, T174 (the corresponding threonine in
PstPuysmeg is T171). T134 and T141 maps on the flap subdomain. The two Manganese
(Mn) ions in the catalytic core typical of the PP2C group of phosphatases are
highlighted in yellow. The third Mn ion close to the flap subdomain is highlighted in pink.

PstPus, shares structural folds and conserved residues with the human PP2Ca, which

serves as the representative of the PP2C family (Chopra et al., 2003). PstPy, has an N-
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terminal cytoplasmic enzymatic domain of 237 residues (shown in Figure 1.2) which is
joined by a 63 amino acids long segment to a transmembrane pass of 18 residues
connecting the C-terminal extracellular domain of 191 residues (not shown) (Chopra et

al., 2003).

PP2C phosphatases are involved in responding to environmental signals, regulating
metabolic processes, sporulation, cell growth, division and stress response in a diverse
range of prokaryotes and eukaryotes (Vijay et al., 2000; Irmler and Forchhammer, 2001;

Mougous et al., 2007; Lu and Wang, 2008; Vijay et al., 2014; Bradshaw et al., 2017).

In Mtb, PstP can dephosphorylate PknA, PknB, PknH other STPKs (Boitel et al., 2003;
Duran et al., 2005; Sharma et al., 2006; Sajid et al., 2011), KasA, KasB (Molle et al.,
2006) and EmbR (Sharma et al., 2006). Dephosphorylation of PknB significantly
reduces protein kinase activity (Boitel et al., 2003), which likely results in
downregulation of growth (Betts et al., 2002; Ortega et al., 2014). Many of the other
proteins dephosphorylated by PstP are involved in cell wall metabolism; however, the
effects of this activity differ. Dephosphorylation of CwIM should decrease peptidoglycan
metabolism (Boutte et al., 2016). But dephosphorylation of KasA (Molle et al., 2006) and
the other FAS-II enzymes (Molle and Kremer, 2010; Veyron-Churlet et al., 2010; Khan
et al., 2010; Slama et al., 2011) should upregulate lipid metabolism. These phospho-
signaling events are likely involved in the transitions between growth and stasis during
infection. However, peptidoglycan and lipid metabolism should be largely correlated
(Dulberger et al., 2020), so PstP must be able to minutely toggle its substrate specificity

between growth and stasis. For example, we expect that PstP should dephosphorylate
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KasA but not CwIM during growth, and should switch this specificity in stasis. How does

PstP control its activity and substrate specificity?

1.11 PstP is itself phosphorylated
We think that the phospho-threonine sites of PstP might be involved in somehow
toggling activity and substrate specificity of PstP to help regulate growth and cell wall

metabolism in changing environments.

PstPu is itself phosphorylated in the catalytic domain on Threonine (T) residues 137,
141, 174 and 290 (Figure 1.2) and phosphorylated PstP shows increased activity
against small molecules in vitro (Sajid et al., 2011) (Figure 1.2). The corresponding
phospho-threonine residues in PstPysmeg are 134, 138 and 171. We hypothesize that
phosphorylation of the threonine residues of PstP might help determine substrate
specificity, either directly or indirectly. Addition of a phosphate group to a protein will
change surface charge, which could affect protein confirmation, activity (Bibb and
Nestler, 2005) or binding to substrates (Ardito et al., 2017) or regulators (Johnson and
Barford, 1993). Mutating T138 to alanine on the PP2C S/T phosphatase PphA of
Thermosynechococcus elongatus changes its substrate specificity (Su and
Forchhammer, 2013). Thus, changing the surface polarity in this class of enzymes can
change substrate specificity. Interestingly, T138 in T. elongatus corresponds to T137 In

PstPui, which is phosphorylated (Sajid et al., 2011).

1.12 Questions asked in this dissertation
Mtb is an obligate human pathogen without an environmental niche (Gengenbacher et

al., 2010). The non-pathogenic soil mycobacterium species Msmeg has been used as
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the model organism for the in vivo experiments in this dissertation. Mtb has a 24 hour
doubling time and takes 21 days to form colonies on solid media (Sakamoto, 2012). In
addition, it is a BSL3-rated pathogen and cannot be studied on the UTA campus. On the
other hand, Msmeg has a doubling time of 3 hours and takes 3 days to grow on solid
media. The proteins focused on in this dissertation are all conserved between Msmeg
and Mtb. Using Msmeg will allow to determine how these cell wall regulatory proteins

function in the signaling circuitry of mycobacteria.

1.12.1 Identify substrates of PstP involved in cell wall regulation

The STPKs phosphorylate many important cell wall regulatory enzymes and substrates
that regulate the PG, the arabinogalactan and the mycolic acid layer of the cell wall
(Grundner et al., 2005; Kang et al., 2005; Sharma et al., 2006; Molle et al., 2006; Molle
and Kremer, 2010; Veyron-Churlet et al., 2010; Khan et al., 2010; Slama et al., 2011;
Roumestand et al., 2011; Boutte et al., 2016; Vilchéze and Kremer, 2017). Among
these, only some STPKs (Boitel et al., 2003; Chopra et al., 2003; Duran et al., 2005;
Sharma et al.,, 2006; Sajid et al., 2011), the mycolic acid biosynthesis regulatory
enzymes KasA and KasB (Molle et al., 2006) and the transcription factor EmbR involved
in the arabinogalactan regulation (Sharma et al.,, 2006) are biochemically verified
substrates of PstP. | aimed to identify some novel cell wall regulatory substrates of PstP
in my project that could significantly help to understand the regulatory circuitry of STPK-
PstP mediated cell wall regulation better. In this project, | chose to study some cell wall
regulatory proteins mainly phosphorylated by PknB and to some extent by PknA among
other STPKs. The genes encoding PstP and the kinases PknA and PknB are all located

the same operon. So the substrates phosphorylated by PknA and PknB may be
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substrates of PstP too.

The PknB-phosphorylated protein CwlM acts as a regulatory activator of PG
biosynthesis and is quickly dephosphorylated when switching to stasis in Msmeg
(Boutte et al., 2016), strongly indicating the presence of a phosphatase in cell, most
likely to revert the effect of phosphorylation in order to downregulate PG synthesis in

stasis.

Phosphorylated CwIM’s interaction partner is another PG regulatory protein FhaA
(Turapov et al., 2018) which also is subjected to STPK phosphorylation (Roumestand et
al., 2011; Gee et al., 2012), interacts with the phosphorylated PG precursor Lipid-II
flippase Murd (Gee et al., 2012) and maps close to the operon that encodes PknA,
PknB and PstP, suggesting FhaA to be an important regulatory part of the phospho-

mediated PG regulatory network.

Wag31, which like FhaA, is also a part of a gene cluster that encodes some PG
biosynthetic enzymes (Nguyen et al., 2007), is phosphorylated (Kang et al., 2005),
mostly in growth upregulating polar PG synthesis and to a lesser degree in stasis (Kang
et al., 2008; Jani et al., 2010), suggesting a reversal in polar PG metabolism in stasis

due to dephosphorylation of Wag31 most likely mediated by a phosphatase.

PstP being the only known essential S/T phosphatase in Mtb (Chopra et al., 2003), |
hypothesize that PstP is the phosphatase for dephosphorylating CwIM, FhaA and
Wag31. PstP’s overexpression perturbs cell shape and its depletion affects cell division

(Sharma et al., 2016) and overall phosphorylation of substrates in the cell (Iswahyudi et
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al., 2019), suggesting PstP’s cell wall regulatory role via dephosphorylation of a number
of substrates. So, the cell wall regulators like CwIM, FhaA and Wag31 are likely targets

of PstP.

Approach: In vitro phosphatase assays with purified Mtb proteins (full-length substrate
proteins) and PstP (cytosolic domain) were performed in this study to directly identify
whether PstP can dephosphorylate CwIM (Figure 1.3A), FhaA (Figure 1.3B) and Wag31
(Figure 1.3C), where these proteins were first phosphorylated with their respective
purified kinases (cytosolic domains) in presence of ATP as the source of the phosphate

group to be transferred.

A B. C.
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CwiM CWIM~P FhaA == FhaA~P  Wag31___—=__ Wag31~P
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Figure 1.3 Schematic diagram of the in vitro phosphatase assay with purified Mtb
proteins and enzymes

1.12.2 Examine the role of phosphorylation on PstP in regulating different cell wall regulatory
pathways

PstPu is itself phosphorylated by PknB at T137, T141 and T174 sites on its cytosolic
domain (Sajid et al., 2011). The equivalent sites in Msmeg are T134, T138 and T171

respectively. Phosphorylation may affect an enzyme’s catalytic activities or specificities
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(Johnson and Barford, 1993; Bibb and Nestler, 2005; Ardito et al., 2017). So, it seems
probable that the phosphorylations on these sites are important for regulation of PstP’s
activity and thus might contribute to cell wall regulatory pathways and overall growth of

the cell.
In vitro approach:

To understand how each phosphorylation site on PstP might affect its activity or
specificity against different substrates directly, | performed in vitro phosphatase assays
with the purified Mtb substrates and individually phospho-mutated PstP cytosolic
domains. To understand the effect of phosphorylation, each phospho-site was changed
from threonine to a negatively charged amino acid Glutamic acid (E) (Cottin et al., 1999)
that mimics a phospho-threonine. These phospho-mimetic PstPyy were individually
used in assays to see how it affected dephosphorylation of CwiIM~P (Figure 1.4A),

FhaA~P (Figure 1.4B) and Wag31~P (Figure 1.4C).

A. B. C.
PknB PknB PknA
CwiM CwiM~P FhaA FhaA~P Wag31 Wag31~P

1+9_. 909 .9 & . ¢
¢ c ¢¢c¢

PstP T137E / T141E / T174E ? PstP T137E / T141E / T174E PstP T137E/ T141E/ T174E ?

Figure 1.4 Schematic diagram of in vitro phosphatase assay with purified Mtb
proteins and PstP T137E, T141E and T174E
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In vivo approach:

Both PknB and PstP have extracellular domains and similar expression profiles (Betts et
al., 2002; Kang et al., 2005). The kinase PknB modulates cell wall synthesis by
phosphorylating cell wall substrates in response to extracellular signals perceived by its
extracellular PG-binding domains. PstP may also dephosphorylate the same substrates
upon sensing environmental signals via its extracellular domain. | hypothesize that the
phosphorylation of PstP is important to dephosphorylate cell wall regulatory substrates

and that misregulating PstP phosphorylation would affect cell growth.

To understand the effect of phospho-misregulated PstP on cell wall metabolism, | used
individual Msmeg strains with individual phosphomimetic mutations in pstP and
observed cell growth, length and cell wall metabolism of these strains. The model below
(Figure 1.5A) shows an in vivo scenario where PstP is supposed to upregulate mycolic
acid metabolism in growth by dephosphorylating FAS-II enzymes (KasA in the model)
(Molle et al., 2006) but should upregulate PG metabolism if it dephosphorylates CwIM
(Boutte et al., 2016). So in growth, to continue both mycolic acid and PG biosynthesis in
order to build up the cell wall, PstP should choose CwIM to dephosphorylate but not
KasA hypothetically. If PstP’s activity or specificity were regulated by its
phosphorylation, then misregulating these phosphosites would impair the balance of
overall cell wall metabolism via misregulation of PstP’s activity against different cell wall

regulatory substrates (Figure 1.5B).
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Figure 1.5 An in vivo model of the effect of phospho-misregulated PstP on cell
wall metabolic pathways

A. Phosphorylated CwIM can interact with and stimulate MurA’s (the first enzyme in
PG precursor biosynthesis) activity, which should upregulate (represented by
green arrowheads) PG synthesis. Phosphorylation inhibits the mycolic acid
biosynthesis enzyme KasA’s activity which should be in when mycolic acid
biosynthesis is downregulated. PstP dephosphorylates KasA and is expected to
dephosphorylate CwIM (represented by question mark) in our study.
Dephosphorylation of these substrates in vivo should revert the effects of
phosphorylation (represented by question marks) but both should not be
dephosphorylated at the same time to coordinate upregulation of the mycolic acid
(MA) and the PG layer.

B. Misregulation of the individual phospho-sites on PstP (represented by red, blue
and green circles on PstP) may give an idea of whether PstP’s phospho-sites
play a role in regulating the cell wall metabolism to coordinate up- or
downregulation of different layers of the cell-wall (e.g. MA and PG here) probably
by affecting PstP’s specificity against different substrates.



1.12.3 Identify the effect of misregulating PstP on antibiotic tolerance

To date, there is no data on antibiotic susceptibility of PstP-misregulated cells. |
hypothesize that PstP can be a potential drug target because cell wall regulators are
likely to be involved in antibiotic tolerance. The substrates mentioned in this study are
all involved in cell wall regulation and phosphorylated by PknA/B. If PstP is the crucial
phosphatase, then misregulation of PstP will lead to uncoordinated cell wall regulation,

which is supposed to increase antibiotic susceptibility.

In vivo approach:

| used the phospho-site misregulated pstPusmeg strains to find out the role of PstP’s
phospho-sites in antibiotic tolerance. If cell wall metabolism is imbalanced due to PstP’s
impaired activity on its cell wall regulatory substrates on account of its misregulated
phospho-sites, then an overall disruption in cell wall integrity may increase antibiotic

susceptibility (Figure 1.6).
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Figure 1.6 An in vivo model of effect of PstP’s phospho-misregulation on
antibiotic tolerance of Msmeg.

(Left) An antibiotic tolerant mycobacterial cell is shown where we think that PstP might
be contributing to the tolerance by regulating the cell wall metabolism (represented by
black arrows) via dephosphorylating different substrates (shown in purple and lime
green).

21



(Right) Misregulating PstP’s function via misregulation of its phospho-sites (represented
by red, green and blue circles on PstP) may affect its regulatory activity against
substrates (represented by question marks) resulting in misregulation of overall cell-wall
metabolism (represented by the dimmed out cell wall layers and arrows), which could
affect the antibiotic tolerance as well.
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Preface

The contents of this chapter were published as: Farah Shamma, Kadamba
Papavinasasundaram, Samantha Y. Quintanilla, Aditya Bandekar, Christopher Sassetti,
and Cara C. Boutte in the Journal of Bacteriology, Vol. 203, No. 4, (2021). This
manuscript describes the effect of a phospho-mimetic mutation on the phospho-site
T171 of the essential Serine Threonine Phosphatase PstP on the cell growth, length,
peptidoglycan and mycolic acid metabolisms and antibiotic tolerance in Mycobacterium

smegmatis (Msmeg) and reports the discovery of a novel substrate of PstP in vitro.

For the in vivo studies, an Msmeg strain was used where the native pstPuysmeg Was
deleted and the pstPusmeg phospho-mutant alleles were inserted at a phage integration
site in the genome. Kadamba Papavinasasundaram from the Sassetti lab constructed
the native pstPusmeg deleted Msmeg strain with pstPyy, cloned at the LS phage
integration site, Aditya Bandekar from the same lab helped with obtaining the strain, |
constructed all the pstPusmeg phospho-mutant and WT strains by swapping these alleles
at the L5 site of that strain, performed all the in vivo assays, purified all the proteins and
performed the in vitro assays and my undergraduate researcher Samantha Y.
Quintanilla helped with taking some samples in antibiotic susceptibility assays. Some
supplementary figures of this published paper have not been included in this chapter so

the manuscript is a bit modified accordingly.

2.1 Abstract
Mycobacterium tuberculosis and its relatives, like many bacteria, have dynamic cell

walls that respond to environmental stresses. Modulation of cell wall metabolism in
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stress is thought to be responsible for decreased permeability and increased tolerance
to antibiotics. The signaling systems that control cell wall metabolism under stress,
however, are poorly understood. Here, we examine the cell wall regulatory function of a
key cell wall regulator, the Serine Threonine Phosphatase PstP, in the model organism
Mycobacterium smegmatis. We show that the peptidoglycan regulator CwIM is a
substrate of PstP. We find that a phospho-mimetic mutation, pstP T171E, slows growth,
mis-regulates both mycolic acid and peptidoglycan metabolism in different conditions,
and interferes with antibiotic tolerance. These data suggest that phosphorylation on
PstP affects its activity against various substrates and is important in the transition

between growth and stasis.

2.2 Introduction

Tuberculosis (TB), an infectious disease caused by the bacterium Mycobacterium
tuberculosis (Mtb) is one of the leading causes of death from infectious diseases (World
Health Organization, 2019). The fact that TB treatment requires at least a six month
regimen with four antibiotics is partly due to the intrinsic antibiotic tolerance of Mtb
(Jarlier and Nikaido, 1994, Nguyen, 2016). Stressed Mtb cells can achieve a dormant or
slow-growing state (Seiler et al., 2003; Mufioz-Elias and McKinney, 2006) which
exhibits antibiotic tolerance (Wallis et al., 1999), cell wall thickening (Cunningham and

Spreadbury, 1998) and altered cell-wall staining (Seiler et al., 2003).

The currently accepted cell wall structure of Mtb is composed of three covalently linked

layers (Minnikin, 1991): surrounding the plasma membrane, a peptidoglycan (PG) layer
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is covalently bound to an arabinogalactan layer. A lipid layer composed of mycolic acids
surrounds the arabinogalactan layer, and the inner leaflet of this layer is covalently
linked to the arabinogalactan (Kieser and Rubin, 2014). The outer leaflet of the mycolic
acid layer contains free mycolic acids, trehalose mycolates and other lipids, glycolipids,
glycans and proteins (Marrakchi et al., 2014). The mycolic acid layer, or
mycomembrane, is the outer membrane of mycobacteria and is the major contributor to
impermeability of the cell wall (Jarlier and Nikaido, 1990; Hett and Rubin, 2008;

Hoffmann et al., 2008).

In addition to serving as a permeability barrier, regulation of the cell wall likely
contributes to antibiotic tolerance, either through further changes in permeability
(Sarathy et al., 2013), or by changing the activity of antibiotic targets (Batt et al., 2020).
Several studies have observed changes in the cell wall under stress (Cunningham and
Spreadbury, 1998; Betts et al., 2002; Bhamidi et al., 2012; Sarathy et al., 2013). These
cell wall changes have been shown to correlate with increased antibiotic tolerance (Xie
et al., 2005; Liu et al., 2016; Sarathy et al., 2017). This has led the prevalent model that
stress-induced regulation of the cell wall contributes to antibiotic tolerance (Dulberger et
al., 2020). While most of the extant data to support this model is correlative, we recently
identified a mutant in Msmeg which specifically upregulates peptidoglycan metabolism
in starvation and also causes decreased antibiotic tolerance in that condition (Boutte et
al., 2016). This shows that there is a causal relationship between cell wall regulation

and antibiotic tolerance, at least in limited conditions in Msmeg.

Reversible protein phosphorylation is a key regulatory tool used by bacteria for
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environmental signal transduction to regulate cell growth (Galyov et al., 1993; Wang et
al., 1998; Juris et al., 2000; Echenique et al., 2004). In Mtb, Serine/Threonine
phosphorylation is important in cell wall regulation (Gee et al., 2012). Mtb has 11
Serine/Threonine Protein Kinases (STPKs) (PknA, PknB and PknD-L) and only one
Serine/Threonine protein phosphatase (PstP) (Cole et al., 1998; Av-Gay and Everett,

2000).

Among the STPKs, PknA and PknB are essential for growth, and phosphorylate
substrates many involved in cell growth and division (Sassetti and Rubin, 2003; Kang et
al., 2005; Fernandez et al., 2006; Kusebauch et al., 2014; Boutte et al., 2016). Some of
these substrates are enzymes whose activity is directly altered by phosphorylation. For
example, all the enzymes in the FAS-II system of mycolic acid biosynthesis are inhibited
by threonine phosphorylation (Molle et al., 2006; Molle and Kremer, 2010; Veyron-
Churlet et al., 2010; Khan et al., 2010; Slama et al., 2011; Vilchéze et al., 2014). There
are also cell wall regulators that are not enzymes, but whose phosphorylation by STPKs
affects cell shape and growth. For example, the regulator CwIM, once it is
phosphorylated by PknB, activates MurA (Boutte et al., 2016), the first enzyme in PG
precursor biosynthesis (Marquardt et al., 1992). In the transition to starvation, CwIM is
rapidly dephosphorylated in Msmeg (Boutte et al., 2016). Mis-regulation of MurA activity
increases sensitivity to antibiotics in early starvation (Boutte et al., 2016), implying that
phospho-regulation of CwIM promotes antibiotic tolerance. CwIM may also regulate
other steps of PG synthesis (Turapov et al., 2018). A recent phospho-proteomic study
showed that transcriptional repression of the operon that contains both pstP and pknB

leads to increased phosphorylation of CwIM (Iswahyudi et al., 2019). While the effects
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of the individual genes were not separated (Iswahyudi et al., 2019), this suggests that

PstP could dephosphorylate CwIM.

PstP is essential in Mtb and Msmeg (Sharma et al., 2016; Dedesus et al., 2017). ltis a
member of the Protein phosphatase 2C (PP2C) subfamily of metal-dependent protein
Serine/Threonine phosphatases (Chopra et al., 2003) which strictly require divalent
metal ions for activity (Cohen, 1989; Barford, 1996). PP2C phosphatases are involved
in responding to environmental signals, regulating metabolic processes, sporulation, cell
growth, division and stress response in a diverse range of prokaryotes and eukaryotes
(Vijay et al., 2000; Irmler and Forchhammer, 2001; Mougous et al., 2007; Lu and Wang,
2008; Bradshaw and Losick, 2015; Bradshaw et al., 2017)(Mougous et al. 2007; Irmler
and Forchhammer 2001; Bradshaw and Losick 2015; Bradshaw et al. 2017; Lu and
Wang 2008; Vijay et al. 2000). PstPuy, shares structural folds and conserved residues
with the human PP2Ca (Pullen et al., 2004), which serves as the representative of the
PP2C family. PstPuw has an N-terminal cytoplasmic enzymatic domain, a

transmembrane pass and a C-terminal extracellular domain (Chopra et al., 2003).

Many of the proteins known to be dephosphorylated by PstP (Boitel et al., 2003; Chopra
et al., 2003; Duran et al., 2005; Sharma et al., 2006; Molle et al., 2006; Sajid et al.,
2011) are involved in cell wall metabolism; however, the effects of this activity seem to
differ. For example, dephosphorylation of CwIM should decrease PG metabolism in
stasis (Boutte et al., 2016). But, dephosphorylation of the FAS-Il enzymes (Molle et al.,
2006; Molle and Kremer, 2010; Veyron-Churlet et al., 2010; Khan et al., 2010; Slama et

al., 2011; Vilchéze et al., 2014) should upregulate lipid metabolism in growth. However,
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PG and lipid metabolism are expected to be coordinated (Dulberger et al., 2020).

Therefore, PstP must be able to alter substrate specificity in growth and stasis.

PstPu is itself phosphorylated on Threonine residues 137, 141, 174 and 290 (Sajid et
al., 2011). We hypothesized that phosphorylation of the threonine residues of PstP
might help coordinate activity against different substrates through changes in access to

substrates, or through toggling catalytic activity against substrates.

We report here that phospho-ablative and phospho-mimetic mutations at the phospho-
site T171 of PstPusmeg (T174 in PstPu) alter growth rate, cell length, cell wall
metabolism and antibiotic tolerance in Msmeg. Strains of Msmeg with pstP T171E
alleles grow slowly, are unable to properly downregulate PG metabolism and upregulate
antibiotic tolerance in the transition to starvation. We observed that the same mutation
has nearly opposite effects on mycolic acid layer metabolism. We also report that

PstPuiw dephosphorylates CwiM s,

2.3 Materials and Methods

2.3.1 Bacterial strains and culture conditions

All Mycobacterium smegmatis mc®155 ATCC 700084 cultures were started in 7H9
(Becton, Dickinson, Franklin Lakes, NJ) medium containing 5 g/liter bovine serum
albumin (BSA), 2 g/liter dextrose, 0.003 g/liter catalase, 0.85 g/liter NaCl, 0.2% glycerol,
and 0.05% Tween 80 and incubated at 37°C until log. phase. Hartmans-de Bont (HdB)
minimal medium made as described previously (Hartmans et al., 2006) without glycerol

was used for starvation assays. Serial dilutions of all CFU counts were plated on LB
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Lennox agar (Fisher BP1427-2).

E. coli Top10, XL1Blue and Dh5a were used for cloning and E. coli BL21 Codon Plus
was used for protein expression. Antibiotic concentrations for M. smegmatis were 25
pg/ml kanamycin, 50 ug/ml hygromycin and 20 ug/ml zeocin. Antibiotic concentrations
for E. coli were 50 pg/ml kanamycin, 25 ug/ml zeocin, 20 pg/ml chloramphenicol and

140 pg/ml ampicillin.

2.3.2 Strain construction

The PstPusmeg-knockdown strain was made first by creating a merodiploid strain and
then by deleting the native pstPusmeg gene from its chromosomal location. The
merodiploid strain was generated by introducing a constitutively expressing pstPus
gene cloned on an StrR plasmid at the L5 attB integration site. The pstPysmeg gene
(MSMEG_0033) at the native locus was then deleted by RecET-mediated double
stranded recombineering approach using a 1.53 kb loxP-hyg-loxP fragment carrying a
125 bp regions flanking the pstPusmeg gene, as described (Murphy,
Papavinasasundaram, and Sassetti 2015). The recombineering substrate was
generated by two sequential overlapping PCR of the loxP-hyg-loxP substrate present in
the plasmid pKM342. The downstream flanking primer used in the first PCR also carried
an optimized mycobacterial ribosome binding site in front of the start codon of
MSMEG_0032 to facilitate the expression of the genes present downstream of

PStPusmeg in the Msmeg pstP-pknB operon.

Deletion of the pstPusmeg gene was confirmed by PCR amplification and sequencing of
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the 5’ and 3’ recombinant junctions, and the absence of an internal wild-type pstPusmeg
PCR product. The pstPus allele present at the L5 site was then swapped, as described
(Schnappinger et al., 2015), with a tet-regulatable pstPy, allele (RevTetR-P750-
pstPun-DAS tag-L5-Zeo plasmid). The loxP-flanked hyg marker present in the
chromosomal locus was then removed by expressing Cre from pCre-sacB-Kan, and the
Cre plasmid was subsequently cured from this strain by plating on sucrose. We named

this strain CB1175.

Different alleles of pstP were attained by swapping the wild-type (WT) allele at L5 site of
CB1175 as described (Pashley and Parish, 2003). In order to do so, WT and the
phosphoablative alleles of pstPusmeg alleles were at first cloned individually into a
kanamycin resistant-marked L5 vector pCT94 under a TetO promoter to generate
vectors pCB1206-1208 and pCB1210, which would swap out the zeocin-resistance
marked vector at the L5 site in CB1175. The strong TetO promoter in the vectors
pCB1206-1208 and pCB1210 was swapped with an intermediate strength promoter
p766TetONG (cloned from the vector pCB1030 (pGMCgS-TetON-6 sspB) to generate
the L5 vectors pCB1282-85. pCB1285 was used as the parent vector later on to clone in

the phosphomimetic pstPusmeg alleles under p766TetONG.

These kanamycin resistance-marked vector constructs were then used to swap out the
zeocin resistance-marked vector at the L5 site of CB1175 to attain different allelic

strains of pstPusmeg @s described (Pashley and Parish, 2003).
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2.3.3 Growth Curve assay

At least three biological replicates of different pstPusmeg allele variants (T171A, T171E
and WT) were grown in 7H9 media up to log. phase. The growth curves were performed
in non-treated 96 well plate using plate reader (BioTek Synergy neo2 multi mode
reader) in 200pl 7H9 media starting at ODgpp=0.1. Exponential growth equation was
used to calculate the doubling times of each strain using the least squared ordinary fit
method in GraphPad Prism (Version 7.0d). P values were calculated using two-tailed,

unpaired t-tests.

2.3.4 Cell staining

Three biological replicate strains of each pstP allelic variant (T171A, T171E and WT)
were used for this assay. For staining cells in log. phase, 100ul culture in 7H9 was
incubated at 37°C with 1ul of 10mM DMN-Tre for 30 minutes and 1pl of 10mM HADA
for 15 minutes. Cells were then pelleted and resuspended in 1x phosphate buffered
saline (PBS) supplemented with 0.05% Tween 80 and fixed with 10ul of 16%
paraformaldehyde (PFA) for 10 minutes at room temperature. Cells were then washed

and resuspended in PBS + Tween 80.

For starvation microscopy, cultures were shaken for 4 hours in HdB media without
glycerol at 37°C. 500ul of each culture were pelleted and concentrated to 100ul, then
incubated at 37°C with 1ul of 10mM DMN-Tre for 1 hour and 3ul of 10mM HADA for 30
minutes. Cells were then washed and fixed as above. The total time of starvation before

fixation was 5.5 hours.
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2.3.5 Microscopy and Image Analysis

Cells were imaged with a Nikon Ti-2 widefield epifluorescence microscope with a
Photometrics Prime 95B camera and a Plan Apo 100x, 1.45 NA objective lens. The
green fluorescence images for DMN-Tre staining were taken with a 470/40nm excitation
filter and a 525/50nm emission filter. Blue fluorescence images for HADA staining were
taken using 350/50nm excitation filter and 460/50nm emission filter. All images were
captured using NIS Elements software and analyzed using FIJI and Microbed (Ducret et
al., 2016). For cell detection in Microbed, appropriate parameters for length, width and
area were set. The V-snapping cells were split at the septum so that each daughter cell

could be considered as a single cell. Any overlapping cells were excluded from analysis.

Length and mean-intensities of HADA and DMN-Tre signals of 300 cells from each of
PStPumsmeg T1T1A, pStPuysmeg T171E and pstPuysmeg WT (100 cells from each of three
biological replicate strain of each genotype) were quantified using Microbed. The values
of the mean intensities of 300 cells of each pstP allelic mutant and WT are represented
in the graph as percentages of the highest mean intensity from all the cells in that
experiment. GraphPad Prism (v7.0d) was used to generate the graphs and perform t-
tests. To compare two groups (pStPusmeg T171A vs. pStPysmeg WT and pstPysmeg T171E
vs. pstPusmeg WT), the lengths and the percentage-intensity values of 300 cells per pstP
allelic variant genotype (100 per biological replicate strain per genotype) were used as

data array inputs to perform unpaired, two-tailed t-tests in GraphPad Prism.
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Medial intensity profiles of DMN-Tre and HADA signals in cells from different pstP allelic
strains in log. phase and starvation analyzed with Microbed were plotted on Y-axis over
relative positions of cells using the “XStatProfile” plotting feature in MicrobedJ to show

subcellular localization of fluorescent intensities.

Demographs of DMN-Tre and HADA signal intensity across cell lengths in log. phase
and starvation were built using the “Demograph” feature of MicrobedJ by plotting the

medial intensity profiles of DMN-Tre and HADA signals.

2.3.6 Western Blots

Cultures were grown in 7H9 to ODgpo=0.8 in 10ml 7H9 media, pelleted and resuspended
in 500uL PBS with 1mM PMSF and lysed (MiniBeadBeater-16, Model 607, Biospec).
Supernatants from the cell lysate were run on 12% resolving Tris-Glycine gels and then
transferred onto PVDF membrane (GE Healthcare). Rabbit a-strep antibody (1:1000,
Abcam, ab76949) in TBST buffer with 0.5% milk and goat a-rabbit IgG (H+L) HRP
conjugated secondary antibody (1:10,000, ThermoFisher Scientific 31460) in TBST
were used to detect PstP-strep. For starvation experiments, cultures were first grown to

log. phase, then starved in HdB no glycerol media starting at OD=0.5 for 1.5 hour.

For Western blots of in vitro assays, samples were run on 12% SDS gel (Mini-Protean
TGX, Biorad, 4561046) and then transferred onto PVDF membrane (GE Healthcare).
Mouse a-His antibody (1:1000, Genscript AO0186) in TBST buffer with 0.5% BSA and
goat a-mouse IgG (H+L) HRP conjugated secondary antibody (1:10,000, Invitrogen
A28177) were used to detect His-tagged proteins on the blot. The blots were stripped

(Thermo Scientific, 21059) and re-probed with Rabbit a-Phospho-Threonine antibody
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(1:1000, Cell Signaling #9381) and goat a-rabbit IgG (H+L) HRP conjugated secondary
antibody (1:10,000, ThermoFisher Scientific 31460) to detect phosphorylation on the

blots.

2.3.7 Antibiotic assays

Biological triplicates of each pstP allelic variant were used for all antibiotic assays. For
antibiotic assays in log. phase, log. phase cultures were diluted in 7H9 media to
OD600= 0.05 before treatment. For starvation assays, cells were grown to ODgpp=0.5,
pelleted, washed and resuspended in HdB starvation (with no glycerol and 0.05%
Tween) media at ODgpo=0.3 and incubated at 37°C for a total of 5.5 hours. The cultures
were then diluted to ODgpo=0.05 before antibiotic treatment. 8 ug/ml and 45 ug/mi
meropenem was used for log. phase and starved cultures, respectively. 10 ug/ml and
90 ug/ml isoniazid was added to log. phase and starved cultures, respectively. 100
pg/ml and 900 ug/ml D-cycloserine was used for log. phase and starved cultures,
respectively. 50 pg/ml and 360 ug/ml trimethoprim was added to log. phase and starved
cultures, respectively. Samples from the culture were serially diluted and plated on LB

agar before and after treatment, and colony forming units were calculated.

2.3.8 Protein Purification

All the proteins were expressed using E. coli BL21 Codon Plus cells.

N-terminally his-MBP tagged PknBu:, was expressed and purified as described (Kieser
et al., 2015). His-PstP;WT s, (1-300 amino acids of the cytosolic domain (Gupta et al.,

2009) and His-SUMO-CwlIM, were both expressed overnight by IPTG induction (1mM
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and 1.3mM, respectively), purified on Ni-NTA resin (G-Biosciences, #786-940 in 5 ml
Bio-Scale™ Mini Cartridges, BioRad #7324661), then dialyzed, concentrated and run
over size exclusion resin (GE Biosciences Sephacryl S-200 in HiPrep 26/70 column) to
obtain soluble proteins. The buffer for His-SUMO-CwIMp, was 50mM Tris pH 8, 350mM
NaCl, 1mM DTT and 10% glycerol. The buffer for His-PstP;WT s, was 50mM Tris pH
7.5, 350mM NaCl, 1mM DTT and 10% glycerol. 20mM imidazole was added to each
buffer for lysis and application to the Ni-NTA column, and 250mM imidazole was added
for elution. His-PstP;T174E, was expressed and purified using the same conditions

and buffers used for His-PstP-WT s |

2.3.9 In vitro Dephosphorylation assay

Purified His-SUMO-CwIMy, was phosphorylated with the purified kinase His-MBP-
PknB, for 1 hour at room temperature in presence of 0.5mM ATP, 1mM MnCl, and
buffer (50mM Tris pH 7.5, 250mM NaCl, and 1mM DTT). The amount of kinase was
one-tenth of the amount of substrate in the phosphorylation reaction. To stop the kinase
reaction by depleting ATP, 0.434 units of calf intestinal alkaline phosphatase (Quick
CIP, NEB, MO525S) per ug of His-SUMO-CwIMy, was added to the reaction mixture
and incubated for 1 hour at 37°C. The reaction mixture was then divided into five parts

for the different phosphatase samples and a control with buffer.

Two individually expressed and purified batches of both His-PstP . WT i and His-
PstP.T1714E ., were used as biological replicates to perform the dephosphorylation
assay. The reaction was carried out at room temperature for up to 90 minutes in

presence of phosphatase buffer (50mM Tris pH 7.5, 10mM MnCl; and 1mM DTT). The
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amount of phosphatase used was half the amount of His-SUMO-CwIMy.

The intensities of the a-His and the a-Phospho-Threonine signals on the blots were
quantified with FIJI. The intensities of the a-His and the a-Phospho-Threonine signals at
each time-point were normalized against the respective antibody-signal intensity at Om.
These relative intensities were used to calculate a-Phospho-Threonine/a-His for each

time-point and the values were plotted over time using GraphPad Prism (version 7.0d).

2.4 Results

2.4.1 Phospho-site T171 of PstPysmes impacts growth rate

PstP is necessary for cell growth in Msmeg (Sharma et al., 2016; Iswahyudi et al., 2019)
and phosphorylation increases PstPus,’'s activity against small molecule substrates in
vitro (Sajid et al., 2011). To see if the phosphorylations on PstP regulate cell growth, we
made Msmeg strains with either phospho-ablative (T>A) or phospho-mimetic (T>E)
alleles (Cottin et al., 1999) at each of the three conserved phosphorylation sites of
PstPusy (Pullen et al., 2004; Sajid et al., 2011) (Figure 2.1A) and performed growth
curves. We found that biological replicates of the T134A, T134E, T138A and T138E
mutant strains had bi-modal distributions of doubling times (Figure 2.1B). Phospho-sites
T134 and T138 in PstPus, map to the flap subdomain (Pullen et al., 2004) (Figure 2.1A).
This subdomain varies greatly in sequence and structure across different PP2C family
members and has been shown to be important in regulating substrate binding,
specificity and catalytic activity (Pullen et al., 2004; Greenstein et al., 2007; Schlicker et
al., 2008; Su and Forchhammer, 2013). Particularly, T138A and T138E variants of the

serine threonine phosphatase tPphA from Thermosynechococcus elongatus showed
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differences in substrate reactivity (Su and Forchhammer, 2013). This suggests that
phosphorylation at T134 and T138 could be very important in regulating the normal
activity of PstPusmeg in the cell. We think that the inconsistent doubling times of those

strains result may result from the formation of suppressor mutants, which we will study

in future work.
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Figure 2.1 Phospho-site on PstP affects growth

(A) Crystal structure of PstP from M. tuberculosis (PstPyy) (Pullen et al. 2004). The
threonine (T) sites on PstPus, phosphorylated by the kinases PknA and PknB (Sajid et
al. 2011) are highlighted on the structure: red- PstPuyy, T137 (T134 in PstPuysmeg), blue-
PstPui T141 (T138 in PsStPusmeg) and green- PstPuyi, T174 (T171 in PStPysmeg)-

B) Doubling times of strains containing pstPusmecWT, phospho-ablative mutant alleles
PStPuysmeqg T134A, T138A and T171A and phospho-mimetic mutant alleles pstPusmeq
T134E, T138E and T171E. Each dot is the mean of doubling times from two to three
different experiments on different dates of a single isolated clone. The error bars
represent the standard deviation. P value= 0.0009.
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The Msmeg strains with pstP T171A and T171E mutations showed consistent and
reproducible growth rates (Figure 2.1B). The T171A mutants showed no significant
difference in doubling time compared to the wild-type, but the T171E grew more slowly
than the wild-type. Since T171E mimics constitutive phosphorylation, this result
suggests that the continuous presence of a phosphate on T171 downregulates or

interferes with cell growth.

2.4.2 PstPy, WT and PstPy:, T174E dephosphorylate CwiMyy, in vitro.

Only a few substrates of PstP have been biochemically verified: some STPKs including
PknA and PknB (Boitel et al., 2003; Chopra et al., 2003; Duran et al., 2005; Sajid et al.,
2011), KasA and KasB (Molle et al., 2006), and EmbR (Sharma et al., 2006). The STPK
PknB phosphorylates CwIM, which is an activator of PG biosynthesis (Boutte et al.,
2016). CwIM is rapidly dephosphorylated in the transition to starvation in Msmeg (Boutte
et al., 2016), and becomes hyper-phosphorylated when PstP is depleted in Msmeg

(Iswahyudi et al., 2019) which suggests PstP dephosphorylates CwIM.
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Figure 2.2 PstPy:, dephosphorylates CwiMy;,

(A) a-P-Thr and a-His Western blots of in vitro phosphatase reactions with His-
PstPc-WTui (top panel) and His-PstP:.T174Euy (middle panel), and no phosphatase
control (bottom panel) and phosphorylated His-SUMO-CwIM,. Assay was performed at
least twice with two individually purified batches of each phosphatase, one set of

images is shown here.

(B) Quantification of relative intensities of a-P-Thr over a-His on Western blots. P values
were calculated using two-tailed unpaired t-test. All the P values of WT vs. T171E at
any given time were non-significant. P values of WT vs T171E at 5min = 0.683, 10min=
0.809, 23min= 0.934, 40min= 0.831, 60min= 0.876 and 90min= 0.545. The error bars

represent standard error of means.

To test whether PstP and its T174 (T171 in Msmeg) phospho-mimetic variant directly
dephosphorylate CwlM, we performed an in vitro biochemical assay with purified Mtb

proteins. We purified His-MBP-PknB s, His-SUMO-CwIMys, and the cytoplasmic region
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of PstPuyy, that has the catalytic domain (His-PstP.W Ty, or PstPcT174E ). PstP
dephosphorylates itself rapidly (Sajid et al., 2011), so the purified form is
unphosphorylated. We phosphorylated His-SUMO-CwIMy, by His-MBP-PknB s,
stopped the phosphorylation reaction with Calf Intestinal Phosphatase, and then added
His-PstP-WT v, or PstPT174E p to His-SUMO-CwIMpys,~P. Our control assay with His-
SUMO-CwIM~P without PstP;WT i, or PstPT174E s, showed that the phosphorylation
on the substrate is stable (Figure 2.2A, bottom panel). The phosphorylation signal on
His-SUMO-CwIMy, started decreasing within 5 minutes after addition of His-PstP;WT s,
and kept decreasing over a period of 90 minutes (Figure 2.2A, top panel). This is direct
biochemical evidence that the PG-regulator CwIMy, is a substrate of PstPy, We
observed that the WT and T174 phospho-mimetic forms of PstP s, have no significant

differences in activity against His-SUMO-CwIMy,~P in vitro (Figure 2.2B).

These data show that, in vitro, the activity of the catalytic domain of PstP against a
single substrate is not affected by a negative charge on T171ysmeg/ T174m1. The
phenotypes of the full-length pstP T171 phospho-alleles (Figure 2.1B, 2.3, 2.4 and 2.5)
indicate that this in vitro data do not reflect the full complexity of PstP’s regulation in

Vivo.

2.4.3 Phospho-site T171 of PstPy;meq regulates cell length

To assess how the phospho-site T171 affects growth, we examined the cell morphology
of pstP T171 mutants and wild-type (Figure 2.3A and B). The quantification of cell
length revealed that the pstP T171A cells were shorter (mean=4.26 + 0.076) in log.

phase than the wild-type cells (mean= 4.503 + 0.07) (Figure 2.3A). The pstP T171E
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strain has cell lengths similar to the wild-type (difference between means= 0.053 +
0.116) (Figure 2.3A and B) despite the slower growth (difference between means= -1.37
1 0.116) (Figure 2.1B) in log. phase.
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Figure 2.3 Phospho-site T171 on PstPusmeg is important in regulating cell length

(A) Quantification of cell lengths of isogenic pstP allele strains (T17A, T171E and WT)
grown in 7H9 in log. phase. 100 cells from each of three biological replicates of each

pstP allelic variant were measured. P values were calculated by unpaired t-test. P value
= 0.000005.

(B) Representative phase images of cells from (A).
(C) Quantification of cell lengths of isogenic pstP allele strains (T17A, T171E and WT)
after starvation in HdB with no glycerol for five and a half hours. 100 cells from each of
three biological replicates of each pstP allelic genotype were measured. P values were
calculated by unpaired t-test. P value= 0.000003.

(D) Representative phase images of cells from (C).
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PstP could promote the transition from growth to stasis by downregulating the activity of
some growth regulatory substrates, such as CwIM, PknA or PknB, which all promote
growth when phosphorylated (Boitel et al., 2003). PstP likely has dozens of other
substrates which may be regulated similarly (Boitel et al., 2003; Chopra et al., 2003;
Sajid et al., 2011; Boutte et al., 2016; Iswahyudi et al., 2019). To test if phospho-site
T171 of PstPusmeg affects the transition to stasis, we transferred the strains from log.
phase to minimal HdB media with Tween 80 as the only source of carbon, which leads
Msmeg cells to reductively divide (Wu et al., 2016). We aerated the cultures for 5.5
hours before imaging (Figure 2.3C and D). The effects of phospho-mutations of
PstPusmeg On starved cells were the inverse of what we saw in the log. phase. pstPusmeg
T171E cells in starvation were longer than the wild-type and T171A, and looked like log.
phase cells. These data imply that phosphorylation on T171 of PstPysmegis involved in

cell size regulation upon carbon starvation.

2.4.4 Phospho-site T171 of PstPy;smeq regulates cell wall metabolism

Since pstPusmeg T171 seems to play a role in regulating cell length in growth and stasis,
we hypothesized that it affects cell wall metabolism in different phases. To test this, we
used fluorescent dyes that preferentially stain metabolically active cell wall (Kuru et al.,
2012; Kamariza et al., 2018). We stained T171 allele variant cells from log. phase and
after 5.5 hours of carbon starvation with both the fluorescent D-amino acid HADA, which
is incorporated into the PG (Kuru et al., 2012; Garcia-Heredia et al., 2018; Baranowski
et al., 2019) (Figure 2.4A and C) and the fluorescent trehalose DMN-Tre, which stains

the mycomembrane (Kamariza et al., 2018) (Figure 2.4B and D).
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The PG staining intensity between the strains was the same in log. phase (Figure 2.4A,
Figure 2.5A and Figure 2.6A). In starvation, the pstPusmeg T171E mutant stained much
more brightly with HADA than the other strains (Figure 2.4C and E, Figure 2.6C). This
suggests that phosphorylation on PstPysmeg T171 may inhibit the downregulation of PG
layer biosynthesis in the transition to stasis, but that this phospho-site is not important in
modulating PG metabolism during rapid growth. The HADA staining is higher at the
poles in starved T171E compared to T171A and wild-type cells (Figure 2.4E, Figure

2.6C).

Staining with DMN-Tre shows the inverse pattern of HADA staining. DMN-Tre stains the
trehalose mycolates leaflet of the mycomembrane (Kamariza et al., 2018). The mean
intensities of the pstPusmeg allelic variants are similar in starvation (Figure 2.4D). The
intensity profiles of DMN-Tre signal (Figure 2.4F, Figure 2.6D) shows that the T171E
cells have higher DMN-Tre signal at the poles and lower signal at the septal region
compared to T171A and wild-type. Our HADA and DMN-Tre signal intensity profile
analysis in starvation (Figure 2.4E and F, Figure 2.6C and D) suggest that the T171E
cells prioritize elongation, which may account for their greater length in starvation

(Figure 2.3C and D).
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Figure 2.4 Phospho-site T171 on PstPusmeg alters cell wall staining.

5 uM

(A) and (B) Quantification of mean intensities of HADA (A) and DMN-Tre (B) signals of
pstP allele strains (WT, T17A and T171E) in log. phase cells, with representative cells
below. In B, P values of both WT vs. T171A and WT vs. T171E= 0.000001.

(C) and (D) Quantification of mean intensities of HADA (C) and DMN-Tre (D) signals of
starved pstP allele strains (WT, T17A and T171E) after 5.5 hours in HdB with no
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glycerol, with representative cells below. In C, P value of WT vs. T171A= 0.0002 and
WT vs. T171E = 0.000001.

(E) and (F) Intensity profiles of HADA (E) and DMN-Tre (F) signal in cells from pstP
allele strains (WT, T17A and T171E) after starving for 5.5 hours in HdB with no glycerol.
Shaded region denotes standard deviation and solid line represents the mean intensity
values.

Signal intensities from at least 100 cells from each of three biological replicates of every
pstP allelic variant genotype were analyzed in Microbed. In A-D the values of the
intensities are represented in percentages of the maximum value of all intensities for all
strains either in log. phase or starvation. P values were calculated by a two-tailed,

unpaired t-test on all 300 values of each pstP allelic variant genotype (WT, T17A and

T171E) using GraphPad Prism (v7.0d) (A-D).
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Figure 2.5 Intensity profiles of pstP allele strains

(A) and (B) Intensity profiles of HADA (A) and DMN-Tre (B) signal in cells (pole to pole)
from pstP allele strains (WT, T17A and T171E) in log. phase. Shaded region represents
standard deviation. Solid line represents mean of intensities. Biological triplicates of
each pstP allelic variant were analyzed. At least 265 cells from each of the pstP allelic
variant (at least 62 cells from each biological triplicate strain of each genotype) in log.
phase were used to plot the signal intensities.
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In log. phase, however, both mutants show a significant decrease in DMN-Tre signal
compared to the wild-type (Figure 2.4B, Figure 2.5B and Figure 2.6B), although the
pstPusmeg T171E mutant has the weakest staining. DMN-Tre is incorporated via Ag85-
mediated trehalose mycolate metabolism of the mycomembrane (Kamariza et al.,
2018). Inhibition of cytoplasmic mycolic acid synthesis through isoniazid treatment
decreases DMN-Tre staining, and DMN-Tre fluorescence is sensitive to the

hydrophobicity of the membrane (Kamariza et al., 2018).
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Figure 2.6 Demographic profiles of HADA and DMN-Tre intensity signals in
pstPusmeg allele strains in log. phase and starvation

(A) and (B) Demographs showing intensities of fluorescent dyes HADA (A) and DMN-
Tre (B) signal in individual cells from pstP allele strains (WT, T17A and T171E) in log.
phase. (C) and (D) Demographs showing intensities of HADA (C) and DMN-Tre (D)
signal in individual cells starved in HdB with no glycerol for 5.5 hours from pstP allele
strains (WT, T17A and T171E).
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Biological triplicates of each pstP allelic variant were analyzed. Signal intensities from at
least 265 cells from each pstP allelic variant (at least 62 cells from each biological
triplicate of each genotype) in log. phase were plotted in the demograph (A) and (B).
Signal intensities from at least 300 cells from each pstP allelic variant (at least 100 cells
from each biological triplicate strain of each genotype) in starvation were plotted in the
demograph (C) and (D).

Our data (Figure 2.4A, C and F, Figure 2.5A, Figure 2.6A and C) suggest that
phosphorylation on PstPysmeg T171 impacts PG layer metabolism in starvation, but not
growth. But the same phosphorylation appears to regulate the trehalose mycolate
metabolism in growth, but not starvation (Figure 2.4B, D and F, Figure 2.5B, Figure

2.6B and D).

2.4.5 Phospho-site T171 of PstPy;meq affects antibiotic tolerance

Stresses that arrest cell growth in mycobacteria are associated with increased antibiotic
tolerance (Wayne and Hayes, 1996; Betts et al., 2002; Deb et al., 2009; Sarathy et al.,
2013). We hypothesized that if Msmeg fails to downregulate PG synthesis in starvation,
(Figure 2.4C and E, Figure 2.6C), then it might be more susceptible to a PG targeting
drug. We treated pstPuysmeg WT, T171A and T171E strains in log. phase and starvation
with meropenem, which targets the cross-linking in the PG cell wall (Cordillot et al.,
2013), and quantified survival by CFU. We saw that the pstPysmeg T171E strain was
more susceptible in starvation, compared to pstPuysmeg T171A and wild-type strains
(Figure 2.7B), but survived similarly in log. phase (Figure 2.7A), except at very late time

points when it was more tolerant.
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We also treated pstPuysmeg Wild-type, T171A and T171E strains in log. phase and
starvation with D-cycloserine, which inhibits incorporation of D-alanine into PG
pentapeptides in the cytoplasm (Neuhaus and Hammes, 1981; Feng and Barletta,
2003). The results were similar to those in meropenem: the strains survived similarly in
log. phase (Figure 2.7C), but the pstPusmeg T171E strain was more sensitive in
starvation (Figure 2.7D). The apparent failure of the pstPuysmeg T171E strain to
downregulate PG synthesis (Figure 2.4C and E, Figure 2.6C) likely makes it more

sensitive to both the PG inhibitors in starvation (Figure 2.7B and D).

Next, we treated our wild-type and pstPusmeg T171 mutant strains with isoniazid, which
targets InhA in the FAS-II pathway of mycolic acid synthesis (Marrakchi et al., 2014).
We do not see significant differences in isoniazid sensitivity between the strains in
starvation (Figure 2.7F). In log. phase, we see that the pstPysmeg T171E strain is more
susceptible to isoniazid than the pstPusmeg T171A and the wild-type strains (Figure
2.7E). Our data (Figure 2.7E) suggest that phosphorylation on PstPysmeg T171 mis-
regulates the mycolic acid biosynthesis pathway of mycomembrane metabolism (Figure

2.4B, Figure 2.5B and Figure 2.6B), thus increasing isoniazid susceptibility.

To see if the PstP T171 phospho-site affects susceptibility to a drug that does not target
the cell wall, we treated the strains with trimethoprim, which targets thymidine
biosynthesis in the cytoplasm (Brogden et al., 1982). We see that, in log. phase, pstP
T171E is very susceptible to this drug (Figure 2.7G), while the wild-type and T171A

strains are tolerant. All strains were tolerant to trimethoprim in starvation (Figure 2.7H).
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This shows that mis-regulation of PstP may impact processes beyond cell wall

metabolism.
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Figure 2.7 Phospho-site T171 of PstPuysmeg Plays a role in antibiotic sensitivity

Survival of pstP allele strains (WT, T17A and T171E) in different media and antibiotics.
(A) In 7H9, treated with 8 pg/ml of meropenem. P values of WT vs. T171E at 3h= 0.043,
WT vs. T171A at 48.5h= 0.001 and WT vs. T171E at 48.5h = 0.018.

(B) In HdB (no glycerol, 0.05% Tween) for 5.5 hours, then treated with 45 pg/ml of

meropenem. P values of WT vs. T171E at 16h= 0.003, 23h=0.007, 26.3h= 0.004 and
41h==0.046.
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(C) In 7H9, treated with 100 ug/ml of D-cycloserine. P values of WT vs. T171E at 8h=
0.032.

(D) In HAB (no Glycerol, 0.05% Tween) for 5.5 hours, then treated with 900 pg/ml of D-
cycloserine. P values of WT vs. T171E at 3.5h= 0.046, 14h= 0.001 and 18h= 0.022.

(E) In 7H9, treated with 10 pg/ml of isoniazid. P values of WT vs. T171E at 4h=0.008,
WT vs. T171E at 29h= 0.002 and WT vs. T171A at 35h= 0.052.

(F) In HdB (no Glycerol, 0.05% Tween) for 5.5 hours, then treated with 90 pug/ml of
isoniazid. P values of WT vs. T171A at 15.3h=0.009.

(G) In 7H9, treated with 50 ug/ml of trimethoprim. P values of WT vs. T171E at 4h=
0.023, 8h=0.013, 12h= 0.005, 22.5h= 0.015, 26h= 0.005, 30h= 0.017 and 34h= 0.002.

(H) In HdAB (no Glycerol, 0.05% Tween) for 5.5 hours, then treated with 360 pg/ml of
trimethoprim. P values of WT vs. T171A at 18h= 0.023. All experiments were done with
three biological replicate strains of each pstP allelic variant (T171A, T171E, and WT) at
least twice. One representative trial (performed with three biological replicate strains of

each pstP allelic variant genotype) is shown. All P values were calculated using two-
tailed, unpaired t-test. All error bars represent standard deviation (SD).

Trimethoprim is a hydrophobic drug which is taken up via passive diffusion (Hancock
and Bell, 1988). Therefore, permeability to trimethoprim is expected to be affected by
changes in mycomembrane metabolism in log. phase (Figure 2.4B and 5E, Figure 2.5B
and Figure 2.6B). It is notable that pstP phospho-allele strains in starvation do not
exhibit differences in DMN-Tre staining (Figure 2.4D and F, Figure 2.6D) or isoniazid
(Figure 2.7F) or trimethoprim sensitivity (Figure 2.7H), which suggests that susceptibility
to trimethoprim, could be determined largely by permeability of the mycomembrane
layer. D-cycloserine, on the other hand, is hydrophilic and therefore its uptake is likely
dependent on porins (Neuhaus and Hammes, 1981; Stephan et al., 2004), and

therefore less sensitive to changes in the mycomembrane. So, sensitivity to D-
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cycloserine (Figure 2.7C and D) appears to be largely dependent on regulation of PG

metabolism (Figure 2.4A, C and F, Figure 2.5A, Figure 2.6A and B).

Our data show that phospho-site T171 of PstP regulates mycolic acid layer biosynthesis
in growth, and PG layer metabolism in starvation. Mis-regulation of PstP can increase

sensitivity to cell wall targeting drugs in both growth and stasis.

2.5 Discussion

Previous studies on mycobacterial phospho-regulation suggest that PstP could play a
critical role in modulating cell wall metabolism in the transition between growth and
stasis (Betts et al., 2002; Boitel et al., 2003; Molle et al., 2006; Sajid et al., 2011; Ortega
et al., 2014; Boutte et al., 2016; Iswahyudi et al., 2019; Dulberger et al., 2020). In this
work, we explored how the phosphorylation of PstP contributes to this regulation. We
report here that the phospho-site T171 of PstPusmeg impacts growth, cell wall
metabolism and antibiotic tolerance. We found that the PG master regulator CwIM is
a substrate of PstPy,. Our findings indicate that the phosphorylation on PstP affects

PG metabolism in stasis and the mycolic acid metabolism during growth.

PG is regulated by phosphorylation factors at several points along the biosynthesis
pathway (Kieser et al., 2015; Boutte et al., 2016; Arora et al., 2018; Turapov et al.,
2018), mostly by PknB. PknB’s kinase activity is responsive to lipid Il that it detects in
the periplasm (Kaur et al., 2019). PstP is a global negative regulator of STPK
phosphorylation (Iswahyudi et al., 2019) and has been proposed to be the cognate
phosphatase of PknB in regulating cell growth (Boitel et al., 2003; Iswahyudi et al.,

2019; Dulberger et al., 2020; Le et al., 2020). Our data suggest that mutations at T171
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of PstP do not affect PG metabolism in growth (Figure 2.4A, Figure 2.5A and Figure
2.6A), but that the PstPysmeg T171E strain fails to downregulate PG in starvation (Figure
2.4C and E, Figure 2.6C). We expect that PstP’s activity against the PG regulator CwiM
(Fig 2A, top panel) should be critical for this downregulation because it should de-
activate MurA, the first enzyme in PG precursor synthesis (Marquardt et al., 1992;

Boutte et al., 2016).

The in vitro biochemistry (Figure 2.2A and B) predicts the log. phase staining data
(Figure 2.4A, Figure 2.5A and Figure 2.6A), where the pstP T171E variant has no
difference in apparent PG activity. The proximity of a phospho-site to the substrate
binding site of an enzyme may affect the catalytic activity directly (Veyron-Churlet et al.,
2009) but T174 maps to the B-sheet core (8) in PstPuys, which is distant from the active
site (Figure 2.1A) (Pullen et al., 2004). The PG staining in starvation (Figure 2.4C and
E, Figure 2.6C) suggests that the PstPuysmeg T171E phospho-mimetic variant might
dephosphorylate CwlM more slowly in vivo (Figure 2.7B and D), but this is not what we
see in vitro (Figure 2.2A and B). Therefore, it is possible that, in starvation,
phosphorylation at this site may affect PstP’s interaction (Li et al., 2020) with other
regulatory proteins (Lin et al., 1997; Roy and Cyert, 2009; Bollen et al., 2010) that could
modulate PstP’s activity against PG substrates, or it could affect access to substrates

via localization changes.

Synthesis of the various mycobacterial cell wall layers are likely synchronized (Kuru et
al., 2012; Garcia-Heredia et al., 2018; Baranowski et al., 2019). PknB almost surely

plays a crucial role in connecting PG and mycolic acid metabolism during growth. If PG
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metabolism is slowed, PknB could sense the accumulation of periplasmic lipid Il (Kaur
et al., 2019) and signal to halt mycolic acid biosynthesis by inactivating the FAS-II
enzymes and the trehalose monomycolate transporter MmpL3 (Xu et al., 2017) via
phosphorylation (Molle et al., 2006; Molle and Kremer, 2010; Veyron-Churlet et al.,
2010; Khan et al., 2010; Slama et al., 2011; Vilchéze et al., 2014; Le et al., 2020). Our
data imply that PstP helps balance the effects of these inhibitory phosphorylations to
allow coordinated synthesis of mycolic acids in log. phase (Figure 2.4B and 5E, Figure
2.5B and Figure 2.6B). Mis-phosphorylation of PstP likely disrupts this coordination and
seems to decrease mycolic acid layer metabolism. This may partly explain the slow

growth of the pstP T171E mutants (Figure 2.1B).

DMN-Tre incorporation into the mycomembrane is directly catalyzed by secreted (Harth
et al., 1996) Ag85 enzymes (Kamariza et al., 2018). DMN-Tre fluorescence depends on
mycomembrane hydrophobicity and is affected by inhibition of cytoplasmic mycolic acid
synthesis (Kamariza et al., 2018). Hydrophobicity can be affected by the glycolipid
composition of the mycomembrane (Viljoen et al., 2020). The differences in DMN-Tre
fluorescence that we see (Fig 4B, Figure 2.5B and Figure 2.6B) could be due to
changes in mycolic acid synthesis or due to changes in other glycolipids which affect
hydrophobicity (Viljoen et al., 2020). Our DMN-Tre data clearly indicates that the
trehalose mycolate leaflet of the mycomembrane is affected due to phospho-
misregulation of PstP although it does not yield detailed information about how it is

affected.
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We propose that PstP’s regulation of mycolic acid layer biosynthesis occurs in the
cytoplasm. PstP and all the STPKs work in the cytoplasm, and there are currently no
known systems whereby secreted proteins like Ag85 can be regulated by
phosphorylation. All the enzymes of the FAS-II complex, which elongates fatty acids into
the long lipids used in mycolic acids (Marrakchi et al., 2014), are downregulated by
phosphorylation (Molle et al., 2006; Molle and Kremer, 2010; Veyron-Churlet et al.,
2010; Khan et al., 2010; Slama et al., 2011; Vilchéze et al., 2014), and two are
biochemically verified substrates of PstP (Molle et al., 2006). MmpL3, the mycolic acid
flippase (Xu et al., 2017), is also inhibited by phosphorylation (Le et al., 2020). It is likely
that PstP could affect the activity of the entire FAS-II complex, including the target of
isoniazid, InhA, which is inactivated by threonine phosphorylation (Molle et al., 2006;
Khan et al., 2010). Isoniazid is a small hydrophilic drug and undergoes active diffusion
via the porins (Mailaender et al., 2004; Stephan et al., 2004); therefore, alterations in
mycomembrane permeability are not likely to contribute substantially to differences in
isoniazid sensitivity. Although our data (Figure 2.7E) does not reveal the exact mis-
regulated spot in the mycolic acid synthesis and transport pathway, the higher
susceptibility of the phosphomimetic strain (Figure 2.7E) to isoniazid suggests that this
metabolic pathway is affected. Our DMN-tre staining also suggests that there should be
a balance of non-phospho and phospho-form of PstPysmeq T171 (Figure 2.4B) during

growth to regulate mycomembrane biosynthesis.

PstP may dephosphorylate the cell wall substrates directly, and/ or by de-activating their

kinases (Bhaskara, Wong, and Verslues 2019) in both the PG and mycolic acid
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biosynthesis pathways. All these data combined suggest a complex cross-talk of the

STPKs and PstP to regulate diverse cell wall substrates.
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Chapter 3

The essential Serine/Threonine phosphatase PstP
dephosphorylates FhaA and Wag31 and is phospho-

regulated to affect PG metabolism

Farah Shamma ' and Cara Boutte '
'Department of Biology, University of Texas Arlington, Arlington, Texas
(Manuscript under preparation)

3.1 Preface

This chapter describes the in vitro identification of novel substrates of the essential
Mycobacterial Serine/Threonine phosphatase PstP, the role of individual
phosphorylation sites on PstP in regulating PstP’s dephosphorylation activity and
specificity against substrates and the importance of one phospho-site on PstP in
regulation of peptidoglycan metabolism in Mycobacterium smegmatis. | purified all the
proteins and enzymes, constructed the pstPuysmeg phospho-mutant allele swapped
strains used this study, performed all the in vitro and in vivo assays and analyzed all
data. The manuscript of this work soon to be submitted for publication is under

preparation.
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3.2 Abstract

The mycobacterial cell wall is profoundly regulated in response to environmental
stresses, and this regulation contributes to antibiotic tolerance. The reversible
phosphorylation of different cell wall regulatory proteins is a major mechanism of cell
wall regulation. The integrated functions of The 11 Serine/Threonine protein kinases
(STPKs) and only one cognate serine/threonine phosphatase, PstP, regulate the
phosphorylation states of critical proteins and enzymes in Mycobacteria. Although a
number of the cell wall regulatory substrates of the STPKs have been identified so far,
few have been verified as PstP substrates. PstP is itself phosphorylated but the roles of
its individual phospho-sites in regulating its activity is yet unclear. In this study we aim to
discover novel substrates of PstP in Mycobacterium tuberculosis (Mtb). We show in
vitro that PstP dephosphorylates two peptidoglycan (PG) regulators of Mtb, FhaA and
Wag31. We also show phosphorylation regulates PstP’s activity against CwIM, FhaA
and Wag31. We find that a phopho-mimetic mutation of T137 on PstP negatively
regulates its catalytic activity against the PG regulatory substrates FhaA, Wag31 and
CwIM. Furthermore, phospho-mimetic mutations at phosphosites T141 and T174 affect
PstP’s specificity against these substrates. We examined whether the negative
regulatory phosphosite T134 of PstP can affect PG metabolism in vivo. We found that a
phosphomimetic mutation, pstPT137E, in Mycobacterium smegmatis (Msmeg)
misregulates PG metabolism mildly in the exponentially growing cells and strongly in
starved cells. Our findings on PstP’s phospho-regulation and its new substrates in this
study will help provide insight into understanding the phosphorylation-mediated cell wall

regulatory network in Mycobacteria.
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3.3 Introduction

Mycobacterium tuberculosis (Mtb), which causes Tuberculosis (TB), remains the age-
old menace, infecting about 10 million and killing at least a million people worldwide
each year (World Health Organization, 2021). The mycobacterial cell wall contributes to
Mtb’s inherent antibiotic tolerance (Jarlier and Nikaido, 1994; Sarathy et al., 2013; Batt
et al., 2020) which is thought to partially account for TB’s lengthy treatment time: 6
months for an antibiotic sensitive infection (Nguyen, 2016). The cell wall consists of a
sequentially covalently cross-linked peptidoglycan-arabinogalactan-mycolic acid layer
core surrounding the plasma membrane (Marrakchi et al., 2014) and serves as
permeability barrier (Jarlier and Nikaido, 1990; Hett and Rubin, 2008; Hoffmann et al.,
2008; Sarathy et al., 2013). This complex cell wall architecture is strongly regulated in
response to environmental stresses (Cunningham and Spreadbury, 1998; Betts et al.,
2002; Bhamidi et al., 2012; Sarathy et al., 2013) , including infection (Sharma et al.,
2006; Doerks et al., 2012). The cell wall regulation is important for Mycobacteria since
the cell wall changes in response to stresses correlate with increased antibiotic
tolerance (Xie et al., 2005; Liu et al., 2016; Sarathy et al., 2017) and also modulates the

bacteria’s interaction with the environment (Daffé and Draper, 1997).

The cell wall is also well regulated during mycobacterial growth to maintain proper
elongation and division through the tight coordination of a number of protein
machineries (Kieser and Rubin, 2014; Dulberger et al., 2020). The mycolic acid layer, or
mycomembrane, is mainly responsible for the antibiotic tolerance caused by lower
permeability to drugs in mycobacteria. The peptidoglycan (PG) layer maintains cell

shape and protects the cell from osmotic pressure (Ref). A number of regulators control
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the activities of PG enzymes to modulate cell wall metabolism in growing cells (Typas et

al., 2012; Kieser and Rubin, 2014).

A crucial bacterial regulatory mechanism for transmission of environmental signals to
control cell growth is Reversible Serine/Threonine (S/T) phosphorylation of a myriad of
proteins and enzymes (Wang et al., 1998; Juris et al., 2000; Echenique et al., 2004).
Mtb uses this mechanism to regulate cell growth (Kang et al., 2005; Gee et al., 2012;
Baer et al., 2014; Boutte et al., 2016) via its 11 Serine/Threonine kinases (STPKSs)
(PknA-B and PknD-L) and only one S/T protein phosphatase PstP (Cole et al., 1998;
Bach et al., 2009). PstP is itself phosphorylated and its phosphorylation affects its
activity in vitro (Sajid et al., 2011) and cell wall metabolism in vivo (Shamma et al.,

2021).

Two essential STPKs PknA and PknB play important roles in cell wall regulation by
phosphorylating enzymes or regulatory proteins involved in cell division and growth
(Sassetti and Rubin, 2003; Kang et al., 2005; Fernandez et al., 2006; Kusebauch et al.,
2014; Boutte et al., 2016). Phosphorylation of different cell wall regulatory substrates
has different effects on their activities. For example, phosphorylation activates the PG
regulatory protein CwlM (Boutte et al., 2016) and inhibits the enzymatic activity of the
enoyl-ACP reductase InhA- a key Mycolic acid (MA) biosynthesis enzyme in Mtb (Molle
and Kremer, 2010; Khan et al., 2010). PstP is suggested to be a global negative
regulator of the STPK-mediated phosphorylation (Iswahyudi et al., 2019) by reverting

the effect of phosphorylation on substrates (Molle et al., 2006; Shamma et al., 2021).
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Being the only S/T protein phosphatase, it can be expected to dephosphorylate many of

the substrates phosphorylated by the 11 STPKs (Cole et al., 1998).

Among the proteins and enzymes regulating the three layers of the Mycobacterial cell
wall core, many are known to be substrates of the STPKs (Prisic and Husson, 2014) but
only a few of them have been identified to be substrates of PstP. The biochemically-
verified cell wall substrates of PstP include KasA and KasB, enzymes of the fatty acid
synthase —Il (FAS-II) system of the MA biosynthesis pathway, the arabinogalactan layer
regulator EmbR, and CwIM, which regulates the peptidoglycan layer (Shamma et al.,

2021).

CwlIM is a crucial PG synthesis regulator since its phosphorylated, active form interacts
with and stimulates MurA to allow PG synthesis (Boutte et al., 2016), the first enzyme of
PG precursor synthesis (Marquardt et al., 1992). So dephosphorylation of CwIM by PstP
(Shamma et al., 2021) should halt PG synthesis. Phosphorylated CwIM (CwIM~P) also
interacts with another PG regulator FhaA and non-phosphorylated CwIM interacts with
the PG precursor lipid-Il flippase MurJ (Turapov et al., 2018), suggesting that CwIM’s
activity and interaction with other PG regulatory substrates and enzymes is phospho-
regulated and that both CwIM and FhaA are part of a phosphorylation controlled PG
regulatory hub (Turapov et al., 2018). Mycobacterial FhaA is a Forkhead-associated
(FHA) domain containing protein which maintains cell envelope integrity, cell length and
antibiotic tolerance (Viswanathan et al., 2015; Viswanathan et al., 2017) via regulation
of PG biosynthesis (Gee et al., 2012). FhaA interacts with the class B penicillin binding

protein PbpA (Viswanathan et al., 2017), phosphorylated MurJ and also the STPK PknB
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(Grundner et al., 2005) that phosphorylates it (Grundner et al., 2005; Prisic et al., 2010;
Roumestand et al., 2011). These findings, and the fact that fhaA is close to the gene
cluster that encodes its phosphorylating STPK PknB, its interaction partner PbpA and
the S/T phosphatase PstP, hint at a possible phospho-regulatory role of FhaA in PG
synthesis where FhaA might need to be dephosphorylated when needed and that PstP

might its dephosphorylating enzyme.

The PG regulator (Kang et al., 2008; Jani et al., 2010) Wag31, like FhaA, is also
expressed from part of another gene cluster that includes the peptidoglycan biosynthetic
enzymes (murC-G and murX) (Nguyen et al., 2007; Kang et al., 2008; Jani et al., 2010).
Wag31 regulates polar PG synthesis (Kang et al., 2008; Jani et al., 2010) and is
phosphorylated by the STPK PknA (Kang et al., 2005). Its phosphorylation seem to
guide its polar localization and increase Wag31-mediated polar PG synthesis (Jani et
al., 2010) and it has been suggested that phosphorylated Wag31 is abundant in growing
cells where the less or non-phosphorylated form is favored in stationary phase cells
(Jani et al., 2010). These results lead us to hypothesize that Wag31 is probably

subjected to dephosphorylation in vivo to downregulate PG synthesis.

We wanted to see if PstP dephosphorylates PG regulators FhaA and Wag31. We show
that FhaAuw and Wag31u, are substrates of PstPy, in vitro. PstP is itself
phosphorylated on different Threonine (T) residues- 137, 141, 174 and 290 in Mtb (Sajid
et al., 2011) and we previously showed that phosphorylation of a particular conserved
phospho-site (T174) on PstPu did not affect its activity against CwIM in vitro (Shamma

et al., 2021). In this study we wanted to see whether the conserved phosphosites (T137,
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T141 and T174) might individually regulate PstP’s activity against these different PG
regulators (FhaAwm, Wag31uw and CwiMuy) in vitro. We see that a phospho-mimetic
mutation of PstPT137 s affected PstPus's catalytic activity against all three PG
regulators, and phospho-mimetic mutations of PstPT141,, and PstPT174, affect

PstPui's substrate specificity in vitro.

In order for PG metabolism to match growth rate in vivo, balance must be maintained
between phosphorylated and non-phosphorylated states of CwlM, FhaA and Wag31
through regulation of the STPKs and PstP. We showed previously that the phospho-
regulation on T174 of PstP affects PG metabolism in starvation and mycolic acid
metabolism in log. phase (Shamma et al., 2021) in Msmeg. In this study we wanted to
see if the phosphosite T134 on PstPusmeg might affect PG metabolism since we see that
PstP’s activity is suppressed against the PG regulators FhaA, Wag31 and CwIM when
this corresponding phosphosite T137 in Mtb is phosphorylated in vitro. In the
pstPT134Eusmeg allelic strains, we see increased in PG metabolism in both
exponentially growing and starved cells compared to that of the pstPWT ysmeg Strains.
We suggest a model where PstP’s activity is phospho-regulated to regulate PG

metabolism in changing conditions.
3.4 Methods and Materials
3.4.1 Bacterial strains and culture conditions

All Mycobacterium smegmatis mc2155 ATCC 700084 cultures were grown in 7H9
(Becton, Dickinson, Franklin Lakes, NJ) medium containing 5 g/liter bovine serum

albumin (BSA), 0.003 g/liter catalase, 2 g/liter dextrose, 0.85 g/liter NaCl, 0.2% glycerol,
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and 0.05% Tween 80 and incubated at 37°C until log. phase. 1xPBS with 0.05% Tween
80 was used for starvation assays. Cultures were plated on LB lennox agar (Fisher

BP1427-2).

E. coli Top10, XL1-Blue, and Dh5a strains were used for cloning and E. coli BL21
Codon Plus and BL21(DE3) strains were used for protein expression. Antibiotic
concentrations for M. smegmatis were 25ug/ml kanamycin and 20 ug/ml zeocin.
Antibiotic concentrations for E. coli were 50 ug/ml kanamycin, 25 ug/ml zeocin, 20 ug/ml

chloramphenicol, and 140 pug/ml ampicillin.

3.4.2 Cloning and Strain construction

N-terminally Histidine (His) tagged cytosolic domains (1-300 amino acids (Gupta et al.,
2009)) of different pstP. alleles of Mtb- pstP:;T137E s, and pstPcT141E 1, and
fhaAWT v optimized in their codons for expression in E. coli were ordered from IDT,

Inc. and cloned in to pET28a.

The Msmeg mc2155 strains ApstP::lox L5::pCT94-p766tetONG-pstPysmeg T 134E and
ApstP::lox L5::pCT94-p766tetON6-pstPusmegWT Were generated by swapping
pStPusmeg T 134E and WT alleles respectively under the promoter p766tetONG in the
integrative vector pCT94 at the L5 site of the Msmeg mc2155 ApstP::lox strain as

described previously (Pashley and Parish, 2003; Shamma et al., 2021).

3.4.3 Growth Curve Assay
At least three biological replicates of pstPuysmeqT 134E and WT allelic variants were

grown in 7H9 medium up to the mid-log. phase. The growth curve assays were
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performed in non-treated non-tissue culture plates using a plate reader (BioTek Synergy
neo2 multi mode reader) in 200ul of 7H9 medium at 37°C starting at an Optical Density

at 600nm (ODggo) of 0.1.

The doubling times of each strain were calculated in the non-linear (curve fit) method
using an exponential growth equation with the least squares (ordinary) fit in GraphPad

Prism (version 7.0d). P values were calculated using two-tailed unpaired t-tests.

3.4.4 Protein purification
His-MBP-PknAu, was expressed in E. coli BL21(DE3) and all other proteins were

expressed using E. coli BL21 Codon Plus cells. N-terminally His-tagged MBP-PknB,

SUMO-CwIM, ., PstP.WT, and PstP.T174E, , were expressed and purified as

Mtb’

previously described (Kieser et al., 2015; Shamma et al., 2021)

His-PstP.T137Eum» and His-PstPcT141E, were expressed and purified using the same

conditions and buffers used to purify His-PstP.WT,  and His-PstP.T174E,  described

previously in (Shamma et al., 2021).

His-Wag31u was induced with 0.5mM IPTG (isopropyl-B-D-thiogalactopyranoside) for
6h at 18°C, and purified on Ni-nitrilotriacetic acid (Ni-NTA) resin (G-Biosciences 786-
940) then dialyzed and concentrated. The buffer for His-Wag31 s, was 50mM Tris pH 8,
350mM NaCl, 1 mM dithiothreitol (DTT), and 10% glycerol. Imidazole (10mM and
20mM) was added to the buffers for lysis of the cell pellets and washing the Ni-NTA
resin respectively, and 250mM imidazole was added for elution. The lysis buffer was

supplemented with 1mM PMSF and 0.2% Triton X100.
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His-MBP-PknAws (1-279 amino acids containing the kinase domain (Baer et al., 2014))
was induced with 0.5mM IPTG at 18°C overnight, purified with 5ml Ni-NTA resins (BIO-
RAD EconoFit Nuvia IMAC, 12009287), then run over the size exclusion resin (Enrich
SEC650, BIO-RAD 780-1650) after dialysis and concentration to get soluble protein.
The buffer for purifying His-MBP-PknAu, was 50mM Tris pH 7.5, 150mM NacCl, 20%
glycerol. PMSF (1mM) was added to the buffer while resuspending the cell pellets.
Imidazole was used in buffer for application to (20mM) and for elution from Ni-NTA resin

(200mM).

His-FhaAwms was induced with 1mM IPTG at 18°C overnight and purified on Ni-NTA
resin (G-Biosciences, 786-940 in 5 ml Bio-Scale Mini Cartridges, BIO-RAD 7324661),
then dialyzed, concentrated, and run over size exclusion resin (GE Healthcare
Sephacryl S-200 in HiPrep 26/70 column). His-FhaAw:, was purified using the buffers

described in (Roumestand et al., 2011).

3.4.5 In vitro dephosphorylation assays
His-SUMO-CwIMy, was phosphorylated in vitro with His-MBP-PknA, for 30 minutes at
room temperature with 0.15uCi/ul ATP [y-*2P] (3000Ci/mmol, 10mCi/ml, PerkinElmer

BLU002A250UC) and 2mM MnCls in buffer (50mM Tris, pH 7.5, 250mM NaCl, and

1mM DTT). His-PstP;WT yip, His-PstP T137E s, His-PstPcT141Ems, or His-
PstPcT174E ., was added to the reaction mixture and incubated in presence of

phosphatase buffer (50mM Tris pH 7.5, 10mM MnCl2 and 1mM DTT) at room

temperature up to 40 minutes.
His-FhaAwms was phosphorylated in vitro with His-MBP-PknAp, for 45 minutes at 37°C
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at with 0.15uCi/ul ATP [y->2P]in presence of 5mM MnCl, in 25mM Tris pH 7.5 and 1mM
DTT. This kinase reaction mixture was then incubated with either PstP;WT s, or
different phosphomimetic variants of it up to 80 minutes at room temperature in

presence of the phosphatase buffer.

The amount of kinase and phosphatases used were each ten times the amount

substrates in both the above-mentioned assays.

His-Wag31u, was phosphorylated with His-MBP-PknAws, for 2 hours at room
temperature in presence of 0.2uCi/ul ATP [y->P], 10mM MnCl, and buffer (50mM Tris pH
7.5, 20% glycerol and 150mM NaCl). PstP;WTuy, or its different phosphomimetic variants
were added to the kinase-substrate reaction mixture and incubated at room temperature
for up to 120 seconds in presence of the phosphatase buffer. Five and hundred folds
His-Wag31u was used compared to the amount of kinase and the phosphatases

respectively.

A control assay with only the phosphatase buffer added to the kinase reaction mixture
and with no phosphatase was performed in all the above-mentioned substrate

dephosphorylation assays.

All in vitro dephosphorylation assays were carried out separately with two individually
purified batches of WT and phospho-mimetic mutant of PstP to mimic biological

replicates.
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3.4.6 Quantification of y-32P signals

Samples from each in vitro biochemical reaction were collected before (0 minute) and
after addition of each of the phosphatases at several different time points. The samples
were run on 12% (Mini-Protean TGX, BIO-RAD, 4561046) gels and stained with
Coomassie blue solution. After destaining, phospho-signals from the gels were
transferred on phosphor screens (Molecular Dynamics) and imaged with a scanner
(Storm 860, Amersham Biosciences) which were visualized with the ImageQuant

software (Molecular Dynamics).

The protein bands on the gel and the phospho-signals on the autoradiogram were then
quantified with FIJI. The intensities of the substrate on the gel and their corresponding
phospho-signals at each time point were normalized against the respective protein band
and phospho-signal at 0 minute before addition of the phosphatase. These relative
intensities were used to calculate the intensity of phospho-signal/amount of substrate

for each time point and the values were plotted in GraphPad Prism (version 7.0d)

3.4.7 Cell staining

At least three biological replicates of pstPysmeg T134E and WT allelic variants were
grown in 7H9 medium up to the mid-log. phase. Cultures were washed and then starved
in 1xPBS with 0.05% Tween 80 fat an ODggo= 0.3 or 15 minutes. 100pl of starved culture
was then treated with 3ul of 10mM fluorescent D-amino acid HADA for 10 minutes.
Cells were then pelleted and resuspended in 1xPBS with 0.05% Tween 80 and fixed
with 10yl of 16% paraformaldehyde (PFA) for 10 minutes at room temperature. Cells

were then pelleted and resuspended in PBS supplemented with Tween 80.
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For staining cells in the log. phase, 1pl of 1mM HADA was added to 100ul culture
grown up to the mid-log. phase and incubated at 37°C for 15 minutes. Stained cells

were then pelleted, washed and fixed as described above.

3.4.8 Microscopy and Image analysis

A Nikon Ti-2 widefield epifluorescence microscope with a Photometrics Prime 95B
camera and a Plan Apo 100x, 1.45 NA objective lens was used to image cells. The blue
fluorescence images for HADA staining were taken using a 350/50nm excitation filter
and a 460/50nm emission filter. All images were captured using NIS Elements software
and analyzed using FIJI and Microbed (Ducret et al., 2016). Appropriate parameters for
length, width and area were set in Microbed for cell detection. The V-snapping (dividing)
cells were split at the septum so that each daughter cell could be considered as a single

cell. Any overlapping cells were excluded from analysis.

Length and mean-intensities of HADA signals of at least 330 cells from each of
PStPumsmeg T 134E and pstPusmegWT (at least 110 cells from each of three biological
replicate strain of each genotype) were quantified using Microbed. The values of the
mean intensities of 330 cells of each pstP allelic mutant and WT are represented in the

graphs generated using GraphPad Prism (v7.0d).

The medial intensity profiles of HADA signals in cells from different pstP allele strains in
log. phase and starvation analyzed with MicrobedJ were plotted on the Y-axis over
relative positions of cells using the “XStatProfile” plotting feature in MicrobedJ to show

the subcellular localization of fluorescent intensities in cells. Demographs of HADA
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signal intensity across cell lengths in log. phase and starvation were built using the
“‘Demograph” feature of Microbed by plotting the medial intensity profiles of HADA

signals.

3.5 Results and Discussion

3.5.1 PstP,, dephosphorylates FhaAy, and Wag31,. in vitro

FhaA is a Forkhead Associated domain (FHA) containing protein that can bind to
phospho-threonine residues via their FHA domain to regulate protein function (Pallen et
al., 2002). FhaA has been shown to be important for PG metabolism (Gee et al., 2012),
and to interact with MurJ, CwIM (Turapov et al., 2018) and PbpA (Viswanathan et al.,
2017), though the exact regulatory function of these interactions has not been
described. Wag31 is a homologue of the Gram- positive bacterial cell division protein
DivIVA (Cole et al., 1998; Flardh, 2003) that is essential for polar cell wall synthesis

(Kang et al., 2008; Jani et al., 2010).

FhaAww is phosphorylated by PknBys, in vivo (Prisic et al., 2010) and in vitro (Grundner
et al., 2005; Roumestand et al., 2011) on T116 (Roumestand et al., 2011) but not its
FHA-domain although the FHA domain is required for phosphorylation by PknB
(Grundner et al., 2005). Wag31us is phosphorylated at T73 by either PknAui, or PknAuis

and PknB s, together in vitro but not by PknBus, alone (Kang et al., 2005).

To see if FhaAusw and Wag31 s, are substrates of PstP s, we performed in vitro
dephosphorylation assays with purified full-length His-FhaAuu, His-Wag31 i, N-
terminally His-MBP tagged cytosolic kinase domains of PknAy, and PknBuys, and the

cytosolic region of PstPy, containing the catalytic domain (His-PstP;WT ).
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We phosphorylated His-FhaAu, with His-MBP-PknBys in presence of ATP [y->2P]. After
addition of His-PstP.WT i, we see the phosphorylation on his-FhaAu~P started to
decrease within 5 minutes and kept decreasing over time to about 80% in 80 minutes
(Figure 3.1A, first panel and B). Our control assay with no phosphatase shows that the
phosphorylation on his-FhaAu»~P is stable over time in presence of the phosphatase
buffer (Figure 3.1A, bottom panel and B). This shows that the cell wall regulator FhaAus

is a substrate of PstPWTu, in vitro.

A. Dephosphorylation of His-FhaA, B. Quantification of phosphorylation of His-FhaA,
+His-PstP WT,,
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Figure 3.1 PstPyw dephosphorylates FhaA yqp.
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A. Autoradiograms and their respective Coomassie stained SDS-gels of in vitro
phosphatase assays performed with ATP-[V-32P]-phosphorylated His-FhaAu, and His-
PstP.WT i (top panel), His-PstP;WT s, (second panel), His-PstP:T141Eus (third panel),
His-PstP.T174Euy (fourth panel) and no phosphatase control reaction (bottom panel).
One set of representative images for each reaction is shown here from two individual
assays performed with individually purified batches of phosphatases.

B. Quantification of relative intensities of [y->*P] on His-FhaAus on autoradiogram over
amount of His-FhaAyw on the SDS-gel. P values were calculated using two-tailed
unpaired t-test.

P-values of T137E at 0 min vs. 80 min =0.7598, WT vs.T137E at 80 min= 0.0487, WT
vs.T141E at 80 min =0.3712, WT vs. T174E at 80 min=0.2000. The error bars represent
standard error of means.

To see if PstPcWTus can dephosphorylate Wag31ys,, we performed an in vitro
dephosphorylation assay where we first phosphorylated his-Wag31 v, with His-MBP-
PknAw in presence of ATP [y->2P]. After addition of His-PstPWT s, the phosphorylation
on Wag31u» decreased by about 37% within 15 seconds and kept decreasing over time
to about 93% in 2 minutes (Figure 3.2A, first panel and B). Our no phosphatase control
assay showed that the phosphorylation on His-Wag31uy:,~P is stable over time in
presence of the phosphatase buffer (Figure 3.2A, bottom panel and B). This shows that
the PG-regulator Wag31u is a substrate of PstPWT s in vitro, and also that Wag31 is

dephosphorylated much more quickly than the other substrates we have studied.
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A. Dephosphorylation of His-Wag31,,, B. Quantification of phosphorylation of His-Wag31,,,
+His-PstP WT,
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Figure 3.2 PstPy« dephosphorylates Wag31 ys

A. Autoradiograms and their respective Coomassie stained SDS-gels of in vitro
phosphatase assays performed with ATP-[y-**P]-phosphorylated His-Wag31 s and His-
PstP-WT i (top panel), His-PstP;WT s, (second panel), His-PstP:T141Eus (third panel),
His-PstP.T174Euy (fourth panel) and no phosphatase control reaction (bottom panel).
One set of representative images for each reaction is shown here from two individual
assays performed with individually purified batches of phosphatases.

B. Quantification of relative intensities of [y->?P] on His-Wag31 on autoradiogram over
amount of His-Wag31,, on the SDS-gel. P values were calculated using two-tailed
unpaired t-test.

P-values of T137E at 0 sec vs. 15 sec = 0. 0.1947 and 0 sec vs. 120sec= 0.7493, WT
vs. T137E at 120 sec= 0.0130, WT vs. T141E at 120 sec =0.0106 and WT vs. T174E at
120 sec = 0.170. The error bars represent standard error of means.

Our previous biochemical data that demonstrated PstPuy, dephosphorylates CwIM,
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(Shamma et al., 2021) is reproducible in our in vitro assays with ATP [y-*P] where we
see a 97% decrease in phosphorylation on His-SUMO-Cwlmy,~P over a time period of 40

minutes after addition of His-PstP;W T, (Figure 3.4A top panel and B).

In all the assays, we see no phosphorylation signals on the WT and phosphomimetic
PstPs on the autoradiograms (data not shown) since PstP can quickly dephosphorylate

itself (Sajid et al., 2011) and the purified forms are thus unphosphorylated.

3.5.2 Phosphorylation on PstPT137,, negatively regulates its activity

PstP,,, is phosphorylated on its threonine (T) residues 137, 141, 174, and 290 and
when phosphorylated, shows increased activity against small molecule substrates in
vitro (Sajid et al., 2011) (Figure 3.3). We hypothesized that phosphorylation of the
threonine residues of PstP individually might help regulate PstP’s activity through
switching its catalytic activity against different substrates or by affecting PstP’s substrate

specificity.
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Figure 3.3 Crystal structure of the cytoplasmic domain of PstPy,WT.

Schematic of the crystal structure of PstP from M. tuberculosis (PstPu»WT) (Pullen et
al., 2004) (PDB code 1TXO) showing the conserved threonine (T) which are
phosphorylated by the kinases PknA and PknB (Sajid et al. 2011). Highlighted on the
structure are: red, PstPuy 1137 (PstPT134 in PstPuysmeg); blue, PstPus 1141 (PstPT138
in PstPusmeg) green, PstPu,T174 (PstPT171 in PstPuysmeg); yellow, Mn?* present at the
conserved two-metal center seen in PP2Ca, which are part of the active site core; pink,
the unique third Mn?* ion bound in the catalytic core of PstPu but not in the human
PP2Ca and sits in a groove created by the flap subdomain next to the active site,
orange, Ser60 and Asp118 that act as ligands for the third Mn ion; lime green, residues
of the catalytic sites surrounding the two-metal center. Arrows point to position of the
OH-groups on T137, T141 and T174 that can be phosphorylated.

To see if the phosphorylations on PstP 4 individually affect PstP’s activity, we made
phosphomimetic (T to E) (Cottin et al., 1999) mutants of PstPp;p at each of the three
conserved phosphorylation sites of PstPp¢p in the catalytic domain and purified them

(His-PstP.T137E, ., His-PstP:T141E,, and his-PstP.T174E

Mib?® Mib)"

We previously showed that in vitro PstPWT,  dephosphorylates CwIM, , and

PstPT174E,,, showed no significant difference in activity against CwlM compared to
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PstPWT,, (Shamma et al., 2021). Here we wanted to see if these conserved

phosphosites regulated PstP’s activity against all three PG regulators.

We performed separate in vitro phosphatase assays with the substrates His-FhaA u,
His-Wag31y, His-SUMO-CwIMpy, where His-FhaA s, and His-SUMO-CwIMy, were
phosphorylated with His-MBP-PknBus, and His-Wag31us, was phosphorylated with His-

MBP-PknAwms. With the addition of His-PstP.T137E,  , we see no significant decrease

Mtb’

of phosphorylation signal over time on His-FhaA y»~P (Figure 3.1A, second panel and
B), His-Wag31u»~P (Figure 3.2A, second panel and B) and His-SUMO-CwIM, (Figure
3.4A, second panel and B). These data clearly show that PstP;T137Ey: suppresses
PstP’s catalytic activity almost fully against different substrates. This is direct
biochemical evidence that supports our hypothesis that an individual phosphosite may

direct regulation of PstP’s activity against substrates.
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A. Dephosphorylation of His-SUMO-CwIM,, B. Quantification of phosphorylation of His-SUMO-CwIM,
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Figure 3.4 PstPy., dephosphorylates CwiM ;.

A. Autoradiograms and their respective Coomassie stained SDS-gels of in vitro
phosphatase assays performed with ATP-[y-**P]-phosphorylated His-SUMO-CwIM
and His-PstP;WTys (top panel), His-PstP;WTu (second panel), His-PstPcT141E
(third panel), His-PstP.T174Euy, (fourth panel) and no phosphatase control reaction
(bottom panel). One set of representative images for each reaction is shown here from
two individual assays performed with individually purified batches of phosphatases.

B. Quantification of relative intensites of [y-?P] on His-SUMO-CwIMy on
autoradiogram over amount of His-SUMO-CwIM;, on the SDS-gel. P values were
calculated using two-tailed unpaired t-test. P-values of T137E at 0 min vs. 40 min=
0.1107, WT vs. T137E at 40 min= 0.0127, WT vs. T141E at 40 min=0.3683 and WT vs.
T174E at 40 min= 0.5918. The error bars represent standard error of means.
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3.5.3 Phosphorylations on PstPT141,,, and PstPT174,,,;, regulate PstPy,’s substrate
specificity

To understand if phosphorylations on PstPT141y, and PstPT174, affect PstPuys's
activity, we tested changes in phosphorylation signals on phosphorylated His-FhaA s,
His-Wag31 i and His-SUMO-CwIMy, in presence of His-PstP.T141Eu, and His-

PstP.T174Em in separate in vitro phosphatase assays.

We see decrease in phosphorylation on His-FhaA y»~P over time in presence of His-
PstP:.T141Eums (Figure 3.1A, third panel and B) and His-PstP.T174Euu (Figure 3.1A,
fourth panel and B) in a manner similar to that in presence of His-PstP.WT s, (Figure
3.1A, top panel and B) with no significant difference in activities (Figure 3.1B). When
added to His-SUMO-CwIMp,~P, His-PstP.T141E s (Figure 3.4A, third panel and B),
like His-His-PstP.T174Eums as reported previously (Shamma et al., 2021) and also in this
study (Figure 3.4A, fourth panel and B), has similar activity as PstP;WT s in

dephosphorylating His-SUMO-CwIM,~P.

Interestingly, the phosphorylation signal on His-Wag31y, decreased significantly slowly
in presence of His-PstP:;T141E s (Figure 3.2A, third panel and B), and His-
PstP . T174E s (Figure 3.2A, fourth panel and B), compared to His-PstP-WT s (Figure

3.2A, top panel and B).

These data clearly show that both PstP;T141Ey, and PstP.T174E, do not affect
PstP’s activity against certain substrates but do affect its activity against some other.
These biochemical data support our hypothesis that phosphorylation on PstP may

modulate its activity by affecting its substrate specificity.
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3.5.4 Phospho-site T137 of PstP ysmeq affects peptidoglycan regulation in starvation
Phosphorylation regulates CwlM’s interaction with the first PG biosynthetic enzyme
MurA to stimulate PG precursor synthesis (Boutte et al., 2016). Phosphorylation of
CwlIM also affects its binding to FhaA and the lipid-Il precursor flippase MurJ (Turapov
et al., 2018). CwlM is quickly dephosphorylated in transition to stasis (Boutte et al.,
2016) likely by PstP (Shamma et al., 2021). The PG regulator Wag31 is strongly
phosphorylated in the log. phase and less or non-phosphorylated in the stationary
phase (Jani et al., 2010). These facts hint to the possibility that dephosphorylation of

these regulators may be important for downregulation of PG metabolism in stasis.

Previously we showed that phospho-regulation of PstP regulates PG metabolism in
stasis (Shamma et al., 2021). In this study, we show that, in vitro PstPWT s,
dephosphorylates three PG regulators FhaAu, Wag31us, and CwiMpyg, but when
phosphorylated on T137 its activity against these PG regulatory substrates is
significantly inhibited (Figure 3.1A and B, 3.2A and B and 3.4A and B). We wanted to
see if this corresponding phosphosite on PstP (PstPT134smeq) Might affect PG

metabolism in vivo in Msmeg.

We made Msmeg strains with phosphomimetic pstPT134ysmeg alleles. We reported
previously that the biological replicates of T134E mutant strains showed bimodal
distributions of doubling times (Shamma et al., 2021) probably due to potential
suppressor mutations. We performed growth curves with newly constructed
pstPT134ysmeg allelic strains and observed a similar pattern of bimodal doubling times in

different biological replicates (Figure 3.5).
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Figure 3.5 Doubling times of pstPysmeg T134 phospho-mimetic strains
Doubling times of Msmeg strains carrying the phospho-mimetic pstPT134E and the WT
alleles. Each symbol represents the average doubling time of one biological replicate of
different genotypes. The pstPT134E allelic replicates showing similar doubling times in
the bimodal distribution of doubling times are represented with red squares or
triangles. The average doubling time of each strain was calculated from growth curves

performed at least twice on different dates. The bars represent mean with standard
deviation. **, P value= 0.0026, ns, P value= 0.1976.

We used the three biological phosphomimetic replicates that showed consistent slower
growth phenotypes compared to the pstPWT ysmeg allelic strains (Figure 3.5, red
squares) in our next experiment. In these phosphomimetic strains and WT strains, we
used a fluorescent D-amino acid HADA (Kuru et al., 2012) as a metric of active PG

metabolism in the exponentially growing cells and cells starved in PBS with Tween80

for a total of 30 minutes .
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A. Cell length in log. phase and starvation C. Micrographs of cells in log. phase
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Figure 3.6 Phosphosite on T134 on PstPysmeg is important in regulating PG
metabolism

A. Quantification of cell lengths of isogenic pstP allele strains (WT and T134E) grown in
7H9 in log. phase and starved in PBS with Tween80. At least 100 cells from each of
three biological replicates were quantified. P values were calculated by unpaired t-test.
*, P value = 0.0122, **** P value= 0.000000031.

B. Quantification of mean intensities of HADA of pstP allele strains (WT and T134E)
grown in 7H9 in log. phase and starved in PBS with Tween90. Cells were stained after
15 minutes of starvation and washed and fixed after another 15 minutes (starved for a
total of 30 minutes). At least 100 cells from each of three biological replicates were
quantified. P values were calculated by unpaired t-test. *, P value = 0.0109, **** P
value= <0.000000000000001.

C and D. Representative HADA and phase images of cells from pstP allele strains (WT
and T134E) grown in 7H9 in log. phase (C) and after 30 minutes of starvation in PBS
with Tween80 (D).

E and F. Intensity profiles of HADA signals in cells of pstP allele strains (WT and
T134E) in log. phase (E) and after starving for 30 minutes in PBS supplemented with
Tween80 (F). The shaded regions denote standard deviations and the solid lines
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represent the mean intensity values. Signal intensities from at least 110 cells from each
of three biological replicates of every pstP allelic variant genotype were quantified and
used to analyze the signal profiles in Microbed. 0 to 1 on the X-axes represent cells
from the old (brightest) to the new pole respectively.

We see a slight increase in length (Figure 3.6A and C, 3.7A and B) and HADA intensity
(Figure 3.6B and C, 3.7A and B) in the pstPT134uysmeg Strains in the log. phase
compared to the WT strains. After they were starved in PBS with Tween80, these
differences increase (Figure 3.6A, B and D, Figure 3.7C and D). In the log. phase, the
increase in mean intensity of the HADA signal in the pstPT134usmeg allelic strains is
likely due to the higher HADA intensity at the old pole compared to the WT allelic strains
as evident from the signal intensity profiles of cells (Figure 3.6E, Figure 3.7A and B).
The starved pstPWT ysmeg Strains show decreased HADA signal compared to that in the
log. phase (Figure 3.6B, E and F top panels, Figure 3.7A and C) which indicates
downregulation of PG metabolism in transition to stasis, whereas the starved
pstPT134E usmeg allele strains show significantly higher HADA signal (Figure 3.6B, E and
F bottom panels, Figure 3.7B and D) indicating a defect in downregulating PG
metabolism. We see some septal HADA signal mainly and significantly downregulated
HADA signal at the poles (Figure 3.6D and F top panel, Figure 3.7C) in the starved
PStPWT psmeg cells. The pstPT134Eusmeg allele cells, in comparison, show somewhat
delocalized HADA staining (Figure 3.6D and F bottom panel, Figure 3.7D) suggesting
that the presence of a constant negative charge on phosphosite T134 on PstPusmeg is

affecting the downregulation of PG synthesis likely by suppressing PstP’s activity

against different PG regulatory substrates.
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Figure 3.7 Demographic profiles of HADA signal intensity in pstPusmeg Strains in
growth and starvation

A and B. Demographs showing intensities of the fluorescent dye HADA signal in
individual cells from pstPWT allele strains (A) and pstPT134E allele strains (B) in log.
phase.

C and D. Demographs showing intensities of the fluorescent dye HADA signal in
individual cells from pstPWT allele strains (C) and pstPT134E allele strains (D) starved
in PBS with Tween80 for a total time period of 30 minutes.

Biological triplicates of each pstP allelic variant were analyzed. Signal intensities from at
least 340 cells from each pstP allelic variant (at least 100 cells from each biological

triplicate of each genotype) in log. phase and starvation were plotted in the
demographs.

Our data showing that the pstP134Eusmeg Strains have higher HADA intensity (Figure
3.6B,C and E bottom panel, Figure 3.7B) in the log. phase support the notion (Jani et
al., 2010; Turapov et al., 2018) that PG regulation involves a subtle balance in

phosphorylated and dephosphorylated forms of its regulatory substrates and PstP’s
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phospho-regulation contributes to this regulation likely by maintaining the

phosphorylation states of PG regulatory substrates.

The misregulation of PG metabolism (Figure 3.6B, C, D, E and F bottom panels, Figure
3.7B and D) may account for the slower growth of the pstP134E ysmeg Strains that we
see in our data (Fig 2.5). The increased length (Figure 3.6A) and the HADA intensity
(Figure 3.6B) in the log. phase despite their slower growth indicate that the PG

metabolism is likely disordered .

3.6 Conclusion

We suggest a model where FhaA is phospho-regulated, because it is phosphorylated by
PknB and dephosphorylated by PstP, although the role of phosphorylation of FhaA
phosphorylation has not been elucidated. This work may be useful to find out more on
the role of reversible phosphorylation of FhaA in the cell in future. This also supports the
model that PknB is the master regulator of phosphorylation and PstP is its negative

regulatory switch (Iswahyudi et al., 2019; Dulberger et al., 2020; Shamma et al., 2021).

Also, our in vivo data (Figure 3.6) indicate that in addition to downregulation of PG
synthesis in stasis, PG synthesis needs to be continuously regulated in log phase as
well. PstP's phospho-regulation plays an important role in all of this. Individual
phosphosites play a role in regulating its activity and specificity and thus contributes
PstP mediated dephosphorylation of substrates. To find how exactly the phosphosite
T134 on PstPysmeg may be important in PG metabolism, we intend to examine the key

PG regulator CwIM’s phosphorylation in vivo in pstPT134E Msmeg strains next.
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Our finding that PstP dephosphorylates Wag31 (Figure 3.2A and B) suggests a possible
model of phopsho-regulation of polar PG metabolism where phospho- and non-
phospho-forms of Wag31 are needed to balance PG synthesis. Wag31 is known to
oligomerize to form higher ordered structures (Nguyen et al., 2007; Choukate and
Chaudhuri, 2020) and it has been suggested that phosphorylation may favor interaction
of Wag31 molecules (Jani et al., 2010). While conducting in vitro phosphatase assays
with Wag31u»~P, we found that with ten times less PstPWT s, than the amount of
Wag31us used in the reaction, phosphorylation signal diminishes immediately but after
that appears stabilized over time (data not shown). We assume that the oligomerization
of Wag31 in the assay reaction may somehow affect PstP’s access to all of the
substrate present in the reaction mixture, but we do not know if or how oligomerization
may be a factor that causes PstPT141E s and T174E, to act somewhat reluctantly on
Wag31 (Figure 3.2). It is more plausible that the orientation of the phosphorylation sites
T141, which maps on the flap subdomain and T174 on PstPyy, (Figure 3.3) may
contribute to toggling specificity of PstP against different substrates when a phosphate

group is added on them.
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Chapter 4

Identifying mutations in pstPuysmeg variants that suppress a

growth-restrictive phenotype

Farah Shamma’, Karen Samaga-de-Tembiwa' and Cara Boutte'
'Department of Biology, University of Texas Arlington, Arlington, Texas

4.1 Preface

This chapter builds on the bimodal distribution of doubling times of different pstPusmeg
strains that we see in Chapter 2, Figure 2.1B (Shamma et al., 2021). The consistent
presence of two populations in different pstPusmeqg phospho-variants with doubling times
slower and similar to the pstPWT ysmeg Strains led us to hypothesize that some
suppressor mutations might be arising in some of the biological replicates masking the
slower growth phenotype. In this project, we raised some faster growing strains from
different pstPusmeg phospho-allele slow-grower strains, confirmed absence of reversions
in the respective phospho-ablative (T134A and T138A) and phospho-mimetic (T134E
and T138E) pstPusmeg alleles, sequenced the genomes of these clones to find mutations
elsewhere in the genome other than in the phospho-ablative and phospho-mimetic
pStPusmeg alleles. | passaged all the strains to raise potential suppressor-mutation

containing strains from the slow-growing parents and performed growth curves to

86



phenotype them. Once the faster-growing phenotypes were identified, Karen Samaga-

de-Tembiwa isolated the genomic DNA and sent them for sequencing.

4.2 Abstract

PstP is a key negative regulator of the Serine/Threonine protein kinases (STPK) in
Mycobacteria; this reversible phosphorylation is important in regulating the cell wall.
PstP is itself phosphorylated by the STPKs and phospho-regulation of PstP affects cell
wall metabolism. But the role of each phospho-site of PstP in regulating its substrates or
interactions with other proteins in vivo is yet unclear. Suppressor mutations can often be
used to find new genetic interactions. In this study, | aimed to see if faster-growing
strains could be raised from slow-growing parents of different pstPusmeg phospho-
variants, and to see if | could find mutations in some genes important for cell-wall
regulation or metabolism, which suppressed the growth-limiting effect of the pstPusmeg
phospho-mutations. These genes might give useful information on PstP’s interaction
network. | found that some pstPusmeg phospho-ablative and phospho-mimetic strains
contained mutations in some genes that restored the normal doubling times in the
parental slow-growth pheonotypes. Among the genes that underwent mutations to
restore the normal growth pheonotype, we think that the arabinogalactan synthesis
enzyme encoded by aftA is an important one and might be a part of PstP’s regulatory

network in vivo.

4.3 Introduction
The reversible Serine/Threonine (S/T) phosphorylation of various proteins and enzymes

is a crucial cell wall regulatory mechanism in Mycobacteria (Kang et al., 2005; Gee et
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al., 2012; Baer et al., 2014; Boutte et al., 2016). PstP being the only cognate S/T
phosphatase of the 11 Serine/Threonine protein kinases (STPKs) in Mycobacterium
tuberculosis (Mtb) (Cole et al., 1998; Bach et al., 2009) serves as the major negative
regulator of phosphorylation (Iswahyudi et al., 2019) to revert the effects of
phosphorylation (Molle et al., 2006; Shamma et al., 2021) on cell wall metabolism.
PstPu is itself phosphorylated (Sajid et al., 2011) and | have shown in Chapter 3
(Figure 3.1, 3.2 and 3.4) of this dissertation that PstP;,’s activity is phospho-regulated
in vitro. PstP’s phospho-regulation is also imperative in vivo- the phosphosite T171 on
PstP Mycobacterium smegmatis (Msmeg) is important in regulating cell growth, length,
antibiotic tolerance, the peptidoglycan and the mycolic acid metabolism (Shamma et al.,
2021) and the phospho-site T134 on PstPuysmegis important in regulating PG metabolism

in both log. phase and starvation (Chapter 3 Figure 3.6).

The mycobacterial cell wall core consists of different covalently cross-linked layers-
peptidoglycan (PG)-arabinogalactan (AG)-Mycolic acid (MA) (Daffé and Draper, 1997)
and involves a plethora of enzymes and proteins that coordinate and regulate the
synthesis of different layers (Dulberger et al., 2020), a lot of which are controlled by
STPK phosphorylation (Prisic and Husson, 2014). PstP is suggested to serve as the
negative phospho-regulatory switch in the cell (Iswahyudi et al., 2019), but how each
phosphosite may regulate PstP spatio-temporally to control PstP’s catalytic activity or
specificity against and interaction with different cell-wall substrates in the complex

scenario of cell wall regulation in vivo is still unknown.
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The three conserved phospho-sites on PstPysmeq are T134, T138 and T171 (Sajid et al.,
2011). That each phospho-site might be individually important is evident from the
bimodal growth pheonotypes of phospho-ablative (T->A) and phospho-mimetic (T->E)
pStPusmeg Strains (Shamma et al., 2021). In addition to a slower-growth phenotype, a
group of the pstPusmeg T134A, T134E, T138A and T138E strains also consistently
showed doubling times similar to the pstPysmeg WT strains (Shamma et al., 2021), so |
suspected that some mutations might be occurring in the genomes of these strains
which were able to suppress the growth-restrictive effect of pstPusmeg phospho-
mutations in these strains. We hypothesized that these suppressor mutations could be
occurring in the substrates of PstP or in the genetic pathways that are redundant with
PstP, its substrates or their regulators, which could shed light on important genetic
connections of PstP in the reversible phospho-regulatory network. In this study, | aimed
to map the potential suppressor mutations in the pstPuysmeg T134 and T138 phospho-

mutants to identify PstP’s genetic interactions and intersecting biological pathways.

In this study, | raised some fast-growers from the slow-growing parental pstPusmeg
phospho-variants and used them to map potential suppressor-mutations in the genome.
| found different mutations in the genome that we think suppressed the growth-limiting
effect of pstPusmeg phospho-mutations. Among these, the likeliest to be true suppressors
are the genes encoding: AftA (galactan 5-O-arabinofuranosyltransferase), MoxR
(ATPase family protein associated with various cellular activities (AAA)) and a putative

NiFe hydrogenase, beta subunit in Msmeg.
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4.4 Methods and materials

4.4.1 Bacterial strains and culture conditions

All Mycobacterium smegmatis mc2155 ATCC 700084 cultures were grown in 7H9
(Becton, Dickinson, Franklin Lakes, NJ) medium containing 5 g/liter bovine serum
albumin (BSA), 0.003 g/liter catalase, 2 g/liter dextrose, 0.85 g/liter NaCl, 0.2% glycerol,
and 0.05% Tween 80 and incubated at 37°C until log. phase. 1xPBS with 0.05% Tween
80 was used for starvation assays. Cultures were plated on LB lennox agar (Fisher
BP1427-2). Antibiotic concentrations for M. smegmatis were 25ug/ml kanamycin and 20

Mg/ml zeocin..

4.4.2 Strain construction

The phospho-ablative and phospho-mimetic pstPusmeg allelic strains (Msmeg mc?155
ApstP::lox L5::pCT94-p766tetONG-pstPysmeg T 134A, T134E, T138A and T138E) and
Msmeg mc®155 ApstP::lox L5::pCT94-p766tetONG-pstPuysmegWT strains were generated
by swapping pstPusmeg T134A, T134E, T138A, T138E and WT alleles respectively

under the promoter p766tetONG in the integrative vector pCT94 at the L5 site of the M.

smeg mc2155 ApstP::lox strain as described previously (Pashley and Parish, 2003;

Shamma et al., 2021).

4.4.3 Raising strains with potential suppressor-mutations
At least three biological replicates of the slow growing phenotypes of pstPusmeq allele
variants (T134A, T134E, T138A, T138E) and the WT were plated on LB agar plates

supplemented with Kanamycin 25ug/ml. At least three smallest colonies were picked
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from each biological replicate of each genotype and each colony was inoculated in 7H9

media to raise suppressors individually.

Each culture was allowed to grow up to their stationary phases to allow increase of
potential mutant cells containing the suppressors. The cultures were passaged upon
reaching their stationary phases in to fresh 7H9 media daily for at least 12 days. In
order to see if any faster growing variants occurred in the cultures, each culture was
plated on LB agar plates and differences in colony sizes on each plate were observed.
Some of the bigger colonies were picked for each genotype from the plates and grown
in 7H9 medium to perform growth curves to see changes in doubling times compared to

the parental strains.

4.4.4 Growth Curve Assays

For finding out the growth phenotypes of different parental pstPusmeg allele variants
(T134A, T134E, T138A, T138E and WT) at first, at least three biological replicates of
different pstPusmeg allele variants (T134A, T134E, T138A, T138E and WT) were grown
in 7H9 media up to log. phase as described in (Shamma et al., 2021). For finding out
the change in growth phenotypes of the suppressor strains raised from the parental
pStPusmeg strains (T134A, T134E, T138A and T138E), all the suppressor strains were

grown in 7H9 media up to log. phase to perform growth curves.

The growth curves were performed in non-treated non-tissue culture 96-well plates
using a plate reader (BioTek Synergy neo2 multi mode reader) in 200l 7H9 media

starting at ODgp=0.1. Doubling times were calculated using the Exponential growth
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equation using the least squared ordinary fit method in GraphPad Prism (Version 7.0d).

P values were calculated using two-tailed, unpaired t-tests.

4.4.5 Isolation of genomic DNA

To check whether faster-growing phenotypes arisen from their slower growing parents
due to reversions of the mutant pstPusmeg alleles (T134A, T134E, T138A and T138E) to
the WT allele, the phospho-ablative and phospho-mimetic allelic regions were
sequenced first. The faster-growing clones that showed reversion of the phospho-
ablative and phospho-mimetic mutations in pstPysmeg Were excluded from further

experimentation.

The genomic DNA was purified from nine faster-growing potential suppressor mutation-
containing biological replicate strains of the pstPysmeg T134A, T138A and T138E
genotypes in total in the standard phenol:chloroform:isoamyl alcohol (25:24:1) method
(Sambrook and Russel, 2001). Purity of the prepared samples was checked using
spectrophotometer (NanoDrop One/One Microvolume UV-Vis, ThermoFisher).
Sequencing libraries were generated by MiGS Inc. (PA, USA) using the lllumina (NEB,
MA, USA) DNA library preparations. The prepared DNA library was sequenced on the
NextSeq 2000 platform according to the manufacturer’s instruction for paired end
(2x151) reads. bcl2fastq was used for quality control and adapter trimming for the
lllumina sequencing. The variant caller breseq (0.35.4) was used to align and compare

sequencing data using the following commands:

breseq -r [reference file] [sample name]_.fastq.gz [sample name]_fastq.gz -o [output file

namej
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4.5 Results

4.5.1 Faster-growing phenotypes arise from slow-growing pstPpsmeq Strains

Biological replicates with identical pstPusmeg phospho-mutations showing bimodal
doubling times is indicative of the significance of the respective phospho-site of
PstPusmeg in Nnormal cell growth regulation. | hypothesized that the phospho-ablative
(T134A, T138A) and the phospho-mimetic (T134E and T138E) mutations on PstPusmeg
severely impaired the growth of some of the biological strains giving rise to mutations to
overcome the phospho-site mutation-induced growth defect, enabling the strains to
revert to faster/normal growth rate. These mutations might as well arise and accumulate

in the slow-growth phenotypes of these pstPusmeg phospho-mutant strains over time.

| decided to grow some of the slow-growing biological replicates containing pstPusmeg
T134A, T134E, T138A and T138E alleles (referred to as parental strains in this chapter
onwards) (Figure 4.1A) over several days individually to see if suppressor mutations
occurred in them. Biological replicates of each genotype were plated on LB agar some
of the smallest colonies, which grew the slowest, were inoculated individually in 7H9
medium (Figure 4.1B). Cells of each colony thus grew in different culture tubes, which
would mean a different environment for each of them This was done see if different
individual mutations might occur in different biological replicates of the same slow-

growing strains growing in different tubes.

The slow-growing pstPusmeg biological replicates were grown up to the stationary phase
everyday before passaging them into new 7H9 medium for at least 12 days (Figure

4.1C and D). If mutations occurred in any of the cells of a strain that suppressed the
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slow-growth phenotype, it would replicate faster and eventually outnumber the slow-

growing cells in the tube (Figure 4.1D).

Cultures containing both faster and slower growing cells would show bigger and small
colonies respectively if plated on LB agar. So after plating these repeatedly passaged
cultures from each test tube on LB agar, at least three bigger colonies were picked from
each (referred to as clones of potential suppressor-containing strains), grown in 7H9 to

perform growth curves in order to phenotype them (Figure 4.1D).

A C.
3 i
2.1, [;}} * i /
o
z 2
B0 T f \ '
3
83 l 3 —_—
21 Biological replicates
o5 T138A of each genotype plated
Individually on LB agar Smallest colonies Passaged everyday
Slow-growing from each biological replicate ~ for at least 12 days
pstP,,..., Phospho-variant strains Inoculated in 7H9 medium to enrich probable
(parental) to raise individual suppressor-carrying

suppressor-carrying clones, faster-growing mutants

Ny

" a w e e o Individual cultures plated
on LB agar
Bigger colonies of the faster-
growing potential
suppressor strains
picked and used to perform
growth curves

Enrichment of potential
suppressor-mutation
containing cells (green)
because of faster arowth

Rise of a potential
suppressor-mutation
containing cell (green)

Figure 4.1 Schematic of raising potential suppressor-mutation containing strains
from parental strains
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A. At least three biological replicates of each genotype that had slow doubling times
depicted in the table were plated on LB agar. B. At least three smallest colonies were
picked and inoculated individually in 7H9 medium to let individual colonies have their
own growth-environment to allow occurrence of potential individual mutations. C. Each
culture was passaged everyday in to new media after growing them up to stationary
phase. D. Concept of enrichment of potential-suppressor mutants. Red cells represent
slow-growth phenotypes. Green cells represent fast-growth phenotype. E. Each culture
was plated on LB agar to see the presence of bigger (growing faster) and smaller
(growing slower) on the same agar plate. Bigger colonies were grown in 7H9 up to log.
phase to perform growth curves. All LB agar and 7H9 media were supplemented with
Kanamycin 25 pg/ml.

| then calculated and compared the doubling times of the clones to that of their parents.
| saw some strains gained faster doubling times compared to their slow-growing parents
(Figure 4.2). | got at least one strain from each parent which showed restored WT

growth phenotype compared to their parental slow-growing strain (Figure 4.2).
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Figure 4.2 Doubling times of strains raised from their slow-growing pstPusmeg
phospho-mutant parents

Each symbol represents the mean doubling time of one biological replicate of different
genotypes. The mean for each potential suppressor-containing strain raised from their
parent was calculated was calculated from the doubling times of their biological clones.
The first symbol of each section (of doubling times separated from another by colored
vertical lines) is the mean parental doubling time and the next one(s) in the same
section represent(s) the mean doubling time of the strain(s) raised from it. All the
symbols in the top dark-gray shaded region are mean parental doubling times and in the
bottom light-gray shaded region are the strains raised from them. The error bars
represent mean with standard error of mean. The doubling times of the pstPusmeg
T134A, T134E, T138A and T138E strains and the vertical lines separating each group
of parental and their successors are represented in red, , blue and
respectively.
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4.5.2 Mutations in the genomes restore the wild-type growth phenotypes in the slow-
growing pstPyismes phosphomimetic strains

| aimed to map the potential suppressor-mutations in the rapidly growing pstPusmeg
mutants (Figure 4.2) using whole genome sequencing. To rule out the possibility of
rapid-growth occurring simply due to reversions of the phospho-mutant pstPusmeq alleles
to their WT form, only the pstPusmeg allelic regions were sequenced first. The pstPusmeg
alleles in all the pstPusmeg T134E fast-growing strains that were chosen to send for
sequencing, showed reversion of T134E to the WT allele. So the other pstPusmeg allelic

variants excluding these T134E strains were used for whole genome sequencing.

Mutations in the sequences called with high coverage indicate high confidence level of
probable mutation in the genome. So only those high confidence mutations were taken
into consideration and presented here in this study (Table 4.1). Some of the genes
showing mutations with high confidence level, the two hits aftA and OOAFAAHP_01498
in Table 4.2 for example, were also found showing mutations in sequences called with

marginal evidences (data not shown) but not presented in Table 4.2.

We found different types of mutations occurring in different growth-restored pstPusmeg
clones. We mostly see single base substitutions (nonsense or missense) in genes and

mutations in coding and intergenic regions (Table 4.1).

Table 4.1: Summary of mutations in the faster-growing pstPysmeg phospho-variant
strains
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All the rapidly growing biological replicates of pstPuysmeg T134A, T134E, T138A and
T138E strains sequenced are represented by different colors. The color group for
T134A is red, T138A is blue and T138E is cyan. Squares of the respective colors in the
table represent presence of a particular mutation in that strain.

. T138A T138A T138E T138E T138E .
Variations Supp_Clone | Supp_Clone Supp_Clone | Supp_Clone | Supp_Clone Mutation
2 3 2 3 4
L321L
(CTC—CTT)
V121V
deaD_3 (GTA-GTT)
A171A
fabG_23 (GCC—GCT)
S1206S
dhbF (TCG—TCA)
T138A
pstP (ACC—GCC)
T134T
pstP (ACG—ACC)
P241R
OOAFAAHP_01498| (CCC—CEC)
R392S
pmt (CGC—AGC)
P353T
aftA (CCC—ACC)
R385L
mglA_1 (CGG—CIG)
G384R
mglA_1 (GGG—CGG)
H68D
OOAFAAHP_01560) (CAC—GAC)
OOAFAAHP_05732) L388P
(CIG—CCG)
OOAFAAHP_03693| S83A
(TCG—GCG)
OOAFAAHP_02476 intergenic
&;%OOAFAAHP_ (+1sz£/;~140)
OOAFAAHP_03906 intergenic
E’QIQ'O_s OOARAAHP_ (+40/+32)
neo«— /«— OOAFAA| intergenic
HP_02269 (-121/+179)
OOAFAAHP_03906 intergenic
;:? /9 &9 OOAFAAHP_| (+40/g+32)
mmpS4_2 « [« O intergenic
OAFAAHP_06037 (-86/+627)
29{‘_’:}‘0}\0"14%40,43,3?:6 intergenic
e > (+40/+32)
g%fzc\gi‘%‘ (flgops intergenic
P > (+40/+32)
e e
05622 |
codin
tlyA - (353”359'“)
coding
pstP (412-414/1581 nt)
coding
narkK2 (33/1230 nt)
coding
pstP (412-414/1581 nt)
codin
nrgA (833/1 35(? nt)
codin
pstP (412.414/15%1 nt)

[ nonsense mutation [ missense mutation [_] mutation in intergenic region [ mutation in coding region
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| looked for different mutations in the same genes of individual biological replicates,

which would strongly indicate that the gene is important in PstP’s interaction network

and is prone to mutation events to overcome the growth-inhibitory effect of phospho-

mutation on PstPysmeg.

| analyzed some of the genes that had missense mutations and/or occurred multiple

times in different strains. The most interesting hits are shown in Table 4.2.

Both the UniProt BLAST (https://www.uniprot.org/blast/) and the NCBI BLASTp

(https://blast.ncbi.nim.nih.gov/Blast.cgi) were used to find Msmeg protein sequences

that matched with the given peptide sequences for two of the hits- OOAFAAHP_01498

and OOAFAAHP_01560 (Table 4.1). | found the protein sequence of

OOAFAAHP_01498 corresponds to MoxR in Msmeg and that of

OOAFAAHP_01560 corresponds to NiFe hydrogenase, beta subunit in in Msmeg.

Table 4.2: Potential suppressors of growth-restrictive pstPysmeg alleles

Gene | Gene ID Protein Function Essentiality
MSMEG galactan .

aftA - , arabinogalactan yes

6386 5-O-arabinofuranosyltransferase biosynthesis
ATPase family protein -
moxR MS3|\8/I§7G— associated with various cellular ATP binding -
activities (AAA)
_ MSMEG _ Putative NiFe hydrogenase, [ron-Sulfur _

3931 beta subunit cluster binding

4.6 Discussion

In this study, | screened for spontaneous mutants that grew rapidly despite only having
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the growth—limiting pstPusmeg T134E or T141 alleles in them suppressing the parental
growth-restricted phenotypes. | aimed to identify the molecular role of the phosphosites
T134 and T141 of PstPusmeg by mapping potential suppressor mutations in these strains
using whole genome sequencing. The identified genes that underwent mutations in the
rapidly growing pstPusmeg Strains could be important in analyzing genetic connections of

PstP which could help understand the function of phospho-sites on PstP better.

The most interesting hits in this study are affA and moxR (Table 4.2), which also

showed mutations in sequences called with marginal evidence (data not shown).

aftA is the first enzyme in the biosynthesis of the arabinogalactan pathway (Shi et al.,
2008). Whether it is phosphorylated is not known though. Since this is an essential cell
wall regulatory enzyme undergoing a suppressor mutation to restore wild-type growth
phenotype in pstPusmeg Phospho-mutant, it could mean that it is a part of PstP’s
phospho-regulatory network. We speculate that mutation in aftA may increase or
decrease its cell wall metabolism activity restoring the cell envelope integrity to
compensate for the impaired cell growth or it may be taking on a secondary function to

restore normal cell growth activity.

MoxR is a putative ATPase family protein associated with various cellular activities
(AAA) and has an ATP binding domain and a DUF58 domain. This is a putative
transcriptional regulator. STPKs regulate transcription factors involved in the cell wall
regulatory pathway (Zheng et al., 2007; Prisic and Husson, 2014). Since PstP is a part
of this phospho-regulated network, then it is not unlikely that its phospho-misregulation

might affect the transcriptional signals. | speculate that mutation in this transcriptional
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regulator may help transcriptionally regulate different cell wall regulatory proteins to

compensate for the effect of pstPuysmeg's phospho-mutations.

The relationship between pstP’s phospho-mutations and aftA will be studied in future

work.
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Chapter 5

Conclusion

5.1 Preface

This chapter summarizes the key findings in chapters 2-4 addressing the research
questions asked in chapter 1 of this dissertation. The main contributions of our studies
are discussed in the bigger picture context of Mycobacterial cell wall regulation to adapt
to the changing environments taking the limitations of our study into consideration. At
many places here, using the conclusions from our data and other published findings, we
took the liberty of making logical speculations on how PstP might work to regulate the
cell wall in an in vivo scenario, which may help find important directions in predicting the

possible pathways intersecting with PstP’s cell wall regulatory network in future works.

5.2 PstP dephosphorylates multiple PG regulators

The first research aim of this dissertation was to find novel substrates of PstP. In my
project | identified three peptidoglycan (PG) biosynthesis regulators CwIM;, (Chapter
2), FhaAuw and Wag31us (Chapter 3) that are dephosphorylated by PstPuy, in vitro. In
this dissertation all the in vitro assays were performed with Mtb proteins so these

findings are direct biochemical evidence of PstP’s substrates.

These proteins show phosphorylation by their respective STPKs in vitro and in vivo

(Grundner et al., 2005; Kang et al., 2005; Kang et al, 2008; Jani et al., 2010;
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Roumestand et al., 2011; Boutte et al., 2016) so our in vitro data hint that these
regulatory proteins are very likely to be substrates of PstP in vivo. The facts that
phosphorylated CwIM (Boutte et al., 2016) and Wag31 (Kang et al., 2008; Jani et al.,
2010) serve as activators of PG biosynthesis and that FhaA interacts with
phosphorylated CwIM (Turapov et al., 2018) in vivo suggest that all these proteins
upregulate PG synthesis in growth, so PstP may likely dephosphorylate these

substrates in stasis to cease PG synthesis.

To expand the knowledge on the repertoire of PstP substrates, we wished to find if PstP
dephosphorylated the Mycobacterial cell division protein, FtsZ and the mycolic acid
biosynthetic enzyme InhA at some point in our project, which may be done in future

works.

5.3 PstP’s phospho-sites are important in regulating its activity against
substrates thus affecting cell wall metabolism

The second goal of this dissertation was to understand the role of the phospho-sites on
PstP in regulating its activity and different cell wall regulatory pathways. We report that
the individual phospho-sites of PstP are important in regulating its activity against
substrates, the metabolism of different cell wall layers and also cell growth in our in vitro
(4.3.1) and in vivo (4.3.2 - 4.3.4) studies.

5.3.1 The phospho-sites T141 and 174 are important in regulating PstP’s substrate specificity
and the phospho-site T137 in regulating PstP;’s activity

T141 and T174: In chapter 3 of this dissertation, we show in vitro that phospho-mimetic

PstPui T141E and T174E, that are negatively charged at these sites constantly,
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dephosphorylate CwIM similarly compared to how PstPy»WT dephosphorylates CwiM. |
see a similar pattern in case of FhaA’s dephosphorylation by PstPy,T141E and T174E.
PstPui T141E and T174E dephosphorylate Wag31 significantly slower than PstPyWT.
It is likely that the phospho-regulation of PstP might affect its dephosphorylation of
substrates and this specificity might help coordinate multiple substrates’ regulatory role

in modulating PG synthesis in vivo.

T134: In chapter 3 we also show that the phosphomimetic PstPy, T134E impairs PstP’s
catalytic activity against CwIM, FhaA and Wag31 in vitro, implying PstP’s inability to
dephosphorylate these PG regulators when there is a negative charge present at this

site.

In an in vivo setting, it looks like PstP is likely to be phosphorylated on T134 when
CwlIM, Wag31 and FhaA need to remain phosphorylated to keep on synthesizing PG,
but will be phosphorylated on T141 and/or T174 to turn on its dephosphorylating activity
against these substrates, but then not all of these substrates will be dephosphorylated
at the same rate. So T134 acts as the turn-off switch and T141 and T174 seem to add

the nuance in regulation of PstP’s activity.

Although the findings are limited to assessment of PstP’s activity on certain PG
regulatory substrates only, altogether they prove that each phospho-site is important in
regulating PstP. Finding substrates of PstP which are involved in regulating other
events or pathways, for example cell division or mycolic acid biosynthesis, can help

deduce the significance of phospho-regulation of PstP’s activity and substrate specificity
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in future. Also, the temporal status of phosphorylations on PstP in vivo is not known
where the kinases that phosphorylate PstP may also play a role. So the in vitro data do
not mirror the complexity of the STPK-substrate-PstP network in vivo.

5.3.2 The phospho-site T134 on PstP in Mycobacterium smegmatis (Msmeg) is important in
regulating PG metabolism

| see in the pstPusmegT134E strains, the PG metabolism is higher in starvation
conditions compared to the pstPusmegWT strains, compared to the difference in log.
phase. So strains expressing PstPusmeg With @ negative charge always present at T134
(corresponding to T137 in PstPus) seem to fail to downregulate PG metabolism. Since
the in vitro studies show that PstPu, T137E fail to dephosphorylate CwIM, FhaA and
Wag31, which are all PG regulators, it is very likely that in vivo the dephosphorylation of
these regulators may be impaired by the presence of a constant negative charge on
T134 on PstPusmeg affecting the regulation of PG metabolism mediated in changing
conditions by these regulators in turn. To match PG synthesis with growth rate and to
downregulate PG synthesis in stasis, balance is to be maintained between
phosphorylated and non-phosphorylated states of the PG regulators in vivo mediated by
Serine/Threonine protein kinases (STPKs) and PstP. The finding suggests that the
phospho-site T134 on PstPusmeg play an important role in mediating this balance where
PstPusmeg cannot be expected to be always phosphorylated on T134 in growth or stasis,
which would clearly affect its ability to subtly control PG metabolism most likely by

impairing its activity against substrates.
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5.3.3 The phospho-site T171 on PstPysmeq has an impact in regulating PG synthesis in
starvation and mycolic acid synthesis in log phase

| report in Chapter 2 that the phosphosite T171 of PstPusmeg (corresponding to T174 on
PstPuin) has an impact on regulating the cell wall metabolism. | see that PstPysmegT171
mainly regulates peptidoglycan in the transition to stasis while its role in mycolic acid
metabolism may be restricted to log. phase (Figure3DF). The findings describe a
regulatory role of PstP in log. phase and stasis in Msmeg, where the phospho-site T171
on PstP regulates the PG metabolism in stasis and the mycolic acid metabolism during
growth. The non-phosphoform of PstPuysmegT171 seems to be favored over the

phosphoform in regulating both PG and mycolic acid metabolism.

This can provide useful information in understanding how the phospho-mediated
regulation of PstP could be important in coordinating mycolic acid and PG biosynthesis.
In our second research objective, we pondered how PstP may choose to
dephosphorylate the mycolic acid enzyme KasA but not the PG regulator CwIM in
growth (Chapter 1, Figure 1.5) and whether its phosphorylations may play a role in this.
The finding that the phospho-site T171 on PstPuysmeg is significant in regulating mycolic
acid biosynthesis but not PG metabolism in growth indicate that this phospho-site may
be playing a role in directing PstP’s activity against the different substrates of these two

cell wall layers in growth.

Peptidoglycan and mycolic acid metabolism are controlled by different systems in
growth and the transition to stasis. PG is controlled by phosphorylation at several points
along the biosynthesis pathway involving multiple substrates including CwIM, FhaA and

Wag31 used in our studies (Kang et al., 2005; Gee et al., 2012; Kieser et al., 2015;
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Boutte et al., 2016; Arora et al., 2018; Turapov et al., 2018). PknB likely serves as a
master regulator and checkpoint in this pathway by detecting periplasmic lipid Il (Kaur et
al., 2004) and changing its phosphorylation activity against the regulators CwIM and
FhaA (Grundner et al., 2005; Roumestand et al., 2011; Gee et al., 2012; Boutte et al.,
2016) and the enzymes MurJ, RodA and PonA1 (Gee et al., 2012; Kieser et al., 2015;
Arora et al., 2018) in response. PstP seems to counterbalances the effect of these
STPK mediated phosphorylations using its phospho-sites as the regulator for itself. My
conclusions from 4.2.1 and this section combined suggest that the phospho-site on
PstP is important for PstP to regulate PG metabolism in growth where both T134 and
T171 are important in regulating PG synthesis in stasis, and T171 is important in
regulating mycolic acid metabolism in growth. Nevertheless, it cannot be ignored that
there are likely other mechanisms of cell wall regulation involved in the complex in vivo
scenario like protein localization or PstP’s interaction with other regulatory proteins that

may contribute to PstP’s regulation as well.

5.3.4 The phospho-site T171 on PstPpsmeq is important in regulating growth

The cell length of Msmeg has been observed to decrease from approximately 5um to
under ~2 um in certain carbon starvation conditions (Wu et al., 2016). It is assumed that
this is due to reductive cell division (Smeulders et al., 1999; Baranowski et al., 2019),
wherein the relative division/elongation activity increases. | show in Chapter 2 that
pStPusmeg T171E cells show a slow-growth phenotype and fail to downregulate its size in
starvation conditions unlike the pstPusmegWT strains, which showed reductive cell

division in the same condition. There can be many reasons why | see this, but the most
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plausible hypothesis is that PstP has a possible role in regulating reductive cell division

and that the phospho-site T171 may be important for PstP in this activity.

How might PstP’s phosphorylation affect reductive cell division? | base our assumptions
on published data on the role of the mycobacterial cell division protein FtsZ, whose
activity is inhibited by STPK mediated-phosphorylation (Thakur and Chakraborti, 2006).
So | propose FtsZ to be a putative substrate of PstP whose dephosphorylation by PstP

would mean active cell division.

My data show that the PstP T171 phospho-mimetic strain fails to reductively divide. In
transition to starvation, the cell needs to increase its frequency of division relative to
elongation, and | might expect that PstP would be even more active against FtsZ. If
PstP’s putative activity against FtsZ is critical for this reductive cell division, then it
appears that phosphorylation on T171 will have an inhibitory effect on PstP’s activity
against FtsZ. PstP has not yet been shown to dephosphorylate FtsZ or other cell
division proteins like FtsQ (Jain et al., 2018), so this very speculative conclusion that we
present here may provide a base for finding out in future work whether FtsZ is a

substrate of PstP and if it is affected by phospho-regulation of PstP.

Reductive cell division likely also includes regulation of elongation factors. In light of this
finding, our other putative substrate of PstP is RodA, which is a PG transglycosylase
involved in cell elongation (Meeske et al., 2016; Arora et al., 2018). RodA seems to be
activated by phosphorylation in Mtb (Arora et al., 2018). So RodA may be
dephosphorylated by PstP during reductive division in order to downregulate PG

metabolism and cell elongation. The PstPysmegT171E mutant fails to reductively divide,
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this could also partly be through failure to dephosphorylate RodA or other elongation
factors that are activated by phosphorylation. In general it seems that PstP, which is
unphosphorylated at T171 is important in upregulating elongation and downregulating

cell division in the transition to stasis.

5.4 Misregulating PstP affects antibiotic tolerance

This section addresses the third objective of this dissertation, which was to identify the
effect of misregulated PstP on drug tolerance. | observed the effect of phospho-
misregulated PstP on antibiotic tolerance in Msmeg cells in Chapter 2. | misregulated its
phospho-site on T171 on PstPysmeg and found show that phospho-ablative and
phospho-mimetic mutations at T171 of PstPysmeg affect antibiotic tolerance, suggesting
that PstP’s phospho-regulation is important in regulating antibiotic tolerance. The
antibiotic sensitivity experiments that we performed in Msmeg suggest that
misregulation of PstP could sensitize mycobacteria to various antibiotics in both growth

and stasis.

It seems like PstP influences regulation of mycolic acid synthesis in growth and PG
synthesis in starvation via its phosphosites. We see that the mycolic acid metabolism-
targeting drug Isoniazid affect the pstPusmegT 171 phospho-mimetic strain in growth and
the PG targeting drug Meropenem affect the phosphomimetic strain in starvation. So,
misregulation of phosphosites on PstP misregulates the cell wall- the PG in stasis and

the mycolic acid in growth, and makes them susceptible to antibiotics.

| propose that PstP may be an Achilles’ heel of Mtb. It is an essential enzyme, so

inhibiting it should kill growing Mtb directly. But, it is also a master regulator of antibiotic
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tolerance under stress, so inhibiting PstP should misregulate the cell wall and increase

permeability to other antibiotics.

5.5 Phospho-sites of PstP give clues to finding important intersecting pathways
In my dissertation, | also report that misregulation of PstP’s phospho-sites induce
suppressor mutations to compensate for the growth-defect observed in phospho-

misregulated pstPpusmeg Strains.

In chapter 2 | found that misregulating phospho-sites T134 and 138 on pstPusmeg give
rise to a slow-growth phenotype in both cases but there are also a population of strains
with these same phospho-mutant alleles that show a similar growth profile as the
pStPusmegWT strains. In chapter 4, using whole genome sequencing, | identified some
mutations in some important genes in the rapid-growing successor strains raised from
their slow-growing parents that | think could be responsible for restoring normal growth
rate in these strains. That some strains were reverting to the normal growth phenotype
suggests that the misregulation of these phospho-sites on PstPuysmeg had severe
deterring effect on cell growth to a point where these strains underwent genomic
mutations in order to overcome the effect of phospho-misregulation of PstP in the cell.
This indicates the importance of these individual phosphosites on PstPysmeg in overall

cell growth regulation.

The functions of the proteins encoded by the mutated-genes | identified give an idea on
what pathway might be modulated to compensate for PstP’s phospho-misregulated
effect. In other words, the pathways that these proteins are a part of can be

interconnected with PstP’s regulatory circuitry. My finding will thus help to shed light on
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PstP’s genetic interaction network and can divulge important information about the
phospho-regulated PstP mediated cell wall modulation. Future work will entail further
characterization of the relationship of the identified proteins- AftA, an arabinogalactan

biosynthetic enzyme and MoxR, a putative transcriptional regulator, with PstP.
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