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Abstract:

Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB), is responsible for
approximately 1.6 million deaths per annum. Mtb has a complex cell envelope that contains
unique polysaccharide structures that include arabinogalactan, phosphatidyl-myo-inositol
mannosides (PIMs), lipomannan and lipoarabinomannan. These glycoconjugates appear
throughout Corynebacteria mycobacteria nocardia (CMN) group of bacterial organisms.
However, the mechanism by which these key cell envelope components are translocated across
the cytoplasmic membrane, remain to be elucidated. The ABC transporter superfamily of
proteins are responsible for the movement of a wide variety of molecular species across
membranes and require hydrolysis of ATP to provide energy to facilitate movement. Here I
investigated two ABC transporter systems involved in galactan and PIM translocation in
Corynebacteriaceae. Using phenotypic analysis of deletion mutants in C. glutamicum, 1
provide evidence to support that Rv1272¢/Rv1273c are directly involved in PIM translocation
as the deletion of the C. glutamicum orthologs results in a depletion of PIM species on the cell
surface. Through characterising protein-ligand interactions between the M. smegmatis Rv3781
ortholog and immature galactan analogues, I present evidence to support the prediction that
Rv3781/Rv3783 may be involved in galactan translocation

. Finally, this study explores the effect of point mutations linked to Ethambutol (EMB)
resistance in the key arabinosyltransferase (Emb) on the C. glutamicum cell envelope, through

phenotypic characterisation of the effect on component cell envelope compounds.
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Chapter 1: Introduction

1.1.1: Mycobacterium tuberculosis and related species:

Mycobacterium tuberculosis (Mtb), is an aerobic, rod shaped bacillus belonging to the order
Actinomycetales (Guglielmetti et al., 2015). Mth was first identified as the agent responsible
for TB by Robert Koch in 1882 (Murray et al., 2015). Mtb, is responsible for an estimated 10

million infections, and 1.6 million deaths globally in 2017 (World Health Organization, 2018).

The primary site of infection for TB are the lungs (referred to as pulmonary TB), with
transmission being largely airborne (Escombe et al., 2008). However, the infection can also
affect other organs, then it is referred to as extrapulmonary TB (Singer-Leshinsky, 2016).
Pulmonary TB is characterised by a chronic cough, fever, fatigue, and weight loss (Singer-

Leshinsky, 2016).

In addition to causing active infections, TB is also known for its ability to infect a host and
remain in a non-proliferative, non-symptomatic state within host macrophages (known as latent
infection). Mtb can remain in this state until the host immune system is unable to defend itself
before causing an active infection (Haley, 2019; Piccazzo et al., 2014; Tang and Johnston,
2017). As individuals who are infected with latent TB do not show symptoms the estimated
prevalence of latent TB, is a cause for some debate. Studies of the global prevalence of
infection using different methods for the determining the incidence give a range from 25- 33
% of the global population currently being infected (Houben and Dodd, 2016; Matteelli et al.,

2017).
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Figure 1.1: Phylogenetic tree of species from the suborder corynebacteriales. Showing the various

pathogenic and non-pathogenic species within the suborder, and their relative divergence. Figure

reproduced with permission from Gao and Gupta, 2012.
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1.1.2: Clinical manifestations of the Corynebacterineae:

The suborder Corynebacterineae contains many pathogenic agents, not limited to
Mycobacteria, such as Corynebacterium pseudotuberculosis, and Corynebacterium
diphtheriae (Figure 1.1) (Gao and Gupta, 2012). However, the most prevalent diseases such as

TB and leprosy, are caused by mycobacterial species.

Pathogenic mycobacteria are classified into: tuberculous, nontuberculous, or leprotic
mycobacteria. Tuberculous mycobacteria include: Mtb, Mycobacterium bovis, and
Mycobacterium africanum (Addo et al., 2010). While nontuberculous mycobacteria include
Mycobacterium absessus, Mycobacterium ulcerans, Mycobacterium gordonae, and
Mycobacterium marinum (Porvaznik et al., 2016). The major causative agent of mycobacterial

leprosy are Mycobacterium leprae and Mycobacterium lepromatosis (Franco-Paredes et al.,

2018).

Mycobacteria are unusual in that they do not stain as either Gram positive or negative but
instead as between the two, leading to them being classified as Gram indeterminate. This has
led to alternate staining methods to better visualize the bacteria, resulting in further
classification as acid-fast bacteria, a status shared only with some Nocardia species (Brennan
and Nikaido, 1995). The cause of this unique staining phenotype is the unusual structure of
the cell wall they produce, which results in a thick, waxy outer pseudo-membrane referred to
as the myco-membrane. While there are differences in the cell wall and lipid composition
between species within the corynebacteria mycobacteria nocardia (CMN) group, much of the

structure of the cell wall and the biosynthetic pathways are very similar (Besra et al., 1995).
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1.1.3: Mechanism of infection by Mycobacterium tuberculosis:

Mtb is recognised by the macrophages of the host immune system, by a variety of receptors.
Upon recognition it is engulfed and contained within the macrophage in a phagosome. The
receptor that recognises the bacillum is important for the outcome of the phagocytosis process,
as there have been different responses shown when particles are captured through different
receptors (Pieters, 2008). With some receptors (such as CR3 mediated uptake), being
beneficial to the bacteria. Uptake mediated by CR3 (which is involved in uptake of cholesterol),
leads to improved prevention of phagosome fusion with the lysosome, allowing for increased

bacterial survival within the macrophage (Gatfield and Pieters, 2000).

Phagosome-lysosome fusion is inhibited by the degradation of the phosphatidylinositol-3-
phosphate (PI3P) that is produced to phosphatidyl inositol and inorganic phosphate, as Mth
secretes SapM, a phosphatase which hydrolyses PI3P. The inhibition of hVP34 results in
insufficient PI3P for phagolysosome formation, increasing bacterial survival within the
macrophage (Saleh and Belisle, 2000; Vergne et al., 2005, 2003). Mtb also prevents
phagolysosome formation by secretion of PknG, a membrane embedded protein kinase
released by mycobacteria upon entry to the phagosome, whereby it gains access to the cytosol
of the macrophage, and inhibits the activity of protein kinase C-a (Chaurasiya and Srivastava,

2009; Walburger, 2004).

Additional to survival within the macrophage, Mtb triggers formation of granuloma, structures
of infected macrophages, surrounded by un-infected immune cells. The interactions between
the infected and un-infected cells maintains an immune presence at the site of infection,

allowing for the bacteria to determine if the host immune system is functional. While in the
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granuloma, there has been no conclusive evidence on whether the bacteria are dividing or in a
non-replicative state, however during this stage of infection, the host shows no symptoms of

active TB, and is defined as having latent TB (Karakousis et al., 2004; Pieters, 2008).

1.1.4 Global prevalence of TB:

o Incidence per 100 000
population per year
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Figure 1.2: Reported incidence of TB globally per 100,000 population. Showing the major burden of TB is in

sub-saharan Africa. Figure reproduced from World Health Organization, 2018.

TB is the leading cause of death by a single infectious agent, with 1.6 million deaths attributed
to Mtb in 2017 (World Health Organization, 2018). While cases of Mtb are found worldwide,
66 % of confirmed cases are found within eight high burden countries, the most affected of
which is India, accounting for 27 % of global cases (World Health Organization, 2018). Mtb
infections affect all ages groups, though 90 % of reported cases are seen in adults over the age

of 15.
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Globally the incidence of TB is falling by 2 % per year, and mortality is falling at a rate of 4
% per year, with a decrease of 42 % between 2000 and 2017, although the rate of new and

relapse cases of Mtbh (Figure 1.3) (World Health Organization, 2018).
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Figure 1.3: Global incidence of TB. Global incidence of TB showing 95 % confidence interval from 2000-2017,
including incidence of HIV-positive patients and mortality rate of TB from HIV-negative patients. Figure

reproduced from World Health Organization, 2018.

1.2.1: Treatment of TB:

Mtb has been the subject of intense research for decades, due to the high burden of infection
and the difficulty in treating the disease. This research has led to the development of effective
antimycobacterial molecules which have been instrumental in the improvements in the
outcome of infection (Zumla et al., 2013). The World Health Organisation (WHO) credits the
implementation of the Directly Observed Treatment Short (DOTS) course, where patients are
treated with Rifampicin, Isoniazid, Pyranzinamide, and Ethambutol for two months, with
continued treatment with Rifampicin and Isoniazid for a further four months. The DOTS course

treatment regimens require dosage either daily or three times a week for the duration,
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depending on a variety of factors, including: HIV status, kidney disease, and if the infection is

disseminated (Thwaites, 2014; World Health Organization, 2018).

Due to the severity of the TB epidemic, the World Health Organisation, has made it a priority
to reduce both the incidence and mortality associated with TB by 95 % by 2035 (Figure 1.4).
This would require significant technological advancement in preventing the development of
active TB from the reservoir of latent TB in the global population, as well as an improvement
in the availability of high quality treatment, especially to those in the developing world (World

Health Organization, 2018).
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Figure 1.4: World Health Organisation targets for global TB incidence and death rates. Showing the target
global incidence and mortality rates along with projected milestones. Figure reproduced from World Health

Organization, 2018.

The cell wall of bacteria is an attractive target for antimicrobial compounds, with perhaps the
most well-known antibiotic, Penicillin, which inhibits cell wall synthesis. While Penicillin is
widely used to treat many bacterial infections, the expression an extended spectrum beta-

lactamase renders Penicillin ineffective against Mth (Abrahams and Besra, 2016; Tassoni et
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al., 2019). Due to the essentiality of the cell wall, and the lack of an orthologous structure in

mammalian cells, disruption of many of the processes in the synthesis and maintenance of the

bacterial cell wall is an inviting target for the development of novel antibacterial agents. As

such the processes involved in the biosynthesis, and maintenance of the cell wall have been a

topic of study for decades, with many anti-tubercular drugs, such as Ethambutol, Isoniazid, and

Ethionamide inhibiting cell wall processes (Table 1.1) (Takeya K. and Hisatsune K., 1963).

Table 1.1: Antimycobacterial drugs. Detailing the year of discovery, and mechanism of action of first and

second line antimycobacterial drugs. Table reproduced from Zumla et. al., 2013

Drug (year of discovery) Target

First-line drugs

Isoniazid (1952)
Rifampicin (1963)
Pyrazinamide (1954)

Ethambutol (1961)

Second-line drugs

Para-amino salicylic
acid (19438)

Streptomycin (1944)

Ethionamide (1961)
Ofloxacin (1980)

Capreomycin (1963)

Kanamycin (1957)
Amikacin (1972)
Cycloserine (1955)

Enoyl-[acyl-carrier-protein] reductase
RNA polymerase, beta subunit

S1 component of 30S ribosomal
subunit

Arabinosyl transferases

Dihydropteroate synthase

512 and 16S rRNA components
of 30S ribosomal subunit

Enoyl-[acyl-carrier-protein] reductase

DNA gyrase and DNA
topoisomerase

Interbridge B2a between 30S
and 50S ribosomal subunits

30S ribosomal subunit
30S ribosomal subunit

D-alanine racemase and ligase

Effect

Inhibits mycolic acid synthesis
Inhibits transcription

Inhibits translation and
trans-translation, acidifies
cytoplasm

Inhibits arabinogalactan
biosynthesis

Inhibits folate biosynthesis
Inhibits protein synthesis

Inhibits mycolic acid biosynthesis

Inhibits DNA supercoiling
Inhibits protein synthesis

Inhibits protein synthesis
Inhibits protein synthesis

Inhibits peptidoglycan synthesis
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1.2.2: Rifampicin:

Rifampicin (RIF, Table 1.1, Figure 1.5), is a semisynthetic rifamycin belonging to the antibiotic
family ansamycins. RIF is used to treat a variety of bacterial infections, but most notably TB.
The first rifamycin was discovered after the bacterium responsible for producing it,
Amycolatopsis mediterranei, was isolated from a soil sample in southern France. This molecule
was then modified to improve the antibiotic potency and bioavailability to produce RIF

(Alifano et al., 2015).

RIF functions by inhibiting RNA polymerase, preventing the elongation of the transcript after
the initiation by blocking the path of the 5° transcript (Campbell et al., 2001). Mutations have
been found increasingly frequently where an amino acid change in the fork domain by the
catalytic site, or in domains 1 and 2 of the B-subunit result in an change in the binding pocket

and therefore a reduced affinity for rifampicin resulting in resistance (Alifano et al., 2015).

Figure 1.5: Chemical structure of Rifampicin.

10
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1.2.3: Ethambutol:

Ethambutol (EMB, Table 1.1, Figure 1.6) is a small molecular inhibitor of
arabinosyltransferases, it has been shown to cause an accumulation of the arabinofuranose
donor, (-D-arabinofuranosyl-1-monophophodecaprenol (DPA) (Takayama and Kilburn,
1989). This finding suggests that the primary target of EMB is the incorporation of arabinose

into the cell wall, either as part of the arabinogalactan, or as part of the lipoarabinomannan.

OH

ZT

N
H

HO
Figure 1.6: Chemical structure of Ethambutol.
Resistant mutants generated to EMB have been shown to possess point mutations in the
embCAB genes, associated with the synthesis of the arabinan domain in arabinogalactan (AG)
and LAM. However, many of the most common mutations in resistant Mtb strains have also
been seen in sensitive strains, and the overexpression of EmbC does result in mild resistance
to EMB suggesting that the target of EMB is EmbA and or EmbB (Goude et al., 2009; D. Shi
et al., 2011). The most common resistance conferring mutation to EMB is EmbB306, with the

wild type methionine being replaced with leucine, isoleucine, or valine (Safi et al., 2008; Shi

et al., 201; Srivastava et al., 2009)
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1.2.4: Pyrazinamide:

Pyrazinamide (PYR, Table 1.1, Figure 1.7), is a prodrug based on a nicotinamide which
requires acidic conditions to function (Chakraborty and Rhee, 2015). PYR is activated by an
amidase, encoded by pncA, to form pyrazinoic acid. Pyrazinoic acid binds strongly to the RpsA
subunit of the 30S ribosome, which rescues stalled ribosomes in a process called trans-
translation, the accumulation of pyrazinoic acid also results in disruption of the membrane
potential (W. Shi et al., 2011; Zhang, 2003). Resistance to PYR is seen in the mutation of pncA
to prevent activation of PYR rather than in changes to the target enzyme. This coupled to the
fact that the compound requires acidic conditions to function has led to difficulties in the

determination of the target for PYR (Chakraborty and Rhee, 2015).

O

N
N NH,

~
N

Figure 1.7: Chemical structure of Pyrazinamide
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1.2.5: Isoniazid:

Isoniazid (INH, Table 1.1, Figure 1.8), is also a nicotinic acid derivative, was first synthesised
in 1912, though the anti-mycobacterial properties were not discovered until 1952 (Chakraborty
and Rhee, 2015; Zumla et al., 2013). Isolates that were found to be resistant to INH resulted in
inactivation of the catalase, KatG. This resulted in the determination that INH was a prodrug,
as sensitivity could restored by the transformation of katG into resistant strains (Chakraborty

and Rhee, 2015).

H
O N

N

NH,

N

~
N

Figure 1.8: Chemical structure of Isoniazid

1.2.6: Antibiotic resistance in Mtb:

Resistance to antimycobacterial agents is significantly linked to compliance issues caused in
part by the length of the treatment regimen. This led to issues with patient compliance and
therefore rising levels of resistance to frontline drugs such as rifampicin, as well a rise in multi-

drug resistant TB (MDR-TB) and extensively drug resistant TB (XDR-TB).

MDR-TB is classified as a strain of Mtb that is resistant to both Rifampicin and Isoniazid, while
XDR-TB is a strain of MDR-TB that has an additional resistance to at least one

Fluoroquinolone and one of the second-line injectable antimycobacterial agent such as

13
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Kanamycin. The global estimate for the incidence of MDR-TB, or Rifampicin resistant TB
(RR-TB) in new infections is 3.5 %, and 18 % in previously treated cases respectively, with

8.5 % of MDR-TB cases being classified as XDR-TB (World Health Organization, 2018).

@ Percentage :
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Figure 1.9: Reported rate of MDR-TB in new cases reported to the World Health Organisation. Figure

reproduced from World Health Organization, 2018.
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1.3.1: Mycobacterial cell envelope:

The mycobacterial cell envelope is a highly specialised, layered, structure (Figure 1.10)
(Abrahams and Besra, 2016). The innermost layer is the cytoplasmic membrane, a
phospholipid bilayer that surrounds the cell. The second layer is the peptidoglycan (PG), a
structural layer formed of glycan chains cross-linked with short peptide chains (Jankute et al.,
2015; Moynihan et al., 2019). The PG structure is the base upon which the AG is built, AG is
a polysaccharide structure made of a galactofuranose residues, the galactan chain is then
decorated with a branching arabinofuranose polysaccharide (Alderwick et al., 2005; Besra et

al., 1995; Birch et al., 2008).
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Figure 1.10: Representative model of a cross-section of the mycobacterial cell wall. Mtb cell wall model
showing; the peptidoglycan, arabinogalactan, mycolic acids, lipomannan, lipoarabinomannan and
mannosylated lipoarabinomannan, and surface glycolipids. Figure reproduced, with permission, from

Abrahams and Besra, 2016.
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The AG layer is decorated with an additional layer of lipids, termed the mycomembrane
(Chiaradia et al., 2017). The inner leaflet of this membrane is composed of mycolic acids, and
fatty acids covalently bound to the AG. While the outer leaflet is composed of various different
species of mycolic acid derivatives (Bansal-Mutalik and Nikaido, 2014, 2011; Touchette and
Seeliger, 2017) and the lipoglycans: lipomannan (LM), and lipoarabinomannan (LAM),
intercalated with the inner leaflet. LM and LAM are lipid anchored polysaccharides built from
a phosphatidylinositol decorated with mannose to form LM, which is further decorated with
arabinose to form LAM. Additionally both LM and LAM are found in the inner membrane.
Although the presence of LM and LAM may be as an intermediate before transport to the cell

surface (Cashmore et al., 2017; Mishra et al., 2007; Pitarque et al., 2005; Touchette and

Seeliger, 2017).
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Figure 1.11: Cross sectional models of bacterial and fungal cell surfaces. Cell wall models highlighting the
differences between the cell surfaces of the Corynebacteriales and both other Gram-positive as well as
Gram-negative bacterial cell surfaces, as well as highlighting the similarities between the Corynebacterial

and Mycobacterial cell wall structures. Figure reproduced, with permission from Chen et al. 2018.
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The outermost layer of the mycobacterial cell envelope is the capsule, a loosely associated
structure primarily comprised of polysaccharides such as alpha-glucan, arabinomannan, and
mannan, as well as secreted proteins and lipids (Kalscheuer et al., 2019; Koliwer-Brandl et al.,

2016; Ortalo-Magne et al., 1995, 1995).

While the general architecture of the cell wall is conserved between mycobacteria and
corynebacteria, there are some differences in the overall structure, as shown in Figure 1.11
(Chen et al., 2018). The most notable differences in the cell wall structure are that the mycolic
acids in corynebacterial species are shorter, containing 20- 36 carbon atoms, while
mycobacterial mycolic acids contain 60- 90 carbon atoms (Butler and Ahearn, 1986), and
changes in the structure of LAM, with the arabinan domains of corynebacterial LAM (Cg-
LAM) being less elaborate than mycobacterial LAM (Briken et al., 2004; Chen et al., 2018;

Kaur et al., 2008).

1.3.2: The cytoplasmic membrane:

While all bacteria have a cytoplasmic membrane, the component phospholipids, and the ratios
of phospholipids, vary from species to species (Bansal-Mutalik and Nikaido, 2014; Kawai et
al., 2004; Sathappa and Alder, 2016). These differences in membrane composition lead to
differing membrane fluidity. With changes in the phospholipid composition of the membrane,

and the acyl chain length both reacting dynamically to changes in the environment (De Siervo,

1969; Russell and Sandercock, 1980).

In mycobacteria, the cytoplasmic membrane is an asymmetric structure, made up of cardiolipin

(CL), phosphatidylinositol (PI), phosphotidylethanolamine (PE), and various species of

17
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phosphotidyl-myo-inositol mannosides (PIMs) (Figure 1.12) (Bansal-Mutalik and Nikaido,

2014, 2011; Chiaradia et al., 2017).
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Figure 1.12: Structural representation of mycobacterial phospholipid head groups. A: cardiolipin, B:
phosphotidylethanolamine, C: phosphatidylinositol. R denotes the site of fatty acids attachment through

esterification.

The most abundant of the PIM species is diacyl-phosphotidyl-myo-inositol-dimannoside
(AcoPIM>), which along with the other PIM species, can account for up to 42 % of the dry lipid
mass in M. smegmatis (Bansal-Mutalik and Nikaido, 2014). The outer leaflet of the
mycobacterial cytoplasmic membrane is thought to be composed of a majority of PIMs, with
the PIMs acting as the anchor for the external glycoconjugates LM, and LAM (Abrahams and

Besra, 2016; Bansal-Mutalik and Nikaido, 2014; Mishra et al., 2007, 2008a).

It has been shown that, similar to other bacteria such as Bacillus subtalis and Escherichia coli,
the mycobacterial membrane contains Functional Membrane Microdomains (FMMs) (Hayashi
et al., 2016; Kawai et al., 2004; Maloney et al., 2011; Wagner et al., 2017). One such FMM in
mycobacteria is CL localization to the poles of the cell, as well as the centre of the cell in

actively dividing cells (Maloney et al., 2011). Due to the ability of CL to form non-bilayer
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formations this would allow for the formation of the septum in division, while also potentially
allowing for the curvature of the membrane at the poles (Maloney et al., 2011; Renner and

Weibel, 2011).

Simulations of membranes containing proteins show that the various proteins have a different
affinity for CL, this could also aid in the localisation of proteins to correct cellular position
(Renner and Weibel, 2011; Wagner et al., 2017). As this has been shown for CL, there is a
distinct possibility that a similar phenomenon could occur in other FMMs with different
phospholipid composition, resulting in localisation of different proteins into separate
microdomains (Heinkel et al., 2019). Protein localisation into FMMs allows for improved
signalling, as FMMs tend to cause the accumulation of a group of proteins related to various
functions into the same microdomain, which has been seen in various regulated cell functions

(Wagner et al., 2017).

Another factor in the variability of the cytoplasmic membrane between bacteria is the number
and lengths of the acyl chains within the phospholipid components. Depending on the species
of phospholipid the number of acyl chains can vary between 2- 4 acyl chains per molecule
(Maloney et al., 2011). It has been shown that certain phospholipids have a tendancy to be
synthesised using specific acyl chains. In mycobacterial species the two fatty acid tails of PI
tend to be one palmitic acid (Cie.0) and one tuberculosteric acid (10-methyloctadecanoate, Cio.
0) acyl chains (Morita et al., 2011). However, under some stress conditions PI is converted to
PI3P. PI3P has a substantially different acyl profile, with the palmitic acid of PI being replaced
with an oleic acid (Cis: 1). PI3P has been suggested to act as a signalling molecule when the

cell undergoes high salt stress (Morita et al., 2010).
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The various PIM species found in the mycobacterial cytoplasmic membrane have been shown
to have differing acyl chain lengths depending on both the mannosylation state as well as the
acylation state (Sancho-Vaello et al., 2017). This is in part due to the different numbers of acyl
chains attached to the causing the acyl profiles to be different. However, this would not account
for all of the differences between the acyl chains found the different mannosylation states. The
tri-acylated PIMs, AcPIM; and AcPIMs, have been shown to have the same acyl chain profile:
Cis: 0 and Cio. 0. The tetra-acylated forms of the PIMs, AcoPIM» and Ac,PIMeg, are split into 2
populations, either with three Cis. 0 and one Cio. o, or two Cis: 0 and two Cio. o (Gilleron et al.,

2003, 2001; Sancho-Vaello et al., 2017).

The acylation positions for AciPIM and Ac,PIM species have been determined in both the tri-
acyl and tetra-acyl forms: two acyl chains are on the glycerol moiety, with the additional acyl
chains being on carbon 3 of the inositol ring, and on carbon 6 of the mannose attached to carbon

2 of the inositol ring (Gilleron et al., 2003, 2001; Sancho-Vaello et al., 2017).

PI is found in a variety of living organisms, and is produced from glucose-6-phosphate in Mth
by the action of the D-myo-inositol 3-phosphate synthase (MIPS) encoded by Rv0046¢, which
catalyses the conversion to inositol-1-phosphate, this is then dephosphorylated to produce
inositol (Bachhawat, 1999; Jackson et al., 2000; Morita et al., 2011). Rv0046¢ is essential in
mycobacteria, with complementation possible by the addition of inositol into the media
(Movahedzadeh et al., 2004). Three genes in the Mtb genome have been hypothesised as the
phosphatase responsible for the removal of the phosphate from the inositol-1-phosphate,
however each one of them is individually non-essential, suggesting that there is some
redundancy in the genome. This redundancy reduces the phenotype of the deletion mutants, as

such the primary inositol phosphatase remains unknown (Morita et al., 2011). The final step of
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PI biosynthesis is catalysed by the action of PgsA1, which catalyses the addition of inositol to

CDP-diacyl glycerol to produce PI (Figure 1.13) (Jackson et al., 2000; Salman et al., 1999).
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Figure 1.13: Schematic representation of phosphatidylinositol biosynthesis. Showing the conversion of
glucose-6-phosphate to inositol-1-phosphate by MIPS, through inositol-3-phosphate, followed by
dephosphorylation of inositol. Pl synthesis is the completed by PgsAl, converting and CDP-diacylglycerol into

Pl, and CMP.

Certain lipids are further elaborated upon as well as being present in their ‘base’ form in the
cytoplasmic membrane. PI is found in the membrane both as PI, but more often it has been
mannosylated to form the PIMs, the different species of PIM are annotated based on the extent
of their mannosylation, and their acylation state. The major PIMs in mycobacteria are AcPIM>,
Ac2PIM2, AcPIMs, and Ac2PIMs (Figure 1.14) (Brennan and Nikaido, 1995), with other CMN
bacteria such as C. glutamicum possessing many of the PIM species but not the “higher PIMs”

(AcPIMg and Ac,PIMs) (Bansal-Mutalik and Nikaido, 2011).
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There are two mannose sources for biosynthetic pathways requiring the mannosylation of
substrates: GDP-Mannose (GDP-Man), and polyprenylmannose (PPM) (Kremer et al., 2002;

Sancho-Vaello et al., 2017).

GDP-Man acts as the cytoplasmic source for the initial two additions of mannose to the PI,
these reactions are catalysed by: PimA and PimB’. PimA catalyses the conversion of PI to
PIM;, where the initial mannose is attached to carbon 2 of the inositol ring (Kordulakova et al.,
2002). The biosynthetic pathway of PIMs is shown in Figure 1.14. The path branches briefly
with PIM; either being acylated or mannosylated by AcylT or PimB’ respectively. The
acylation results in the production of AcPIMi, which can then be converted into AcPIM> by
the action of PimB’ (Morita et al., 2011; Schaeffer et al., 1999). If PIM; is mannosylated by
PimB’ the second mannose is attached at the carbon 6 position, to form PIM», which can be
acylated by AcylT to form AcPIMa, the acyl chain is attached to the mannose on the carbon 2
of the inositol. AcPIM; can then be further acylated by an unknown acyltransferase, which
attaches an additional acyl chain to the carbon 3 of the inositol ring to the form AcoPIM»

(Kremer et al., 2002). The Ac-/Aca- PIM; can then be further mannosylated by PimC to

PimC
Outside [Ac,PIMy] ([Ac,PIM] [Ac,PIM|

mP”VHmPIMz/_\ACPIMg/_\ [AcoPIM,) Inside

PimA PimB’ Rv2611c  Rv2611c

Mannose

wwvuv Acyl chain

Figure 1.14: Biosynthetic pathway of PIM species in Mtb. Biosynthesis of PIMs, showing the enzymes

responsible for the biosynthetic step. Unknown processes highlighted in red.
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produce Ac/Ac>-PIM3 (Kremer et al., 2002; Morita et al., 2011). The enzyme responsible for

the additional mannosylation to form Ac-/Acs- PIMy is as yet unknown (Morita et al., 2011).

During the synthesis of PIMs beyond Ac-/Ac»- PIM», there is a branch point after translocation
to the outer leaflet of the plasma membrane, this is proposed to be Ac-/Acz- PIM4. From this
point the synthesis can either lead to the production of the higher PIMs (Ac-/Ac: -PIMg), or

lead into the production or LM and LAM. (Sancho-Vaello et al., 2017).

1.3.3: Peptidoglycan:
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Figure 1.15: Biosynthesis schematic of mycobacterial peptidoglycan. Peptidoglycan synthesis showing
the enzymes or processes that drugs used to prevent the biogenesis of peptidoglycan. Figure

reproduced, with permission, from Abrahams and Besra, 2016.
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Peptidoglycan is found in almost every species of bacteria, forming a protective layer
surrounding the cytoplasmic membrane of the bacteria. The thickness of the peptidoglycan and
the amount of cross-linking between the glycan strands affects the rigidity and shape of the
bacteria (Egan et al., 2017; Kim et al., 2015; Loskill et al., 2014). Peptidoglycan also resists
the turgor pressure of the cell, caused by the osmotic difference between the cytoplasm of the

bacteria and that of the surrounding media (Moynihan et al., 2019).

Gram-positive have a thicker layer of peptidoglycan then Gram-negative bacteria (Chen et al.,
2018). Mycobacterial species have peptidoglycan much more similar to that of Gram-positive

bacteria than Gram-negative bacteria (Figure 1.11) (Chen et al., 2018; Jankute et al., 2015).

Peptidoglycan is formed from strands of polysaccharide, composed of alternating N-acetyl-
glucosamine (GIcNAc) and N-acetyl-muramic acid (MurNAc) residues (Figure 1.15)
(Moynihan et al., 2019). Mycobacterial PG is differentiated from the PG of other bacteria, due
to the fact that the MurNAc can instead be N-glycolylmuramic acid (MurNGlyc) (Abrahams
and Besra, 2016; Alderwick et al., 2015; Mahapatra et al., 2005, 2000). These strands are cross-
linked by a linking unit. While the structure of the polysaccharide chains is conserved between
bacteria the peptide cross-linking unit sequence and the position of the cross-links vary
(Vollmer et al., 2008). In mycobacteria the crosslinking pentapeptide is built from: L-alanine
(L-Ala), D-isoglutamate (D-isoGlu), meso-diaminopimelate (m-DAP), D-alaline (D-Ala) and
a final D-Ala (Figure 1.15) (Kurosu et al., 2007). This pentapeptide is built upon either UDP-
MurNAc, or UDP-MurNGlyc, and when fully synthesised is referred to as Park’s nucleotide
(Kurosu et al., 2007). Park’s nucleotide is then transferred onto decaprenylphosphate (Cso-P)

by MurX, followed by the addition of GIcNAc by MurG to form the mature lipid II.
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Once lipid II is synthesised it must be translocated to the outer face of the membrane for
incorporation into the PG. Lipid II is translocated across the inner membrane to the outer leaflet
by FtsW/Mur] (Mohammadi et al.,, 2014; Ruiz, 2016, 2008; Sham et al., 2014). The
polysaccharide is then built from this subunit by various enzymes with transglycosylase
activity (Sauvage et al., 2008). These enzymes can either solely have transglycosylase activity,
or have both transglycosylase and transpeptidase activity (Sauvage et al., 2008). The
transglycosylation step releases the Cso-P for translocation back to the inner leaflet of the
plasma membrane for further use in cell wall biosynthesis, as Cso-P acts as the anchor for many

cell wall biosynthetic intermediates (Figure 1.14, Table 1.2).

The strand of polymerised GIcNAc-MurNAc/Glyc are crosslinked by the action of
transpeptidases, these links can be either between the m-DAP and the D-Ala in the fourth
position (3—2>4), or two m-DAP residues on separate peptide chains (3> 3) (Kumar et al., 2012;
Lavollay et al., 2008; Sanders et al., 2014). The ratio of 3->4 and 3> 3 linkages has been shown
to vary between bacteria (Pandey et al., 2018; Pisabarro et al., 1985). Mycobacterial species
have a higher ratio of 3->3 linkages, between 60- 80 %, when compared to other bacteria
(Sanders et al., 2014). This change in the crosslinking structure of PG is thought to lead to less

flexible peptidoglycan (Pandey et al., 2018; Sanders et al., 2014).
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1.3.4: Arabinogalactan:

One of the unique features of the Mrb cell wall is that the peptidoglycan is decorated with
additional polysaccharide structures only found within the sub-order of Corynebacteriales. One
of these structures is arabinogalactan (AG), a branched polysaccharide comprised of a galactan
core formed linear polygalactofuranose, elaborated with 3 branched chains of
polyarabinofuranose which is found attached covalently onto the PG (Abrahams and Besra,
2016; Jankute et al., 2015). The biosynthesis of this structure is separated into two phases; the
synthesis of the galactan core on the inner leaflet of the plasma membrane, and the decoration

of the galactan with arabinose in the periplasm.

Synthesis of galactan is initiated by WecA, which catalyses the transfer of GIcNAc from UDP-
GlcNAc onto Cso-P, resulting in the formation of: Cso-P-P-GIcNAc (Jin et al., 2010). The
resulting molecule is then rhamnoslylated by WbbL, using dTDP-L-rhamnose as a substrate,
completing the linking unit that connects the PG and the galactan backbone (McNeil et al.,
1990; Mills et al, 2004). The linking unit is then built upon by the action of
galactofuranosyltransferases, GIfT1 and GIfT2 (Alderwick et al., 2008). GIfT1 attaches the
initial galactofuranose (Galf) from a UDP carrier onto the carbon 4 of the rhamnose, and an
additional Galf onto the carbon 5 of the first Galf residue (Alderwick et al., 2008; Belanova et
al., 2008; Mikusova et al., 2006). The resulting Cso-P-P-GlcNAc-L-Rha-Galf, is further built
upon by GIfT2 which catalyses the elongation of the galactan to contain 25- 30 Galf residues,
which are linked with alternating B(1-2>5) and B(1-2>6) glycosidic bonds (Figure 1.15) (Kremer

et al., 2001a; Rose et al., 2006).
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Once the synthesis of the galactan core is complete it is translocated to the outer leaflet of the
plasma membrane. This translocation has been predicted that this translocation is carried out
by Rv3781 and Rv3783 in Mth (DianiSkova et al., 2011). Rv3783 is predicted to be a
transmembrane domain of an ABC-transporter, while Rv3781 is predicted to form the
corresponding nucleotide binding domain, however these have not been confirmed in the

literature (Dianiskova et al., 2011).
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Figure 1.16: Biosynthesis of arabinogalactan in Mtb. Arabinogalactan biosynthetic pathway annotated

with enzymes responsible for biosynthesis. Figure reproduced, with permission from Jankute et al. 2015.

27



Chapter 1: Introduction

Once the galactan is transported to the external face of the cell, the galactan is decorated with
arabinofuranose (Araf). The source of the Araf'is DPA, which is synthesised cytoplasmicly
from phospho-a-D-ribosyl-1-pyrophosphate (pRpp). pRpp is attached to Cso-P by UbiA to
form decaprenol-1-phosphate-5-phosphoribose (Alderwick et al., 2005; Huang et al., 2008,
2005). Decaprenol-1-phosphate-5-phosphoribose is dephosphorylated by Rv3807c to form
decaprenol-1-phosphoribose (DPR) (Jiang et al., 2011). DPR is then epimerised into DPA, the
sole known source of arabinose for the mycobacterial cell wall, by DprE1 and DprE2 (Kolly
et al., 2014; Mikusova et al., 2005). The process of the translocation of the DPA to the external
face of the membrane is not yet understood, it has been hypothesised that Rv3789 is responsible
for the translocation. However, there is evidence to support a different role that of the anchor

protein which aids in the recruitment of AftA (Kolly et al., 2014).

Arabinose is attached to the galactan chain at three specific residues: residues 8, 10, and 12
(Alderwick et al., 2006, 2005). The enzyme responsible for this transfer is AftA which
catalyses the synthesis of a f(1-=>6) bond, adding a priming Araf onto the galactan core. Once
the priming Araf residue is attached the arabinan domains of the AG are extended by EmbA
and EmbB in a(1-2>5) linkages (Alderwick et al., 2005; Jankute et al., 2018). The extended
arabinan chain is then branched by the action of AftC and AftD through a(1->3) linkages, with
AftD providing the same for the branching of the arabinose domains in mycobacterial LAM
(Birch et al., 2008; Skovierova et al., 2009). The terminal domain of the arabinan is well
characterised, forming a [B-D-Araf~(1>2)-a-D-Araf]>-3,5-a-D-Araf~(1>5)-a-D-Araf domain.
This domain is synthesised by the action of EmbA, EmbB, AftB, AftC, and AftD (Alderwick
et al., 2005; Birch et al., 2010, 2008; Escuyer et al., 2001; Jankute et al., 2017; Skovierova et

al., 2009).
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Table 1.2: Biosynthetic genes involved in the synthesis of arabinogalactan in Mth. Showing the gene name
where given, the Mtb H37Rv gene accession number, the function of the gene, and the first available reference

describing gene function.

Mtb  H37Rv
Gene
accession Gene function Reference
name
number
Addition of GIcNAc-1-P to
WecA Rv1302 Jin et al., 2010

decaprenol phosphate

Addition of  rhamnose to
Whbbl Rv3265c¢ McNeil et al., 1990
decaprenyl-GIcNAc-1-P a(1-2>3)

Addition of 2 Galf to linker unit,
GIfT1 Rv3782 Mikusova et al., 2006
B(1>4) a(1->5)

Elongation of the galactan chain
GIfT2 Rv3808c Alderwick et al., 2008
with alternating B(1-2>5) B(1->6)

Addition of arabinofuranose to the
AftA Rv3792 Alderwick et al., 2006
galactan core, o(1-2>5) bonds

Addition of arabinofuranose to the
arabinan branches, o(1-2>5) Alderwick et al., 2005;
EmbA Rv3794

Synthesis of the terminal arabinan | Escuyer et al., 2001

region

Addition of arabinofuranose to the
arabinan branches, o(1-2>5) Alderwick et al., 2005;
EmbB Rv3795

Synthesis of the terminal arabinan | Escuyer et al., 2001

region
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Formation of arabinose branches

AftC Rv2673 Birch et al., 2008
within arabinan domains, a(1->3)
Formation of arabinose branches

AftD Rv0236¢ Skovierova et al., 2009
within arabinan domains, a(1->3)
Transfer of pyrophosphate onto C1
of ribose-5-phosphate to form

PrsA Rv1017c¢ Alderwick et al., 2011
phospho-a-D-ribosyl-
pyrophosphate
Formation of DPA from Cso-P and

UbiA Rv3806 Alderwick et al., 2005
pRpp
Dephosphorylation of decaprenyl-

Rv3807c | Rv3807c I-monophosphate- 5-phosphoribose | Jiang et al., 2011
to decaprenyl-1-phosphoribose
Epimerisation of decaprenyl-1-

DprEl Rv3790 phosphoribose to | Mikusova et al., 2005
decaprenylphosphoryl-D-arabinose
Epimerisation of decaprenyl-1-

DprE2 Rv3791 phosphoribose to | Mikusova et al., 2005
decaprenylphosphoryl-D-arabinose
Transfer of terminal B(12>2)

AftB Rv3805¢ Alderwick et al., 2006
arabinofuranose residues
Synthesis of polyprenol-phospho- |

PpgS Rv3631 Skovierova et al., 2010
N-acetlygalactosamine
Attachment of arabinogalactan to

Lepl Rv3267 Harrison et al., 2016

the peptidoglycan
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After AftC catalyses the branching of the terminal arabinose domains through o(1->3) linkage,
the terminal arabinofuranose residues are attached by the action of AftB through a through
a(1->2) linkage which caps the domain preventing further elaboration (Alderwick et al., 2005;
Birch et al., 2010, 2008). The two capping Araf residues are able to have mycolic acids
esterified onto them at the C5 position (Lea-Smith et al., 2007). The final step in AG
maturation is the attachment onto the PG, this step is carried out by Lcpl (Harrison et al.,

2016).

The attached AG is then mycolated by the action of Antigen 85 (Ag85), there are three different
isoforms of Ag85: A, B, and C (Backus et al., 2014). While the main function of each of these
enzymes is the same, the transfer of mycolic acids to sugars on the external surface of the cell,
the preferred substrate for each of these enzymes has not been determined (Backus et al., 2014).
There is some evidence to suggest that Ag85A and Ag85B are more likely to mycolate the
terminal arabinose than Ag85C due to differences in the flexibility of the enzymes (Backus et

al., 2014).
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1.3.5: Lipomannan, and lipoarabinomannan:

LM and LAM (Figures 1.17, 1.18) are unique lipoglycans found only in the Corynebacteriales,
in virulent species, such as Mtb, they are involved in immunomodulation (Pitarque et al., 2008).
Both LM and LAM have been shown to be present in the cytoplasmic membrane and the outer
mycomembrane, however the ratio of lipoglycans on present in the cytoplasmic membrane to
those present in the outer membrane is as yet unknown (Pitarque et al., 2008). The binding of
mannosylated LAM (manLAM) acts as a key method of preventing the maturation of the
phagolysosome, along with other interactions with the host immune system (Hmama et al.,

2015).
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Figure 1.17: Structure and biosynthesis of mycobacterial LM and LAM. Showing the overlap between
the synthesis of the arabinan domains of AG and LAM, with various enzymes involved in AG synthesis

also involved in LM and LAM synthesis. Figure reproduced with permission from Jankute et al 2015.
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In mycobacterial species both LM and LAM are formed through elongation of the PIM species,
which as previously described are synthesised from PI (Figure 1.18). Both LM and LAM are

found in both the inner and outer membrane of mycobacteria (Ortalo-Magne et al., 1996).
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Figure 1.18: Biosynthetic pathway of LM and LAM from PI in Mtb. Showing genes responsible for the

process(es). Processes without proteins known, or predicted, to provide the function highlighted in red.

LM and LAM are attached through non-covalent interactions between the PIM lipid anchor
and either the phospholipid bilayer that makes up the plasma membrane, or the covalently
bound fatty acids and mycolic acids attached to the AG that form the outer membrane (Ortalo-
Magne et al., 1996; Pitarque et al., 2008). While many of the biosynthetic enzymes for LM and
LAM are involved only in the synthesis of LM and LAM, there is significant overlap with AG
in the biosynthesis of the arabinan domains, with many of the biosynthetic enzymes used in

formation of both of these domains, as shown in Tables 1.2 and 1.3.

The synthesis of LM and LAM in mycobacteria starts from PIM species, after they have been

translocated to the external face of the plasma membrane (Figure 1.18). With the protein
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responsible for the transport of PIM species across the cytoplasmic membrane remaining
unknown (Abrahams and Besra, 2016). Once on the external face of the inner membrane, LM
and LAM biosynthesis most likely starts from Aci/Ac2-PIMy (Figure 1.18). This starting
substrate is thought be channelled by a putative lipoprotein, LpqW, into either the higher PIMs
or into LM and LAM biosynthesis (Crellin et al., 2008). The mannosyltransferases responsible
for the extension of the mannan core, by way of a(1-2>6) glycosidic linkages, are MptA and
MptB (Mishra et al., 2007, 2008a) The mannan core is decorated with a(1->2) linkages with

monomannan side chains (Kaur et al., 2008; Mishra et al., 2012).

The mature mycobacterial LM can then be further decorated with arabinose to form LAM,
resulting in the addition of between 50 and 80 Araf residues, using DPA as the source of
arabinose. The enzyme responsible for the priming of the LM chain is as yet unknown, however
once the chain is primed it is elongated with the a(1-2>5) glycosidic bonds formed by the action
of EmbC (Shi et al., 2006). The arabinan branches of LAM are made up of 12- 15 Arafresidues,
and the process of the addition of the arabinose is the same as the arabinose decoration of the

arabinan domains on the AG (Alderwick et al., 2011; Shi et al., 2006).

Mycobacterial LAM can then be further decorated with the addition of terminal
mannopyranose (Manp) to form ManLAM. The initial Manp addition is catalysed by CapA,
which introduces a a(1->5) linkage (Kaur et al., 2008). From the branch point the chain is then
elongated with a(1->2) linkages catalysed by MptC (Kaur et al., 2008). The mannose residues
can then be further elaborated with the addition of an a(1->4) linked 5-deoxy-5-methyl-thio-
xylofuranose (MTX) residue, with the enzyme responsible for the addition of the MTX residue

is still unknown (Ludwiczak et al., 2002; Turnbull et al., 2004).
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As mature lipoglycans have been detected in the cytoplasmic membrane as well as being
exposed on the cell surface, and the amphipathic nature of lipoglycans, there is likely a
transport mechanism responsible for shuttling LM and LAM to the cell surface. This is because
the hydrophobic lipid anchor is unlikely to be removed from the cytoplasmic membrane solely
by diffusion, similarly the hydrophilic mannan and arabinan domains are unlikely to pass
through the hydrophobic outer membrane without the aid of a transport protein. The presence
of the transport system has been predicted in mycobacteria, but as yet remains unidentified

(Pitarque et al., 2008).

Table 1.3: Biosynthetic genes involved in the synthesis of lipomannan and lipoarabinomannan in Mtb.
Showing the gene name where given, the Mtb H37Rv accession number, the function of the gene, and the first

available reference describing the gene function.

Gene Mtb  H37RV | Gene function Reference
name accession
number

Conversion of glucose-6-phosphate to
Inol Rv0046¢ Bachhawat, 1999
inositol-1-phosphate

PI synthesis from inositol and CDP-
PgsAl Rv2612c Jackson et al., 2000
diacylglycerol

Mannosylation of PI from UDP- | Kordulakova et al.,
PimA Rv2610c
mannopyranose a. (1>2) 2002

Mannosylation of PIM1 from UDP- | Lea-Smith et al,
PimB’ Rv2188c
mannopyranose a(1>6) 2008

Acylation of PIM; or PIM> to AciPIM;, | Korduldkova et al.,
Rv2611c | Rv2611c
or Ac2PIM; or AciPIM,, or AcaPIM» 2003
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a (1->6) mannosylation of PIM; to PIM
PimC Unknown Kremer et al., 2002
4, with mannopyranose
o (12) mannosylation of PIM4 to
PimE Rv1159 Morita et al., 2006
PIMs, with mannopyranose
Generation of the mannan core from
MptA Rv2174 Mishra et al., 2007
DPM through a (1->6) linkages
Generation of the mannan core from
MptB Rv1459c Mishra et al., 2008
DPM through a (1->6) linkages
Extension of the arabinose domains
after addition of primary | Alderwick et al.,
EmbC Rv3793
arabinofuranose from DPA through | 2011
a(1->5) linkages
Branching of arabinan domain by
AftC Rv2673 addition of a(1->3) arabinofuranose | Birch et al., 2008
from DPA
Hypothesised to branch arabinan
Skovierova et al.,
AftD Rv0236¢ domain by addition of a(12>3)
2009
arabinofuranose from DPA
Transfer of  terminal  B(1-2>2)
AftB Rv3805¢ Jankute et al., 2017
arabinofuranose residues from DPA
Capping of terminal arabinose of LAM
Dinadayala et al.,
CapA Rv1635¢c with o (15) mannopyranose from

DPM

2006
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Terminal  addition of a(12>2)
MptC Rv2181 mannopyranose from DPM either on | (Mishra et al., 2011)
terminal domain or mannan core
Synthesis of polyprenyl-phosphate
Ppml Rv2051c mannose from polyprenyl-phosphate | Gurcha et al., 2002
and GDP-mannose
Transfer of pyrophosphate onto C1 of
Alderwick et al.,
PrsA Rv1017¢c ribose-5-phosphate to form phospho-
2011
a-D-ribosyl-pyrophosphate
Formation of decaprenyl-1- | Alderwick et al.,
UbiA Rv3806
monophosphate- 5-phosphoribose 2005
Dephosphorylation of decaprenyl-1-
Rv3807c | Rv3807c monophosphate- 5-phosphoribose to | Jiang et al., 2011
decaprenyl-1-phosphoribose
Epimerisarion of  decaprenyl-1-
Mikusova et al.,
DprEl Rv3790 phosphoribose to
2005
decaprenylphosphoryl-D-arabinose
Epimerisarion of  decaprenyl-1-
(Mikusova et al.,
DprE2 Rv3791 phosphoribose to
2005)
decaprenylphosphoryl-D-arabinose
Channelling of intermediates into
LpgW Rv1166 (Crellin et al., 2008)

synthesis of PIMg or LM and LAM
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1.3.6: Mycolic acids:

Mycobacteria are known to produce a unique type of lipid, the mycolic acid, which are found
on the outer layers of the cell wall. Mycolic acids are either covalently bound to the
arabinogalactan, or non-covalently in the outer membrane, as free mycolates, or attached to
various sugar containing moieties such as trehalose to form trehalose monomycolate (TMM)
or trehalose dimycolate (TDM) (Bhatt et al., 2008, 2007; Butler and Ahearn, 1986; Gande et

al., 2004).

Mycolic acids are only found in species belonging to: Mycobacteria, Corynebacteria,
Nocardia, and Rhodococcus (Brennan, 2003; Brennan and Nikaido, 1995; Butler and Ahearn,
1986). While mycolic acids are found in these species they vary significantly between genus’.
Mycobacterial mycolic acids are the largest and most complex, while also showing significant
variability in size between species, with mycobacterial mycolic acids containing 60- 90 carbons
(Butler and Ahearn, 1986). Corynebacteria produce the smallest of mycolic acids, containing
between 22- 36 carbon atoms, while nocardial and rhodococcal mycolic acids contain 36- 66

carbons (Alshamaony et al., 1976; Butler and Ahearn, 1986; Minnikin et al., 1977).

In mycobacteria mycolic acids are essential for viability, as they are involved in maintaining
the hydrophobic nature of the external cell surface, especially in virulent strains where this
impermeable barrier is essential in the prevention of the uptake of various antibiotics (Lanéelle
etal., 2001; Liu et al., 1996). Mycobacterial mycolic acids are formed of a meromycolate fatty
acid chain (Cs2-62), condensed with an additional saturated fatty acid chain (Cz4-26), to produce
a unique a-alkyl-B-hydroxy fatty acid (Figure 1.19) (Brennan and Nikaido, 1995; Butler and

Ahearn, 1986).
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In order to produce these unique lipids, mycobacteria possess two different fatty acid synthases
(FAS). FAS T is a multifunctional polypeptide, encoded by Rv2524c (Bhatt et al., 2007),
responsible for the generation of fatty acids with a variety of lengths depending on if the
requirements for phospholipid biosynthesis or mycolic acid biosynthesis (Takayama et al.,
2005). The longer chain fatty acids (C2o and Cas), can either become the saturated a-branch, or
be elongated by FAS II to become the meromycolate chain (Bhatt et al., 2007; Takayama et
al., 2005). The synthesis of fatty acids by both FAS I and FAS II are well understood, with a
sequential series of reactions leading to the addition of two carbons after each cycle (Figure

1.19).
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Figure 1.19: Biosynthetic pathway of mycolic acids in mycobacterial species. Showing synthesis of de-novo
fatty acids into the a branch by the action of FAS-I, and the extension of FAS-I products to generate the

meromycolate by FAS-II. Figure reproduced, with permission, from: Bhatt et al 2007
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The further elongation of the short chain fatty acid depends on the availability of malonyl-
CoA, and the acyl-carrier protein: AcpM (Kremer et al., 2001b). The acyl chain is transferred
to the AcpM, and channelled into the FAS II, where it is extended in cycles. Each cycle
catalyses the addition of two carbons onto the acyl chain until the meromycolate chain reaches
the mature length (Cs- 62). The meromycolate chain is then modified by the addition of
methoxy groups, methyl groups, keto groups, and cis-/trans-cyclopropanation to form the
mature meromycolate (Figure 1.20) (Barkan et al., 2010; Bhatt et al., 2007; Dubnau et al.,
2000; Glickman, 2003; Glickman et al., 2000). The meromycolate and the short chain fatty
acid are then linked through the action of Pks13 to produce a a-alkyl-B-keto-mycolic acid
(Gande et al., 2004; Portevin et al., 2004). The mature mycolate undergoes a final reduction

step, catalysed by Rv2509 in Mtbh (Figure 1.19) (Bhatt et al., 2008).
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Figure 1.20: Structures of mycobacterial mycolic acids. Figure reproduced with permission

from Takayama et al, 2005.

In Mtb mycolic acids are classified as either; a-, methoxy-, or keto- mycolic acids, depending
on the modifications on the meromycolate chain (Figure 1.20). The methylation patterns of

mycolates in mycobacterial species vary, with mycolic acids extracted from Mtb, only having
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methyl groups on carbons that originally were the 2 position of the acetate during synthesis,
while in Mycobacterium smegmatis the opposite is seen, with methyl groups only on carbons

that were in the 1 position of the acetate (Schroeder and Barry, 2001).

The mechanism of the translocation of the synthesised mycolic acids from the site of
cytoplasmic synthesis to the external site of attachment to the cell wall and insertion in the
outer membrane has been determined to be conducted by Mmpl3, with TMM being the
transported substrate (Su et al., 2019). This hypothesis is supported by discovery that Antigen
85 is able to transfer mycolates from TMM to the arabinogalactan and onto TMM to form
TDM, suggesting that TMM acts as a primary source of mycolic acids (Abrahams and Besra,

2016; Backus et al., 2014; Takayama et al., 2005).

1.3.7: The mycobacterial capsule

The mycobacterial capsule is the outermost layer of the mycobacterial cell envelope, and is
comprised of polysaccharides, secreted proteins, and lipids (Dinadayala et al., 2008; Koliwer-
Brandl et al., 2016; Raynaud et al., 1998). The mycobacterial capsule is not covalently bound

to the surface of the cell, and is able to be shed into the growth medium (Lemassu et al., 1996).

The primary component of the capsule are the a-glucans, a branched homopolysaccharide of
a-D-glucose, where the monosaccharides are connected by a(1->4) glycosidic linkages, and
the branch points are connected by a(1=2>6) glycosidic linkages. a-glucan is a large
polysaccharide, with a mass of approximately 100 kDa (Dinadayala et al., 2008). The
remaining polysaccharide component of the capsule is comprised of mannan and

arabinomannan, which are structurally similar to LM and LAM respectively, and as such have
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been hypothesised to be the cleaved from surface exposed LM and LAM (Kalscheuer et al.,

2019).

The remaining capsular material is composed of species specific proteins and lipids
(Kalscheuer et al., 2019; Ortalo-Magne et al., 1995; Raynaud et al., 1998). With the Mrb
capsule having been shown to contain LpgH, PstSland components of the Ag85 complex
(Ortalo-Magne et al., 1995), with the other studies focussing on the enzymatic activity of the
capsule showing the association of proteins such as: BlaC, Adh, and SodA (Raynaud et al.,
1998). As with the protein composition, the lipid composition of the capsule varies depending
on the mycobacterial species, with the most abundant lipid species in the capsule being PIMs,

and diacylated trehaloses such as TDM (Ortalo-Magné et al., 1996).

1.4.1: Membrane associated proteins and transmembrane proteins:

Membrane proteins account for between 15- 30 % of bacterial genes and have been determined
to make up approximately 50 % of the bacterial cytoplasmic membrane, performing a range of
functions many of which are essential for viability (Rawlings, 2016; Strahl and Errington,
2017). However, the biological characterisation of these proteins has fallen behind that of
soluble proteins due to the increased difficulty of purification while maintaining functionality

(Rawlings, 2016; Strahl and Errington, 2017; Teo et al., 2019; Wang et al., 2017).

Membrane proteins can be separated into two categories: membrane associated proteins, and
integral membrane proteins. Membrane associated proteins can associate with the membrane
either through a covalently bound lipid anchor at the C-terminus of the protein, or through

amino acid residues preferentially interacting with either the hydrophobic interior of the
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phospholipid bilayer, or with interactions between both the hydrophobic core and the
hydrophilic head groups of the bilayer. Membrane associated proteins that interact with the
hydrophobic core do not span the membrane. Membrane associated proteins that are not bound
to the membrane using a lipid anchor are often found to have a helical domain which provides
the interactions with the membrane. These helices are usually hydrophobic on one face and
hydrophilic on the other providing a substantial interaction with the membrane (Strahl and

Errington, 2017).

Transmembrane proteins can span membranes, either through a single a-helix or multiple o-
helices, or as a B-barrel. a-helical structures in membrane proteins are typically found in the
cytoplasmic membrane, with proteins having different numbers of transmembrane o-helices
depending on the protein function (Braibant et al., 2000; Tommassen, 2010). A single spanning
region typically are predicted to act as an anchor to the cytoplasmic membrane, such as is
predicted in the case of Lepl (Harrison et al., 2016). While multiple spanning o-helices are
required for transporters to function, as multiple transmembrane helices are necessary in order
to form a pore for the transported molecule to pass through. Though it is common for

transporters in the inner membrane to form dimers in order to form a fully functional pore

(Braibant et al., 2000; Beis, 2015, Locher, 2016).

Proteins that span the bacterial outer membrane tend to be found in a B-barrel architecture,
where the membrane spanning region is composed of B-sheets. This structure is more stable
and therefore better able to withstand exposure to the surrounding environment (Kuhn et al.,
2017; Tommassen, 2010). The B-barrel structure is also less hydrophobic compared to o-
helices which reduces the likelihood of aggregation during synthesis, as the primary structure

of the protein is less hydrophobic than is required for an a-helix. This alternative structure also

43



Chapter 1: Introduction

ensures they reach the appropriate destination, as the majority of membrane proteins are
translocated across the inner membrane by the same pathway (Kuhn et al., 2017; Tommassen,

2010).

The amount of structural information on transmembrane proteins is significantly smaller than
that of soluble proteins, due to the environment they are located in making them more difficult
to purify (Shimizu et al., 2018). Transmembrane proteins have also been seen to favour specific
phospholipid environments, adding an additional layer of difficulty for study, as detergent
based purification methods tend to remove all associated lipids (Postis et al., 2015; Rothnie,
2016; Seeger, 2018). While it is possible to reconstitute purified proteins back into a membrane
bilayer environment with native lipids requires additional steps and does not ensuring that the
protein is in the correct environment for any assay on activity to be guaranteed to representative

of the in vivo activity (Prabudiansyah et al., 2015; Teo et al., 2019).

1.4.2: Insertion of proteins into the membrane:

Both inner and outer membrane proteins can be inserted or transported respectively by the Sec
translocon. The majority of inner membrane proteins are translated and translocated
simultaneously. This prevents aggregation of the transported protein by reducing the exposure

of the hydrophobic membrane spanning regions to the aqueous cytosol (Kuhn et al., 2017).

Translocation of proteins by the Sec pathway is conserved throughout all domains of life
(Denks et al., 2014). The core transmembrane region of the Sec pathway being formed by

SecYEG complex formed of SecY, SecE and SecG (Andersson and von Heijne, 1993;

Frauenfeld et al., 2011). SecY spans the inner membrane ten times to form the pore through
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which proteins are transported. This pore has two exits where hydrophobic and hydrophilic
regions can exit the transmembrane region through either the lateral gate or the pore ring
respectively. The lateral gate is formed by four of the transmembrane helices in SecY, and is
essential for the function of the protein (Frauenfeld et al., 2011; Plath et al., 1998). The channel
of the SecYEG pore is hydrophobic and so the translocation of hydrophilic sections of protein
through the pore requires the use of an ATPase, SecA, to overcome the energetic barrier. One
exception to this is the case of small hydrophilic regions, where the translocation is coupled to
the energetically favourable insertion of a transmembrane region (Andersson and von Heijne,

1993; Deitermann et al., 2005; Wang et al., 2017).

(D SecYEG-SecA @ Pre-protein ©) Signal @Membrane  ®Mature domain  ©® Early @ Late (®SecA dissociation
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assembly driven hydrolysis release
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o:> Q ------------------------------------ 6
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Figure 1.21: Sec mediated transloaction of proteins. Showing the steps by which the SecYEG complex interacts
with SecA, and the substrate protein in order to translocate the substrate protein across the plasma membrane

into the periplasm. Figure reproduced with permission from Tsirigotaki et al., 2017.

SecA additionally functions as a mediator between the ribosome and the SecYEG complex,
resulting in simultaneous translation and translocation of inner membrane proteins. This is
done by interactions between SecA and the nascent polypeptide exit tunnel of the 70S
ribosome, as well as the nascent polypeptide itself (Huber et al., 2011; Singh et al., 2014;

Tsirigotaki et al., 2017). This function of SecA is likely to ensure that proteins to be inserted
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into the inner membrane are exposed to the hydrophilic cytosol as little as possible during

translation to prevent mis-folding (Wang et al., 2017).

While the Sec membrane insertion and translocation mechanism is an important mechanism
for the insertion of proteins into the membrane, it is not always required. Various proteins have
been found to be inserted without the use of the Sec machinery, with some proteins using YidC
rather than the Sec translocon to insert into the membrane (Kiefer and Kuhn, 2018). YidC is
also used for the insertion of proteins into the membrane, functioning either independently of
the Sec pathway or through interaction with the SecYEG complex (Kiefer and Kuhn, 2018;
von Heijne, 1994). The size of the periplasmic domain to be inserted into the membrane plays
a large role in the determination of the translocation system, with alterations to the size of
periplasmic domains changing the proteins required for translocation from YidC to the

SecYEG complex (Kiefer and Kuhn, 2018; van der Laan et al., 2004, 2001).

1.5.1: ABC-transporters:

ATP binding cassette (ABC) transporters are an important superfamily of membrane proteins
found in all domains of life (ter Beek et al., 2014). ABC-transporters are one of the protein
families that transport molecules across membranes, functioning when energy is required for
translocation. Energy can be required either due to a concentration gradient resisting the
movement, or due to energetically unfavourable interactions with the membrane (Seeger, 2018;
Yamaguchi and Mano, 2019). The molecules transported by these proteins range from the
import of nutrients and micronutrients, to the export of cell wall precursors and signalling
molecules (Bi et al., 2018; Locher, 2016). The energetic cost of ABC-transporters has been

estimated to vary between 10- 60 % of the total hydrolysis of ATP by cells depending on the
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conditions (Rees et al., 2009). Braibant et al. 2000 found that there are at least 37 complete and

incomplete ABC-transporters in the Mth genome.

Figure 1.22: Structure of the ABC transporter MsbA. Showing the transmemberane domain
(TMD, helicies labelled 1-6) and the nucleotide binding domain (NBD). Left to right showing the
open conformation of MsbA (left) to allow for the binding of lipid A (centre), and the
conformational change to allow release of lipid A upon addition of ATP (right). Figure

reproduced with permission Ford and Beis, 2019.

ABC-transporters are capable of both importing and exporting molecules coupled the
conversion of ATP to ADP and inorganic phosphate (Ford and Beis, 2019; Locher, 2016). They
contain at least four domains; two membrane spanning domains (MSDs) typically comprised
of four to eight transmembrane helices each, and two nucleotide binding domains (NBDs)
(Braibant et al., 2000). These domains can be transcribed either independently as individual
domains required to form a tetramer to function, or as a multi-domain polypeptides, which can
contain all four domains or form either a homo- or hetero- dimer to function (Braibant et al.,
2000; Locher, 2016). The pairs of MSDs and NBDs that make up an ABC-transporter tend to

be either similar or identical (Higgins and Linton, 2004).
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The superfamily of ABC-transporters has been classified into twelve different sub-families, of
which Mtbh is predicted to express members of nine different sub-families (Figure 1.24)

(Braibant et al., 2000; Rees et al., 2009).

In addition to the core components of ABC-transporters that function as importers have an
additional protein, called a substrate binding protein (SBP). SBPs are periplasmic proteins
which in Gram positive bacteria are either attached to the membrane by an anchoring lipid tail,
or bound to the transporter. SBPs bind to the substrate of transporter and present it to the

binding site of the ABC-transporter for import (Berntsson et al., 2010).

All 15 putative SBPs in Mtb have a predicted lipid attachment site. The presence of a lipid
attachment site is expected, as while mycobacteria are known to possess an pseudo outer
membrane, they are most closely related to Gram positive bacteria (Braibant et al., 2000; Gao
and Gupta, 2012). This results in the presence of a Gram positive SBP motif as opposed to the
SBP being freely mobile in the periplasm organisation commonly seen in Gram negative bacilli

(Berntsson et al., 2010).

1.5.2: Nucleotide binding domains of ABC-transporters:

The NBDs of ABC-transporters are themselves formed from two sub-domains: a catalytic core,
and an a-helical domain (Beis, 2015). The catalytic core is the more conserved of the two
subdomains, and contains the motifs required for ATP binding and hydrolysis. Such as the
Walker A motif (also called the P-loop), the Walker B motif, as well as the Q-loop, A-loop and
the H-motif (Figure 1.23) (Ambudkar et al., 2006; Beis, 2015; Rees et al., 2009). While the a-

helical domain contains the ABC-signature motif, a peptide sequence of LSSGQ, which is
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required for binding the nucleotide, though single point mutations in the consensus sequence
can be tolerated (Braibant et al., 2000; Locher, 2016). The orientation of the a-helical domain

is determined by the nucleotide binding state of the complex (Karpowich et al., 2001).

The A-loop is a generally conserved region upstream of the Walker A motif which has been
shown to interact with the adenosine of ATP through an aromatic residue, most commonly
tyrosine (Ambudkar et al., 2006). While the A-loop is involved in the binding of ATP, it is not

found in all ABC-transporters (Ambudkar et al., 2006). Residues in both the Walker A and

NBD1 NBD2
A-loop
D-loop
C-region
Walker A
Q-loop
A-loop
Walker B
H-loop
Walker A
D-loop
C-region
Q-loop
Walker B
H-loop

Figure 1.23: Interactions between the nucleotide binding domain of a human ABC-transporter and ATP.
Showing the residues of the conserved ABC-transporter motifs and where they interact with ATP in

human Pgp. Figure reproduced with permission from Ambudkar et al 2006.
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Walker B motifs interacting with a chelated Mg?" which is essential for the binding of ATP
through interactions with the o and 3 phosphates (Figure 1.23) (Ambudkar et al., 2006; Beis,
2015). The Walker A motif is a conserved sequence of nucleotide binding domains, with a
consensus sequence of: (A/G)XXXXGK(S/T), where “X” notes any amino acid and residues

in parenthesis denoting multiple amino acids capable of forming the motif (Braibant et al.,

2000). The Walker B motif is formed of DE@@@@D, where “@” notes a hydrophobic amino

acid (Rees et al., 2009).

The Q-loop is a flexible region of the nucleotide binding domain which is responsible for the
majority of the interactions with the membrane spanning domains, it is approximately nine
residues long, beginning with a conserved glutamine, followed by either seven or eight amino
acids. This region is flexible, and the interactions it makes with the active site by the conserved
glutamine is thought to be involved in regulating the changes in the conformational state of the
protein to cause either transport or release of the substrate (Beis, 2015; Jones and George,

2002).

The H-motif is formed of a short loop of hydrophobic amino acids followed by a histidine,
downstream of the Walker B motif, this interacts with the gamma-phosphate of the ATP and
has been shown to be essential for several ABC-transporters to function (Figure 1.20)

(Ambudkar et al., 2006; Walter et al., 1992).

While the motifs found in the NBDs of ABC-transporters are generally conserved, and the
consensus sequences are usually maintained there are some discrepancies in the literature as to
the required sequences, and to the degree of conservation required for functionality of the ABC

transporter (Braibant et al., 2000; Rees et al., 2009).
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In order for the full ATP binding site to be formed, the two NBDs must dimerise, with dimer
formation exclusively occurring in a head-to-tail structure. This is due to the requirement of
motifs in both proteins to form a functional active site for each ATP binding site. The binding
of ATP causes a conformational change that brings the two domains closer together which
allows for the nucleophilic attack of an activated water molecule onto the y-phosphate of ATP.
The conserved glutamic acid of the Walker B motif is responsible for activating the water
(Beis, 2015). The production of ADP and inorganic phosphate from this reaction disrupts the
interface between the nucleotide binding domain, and allows for the release of the products

(Hohl et al., 2014).

1.5.3: Membrane spanning domains of ABC-transporters:

MSDs are less well conserved than nucleotide binding domains, with some motifs that are only
seen in a subset of the sub-families. Typically a MSD will contain four to eight transmembrane
helices, and are encoded the same operon as the nucleotide binding domain that they associate

with if they are expressed as separate proteins (Braibant et al., 2000).

The coupling of the energy released by ATP hydrolysis to the transport of the substrate is
mediated through a structurally conserved, but sequentially variable a-helix located in the
cytoplasmic loops between transmembrane domains (Beis, 2015). The overall structure of
transmembrane domains shows significant variability, with structures being separated into
three categories; importer type I, importer type II, and exporter (Rees et al., 2009). However
due to the relative scarcity of structures of membrane proteins, and therefore by extension

MSDs it is difficult to draw a consensus on structural similarities of these domains. The
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determination of a structural consensus is likely to be further complicated by the differences in
the substrates being transported ranging from relatively small molecules, such as lipids, to large
polysaccharides which is likely to have a substantial effect on the quaternary structure of the

complex (Beis, 2015).

1.5.4: Mycobacterial ABC-transporters:

15 of the predicted Mth ABC-transporters are formed of clusters of genes comprising only one
of the four domains required for a functional transporter. However, none of these is a cluster
of four separate genes suggesting that the MSDs, and NBDs dimerise. The remaining
transporters all contain at least one fused domain (protein contains either two fused MSDs, or
one MSD and one NBD), to form a total of 25 complete predicted ABC-transporters (Figure
1.21), of which 15 have an associated SBP. Leading to the prediction of 15 ABC-transporters

functioning as importers, with the remaining 10 being extruders (Braibant et al., 2000).
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Figure 1.24: Classification of the ABC-transporters in Mtb. Showing the predicted importers and

exporters along with the predicted ABC-transporter subfamily. Figure reproduced, with permission

from Braibant et al 2000.

Of the complete transporters predicted within the Mtbh genome, two have not been categorized

into a sub-family, Rv0655, and Rv3781 (Braibant et al., 2000). Comparison between the Mtb

genome and the genomes of Escherichia coli, and Bacillus subtilis, show that E. coli is

predicted to express 57 ABC-transporters, of which only 13 are presumed to be extruders, while

B. subtilis encodes for a predicted 78 ABC-transporters, of which 40 are predicted to be
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extruders showing that Mtb encodes for a relatively small number of ABC-transporters as
opposed to other bacteria, which is fitting considering the reduced range of environments that

Mitb faces in vivo as it is an obligate pathogen (Linton and Higgins, 1998; Quentin et al., 1999).
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1.6: Aims and Objectives:

To determine and characterize the currently unidentified protein or proteins responsible for the

transport of PIMs across the plasma membrane in Mycobacteria.

To determine the effect of the gene deletions causing Ethambutol sensitivity in C. glutamicum

and point mutations restoring Ethambutol resistance on the composition of the cell envelope.

To recombinantly express, and purify, the proteins predicted to be responsible for the transport

of galactan in M. smegmatis, and to determine the binding affinities of galactan analogues to

the purified putative galactan transporter proteins.
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2.1: Introduction:

C. glutamicum is used as a model organism for Mtb, due to the highly similar cell wall structure,
while having an increased tolerance to cell wall mutations that would be lethal in Mth
(Alderwick et al., 2005). This reduces the need for the generation of conditional knockouts for
the investigation into the function of genes essential in mycobacterial species. This has allowed
for insights into the function of various genes conserved in clinically significant mycobacterial
species, with investigations into the biosynthetic pathways of AG, PIM, LM and LAM

(Alderwick et al., 2006; Batt et al., 2010; Jankute et al., 2017; Mishra et al., 2012).

The corynebacterial cell wall shares much of the cell wall core that is found in Mtb, including
various cell wall polysaccharides such as the lipid anchored LM and LAM, which are
synthesised from PIMs, a major component of the mycobacterial membrane (Jankute et al.,
2015). The core structure of these lipopolysaccharides is conserved between Mth and C.
glutamicum, with the exception of an additional lipid anchor for Cg-LM and Cg-LAM found
in C. glutamicum, formed of a di-acylglycerol attached to a glucuronic acid (GI-A) (Tatituri et
al., 2007). A second major difference between Cg-LAM and mycobacterial LAM is the

truncated arabinan domains in Cg-LAM (Tatituri et al., 2007).

Mycobacterial LM and LAM is anchored through either Ac,PIM or AciPIM (Crellin et al.,
2008). The mannan core of the polysaccharide is built by the addition of Manp through a(1->6)
glycosidic linkages on the mannose extending from the C6 of the inositol ring. The addition of
these mannose residues is catalysed by the action of PimB’, PimC, MptA and MptB, to build

the mannan core decorated with single Manp residue branches to form LM (Mishra et al., 2007,

2008a).
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The LM core can then be further built upon by the action of an unknown arabinosyl transferase
(AraT) which primes the addition of further arabinofuranose residues to create LAM
(Abrahams and Besra, 2016). Once the mannan core has been primed with single
arabinofuranose to form the base of the branch, the branches are built by the action of EmbC,
AftC, AftB, and potentially AftD to build the base arabinan domains using DPA as the source
of arabinose (Alderwick et al., 2011; Jankute et al., 2017; Skovierova et al., 2009). These
arabinan domains can then be further capped with mannose residues by the action of CapA and

MptC to form ManLAM (Dinadayala et al., 2006; Mishra et al., 2011).

While the core structure of LM an LAM is conserved within mycobacterial species the
structural differences found between mycobacterial species results in significant changes to the
immune response (Birch et al., 2010; Stoop et al., 2013). The importance of these molecules in
the immune response and virulence during infection has resulted in research into both the
immunological and biosynthetic aspects of these molecules (Ishikawa et al., 2017; Nigou et al.,

2004).

In mycobacteria LM and LAM have been found to be exposed on the cell surface. These
lipoglycans have been indicated in the activation of signalling pathways that lead to apoptosis
of macrophages, and the induction of interleukin 12 (IL-12) from infected cells (Dao et al.,
2004). LM and LAM have been shown to interact with various signalling proteins expressed
by macrophages including: toll-like receptor 1 and 2 (TLR-1 and -2), as well as C-type lectin
receptors such as SIGNR3 (Elass et al., 2005; Ishikawa et al., 2017; Tanne et al., 2009). These

interactions are altered by the different forms of LM and LAM produced by Mtb. Purified

58



Chapter 2: Characterization of a PIM transporter system in C. glutamicum

ManLAM from Mtb does not cause the same phenotypic response as purified LAM, despite

still inducing the expression of IL-12 transcript (Dao et al., 2004).

LAM is also involved in the prevention of the activation of macrophages, by inhibiting the
activation of mitogen-activate protein kinase (MAPK). MAPK acts as an activator for
signalling cascades, and is activated by the protein phosphatase SHP-1, preventing the transfer
of signals, resulting in an altered immune response favouring the bacteria (Knutson et al., 1998;

Pieters, 2008).

C. glutamicum possesses a singular Emb gene (as opposed to the three Emb proteins found in
mycobacterial species), Cg-Emb provides the same functions as EmbA and EmbB in
mycobacteria, acting as an porcessive AraT responsible for extension of the arabinan domains
of AG (Alderwick et al., 2005; Jankute et al., 2018). However, Cg-Emb does not elongate the
arabinose domains in LAM which is catalysed by the action of EmbC. The fact that Cg-Emb
does not catalyse the extension of arabinan domains of Cg-LAM results in LAM with single

arabinose residues as opposed to the extended arabinan domains in mycobacteria.

While the synthesis of PIMs LM and LAM (from synthesis of inositol for the core lipid that
forms the PIMs, and elaboration of PI to the various PIM mannosylation and acylation states)
has been largely identified (Table 1.3), the process by which PIMs are transported from the
inner leaflet of the cytoplasmic membrane to the outer leaflet has yet to be identified (Abrahams
and Besra, 2016; Jackson et al., 2000). Translocation of the PIMs to the outer leaflet of the
cytoplasmic membrane is essential for both the biosynthesis of mature LM and LAM, and the
maintenance of the plasma membrane. This is due to the PIM species forming a significant

proportion of the lipid mass of mycobacteria, as well as their function as the anchor for LM
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and LAM (Bansal-Mutalik and Nikaido, 2014; Lea-Smith et al., 2008). As such, determining
the process by which PIMs are transported to the outer leaflet of the mycobacterial plasma
membrane is important for our understanding of how the mycobacterial membrane is

synthesised, as well as how the cell surface is synthesised.

Due to the amphipathic nature of the PIM species it is unlikely that the process for transfer to
the outer leaflet of the cytoplasmic membrane does not require the input of energy by the action
of a dedicated transporter. This energy requirement has been shown in the transport of other
lipid molecules exported to the external face of the cytoplasmic membrane, supporting the need
for a transporter for translocation of PIMs to the external leaflet of the membrane (Xie et al.,
2015). One example of a lipid transporter in E. coli is MsbA (Figure 1.21), an extensively
characterized ABC-transporter, responsible for the export of lipid A to the outer leaflet of the
cytoplasmic membrane (H. Singh et al., 2016). Due to the structural similarity of lipid A and
PIMs (Figure 2.1) it is likely that the transport proteins for the translocation to the periplasmic
face of the cytoplasmic membrane for these lipids share some similarity. As the
Corynebacteriales suborder does not produce lipid A, a transporter homologous to MsbA may

transport molecules similar to Lipid A.
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Figure 2.1: Lipid structure comparison of E. coli lipid A, and Ac,PIM.. A) Lipid A, with R;-R4 corresponding to
the acyl chains attached in their respective positions, B) Ac,PIM,, i and ii being the two acyl chains predominantly
found in PIM species, (Cis.0and Cyg.1 respectively), with the exact positions of each chain unconfirmed. Lipid A is

the transport substrate of MsbA, is a multiply acylated sugar containing phospholipid, similar to Ac,PIMs,.

Here we aim to identify and characterise the genes responsible for translocating PIMs from the
inner to the outer leaflet of the cytoplasmic membrane in Corynebacteriacea. We used MsbA
(the well characterised Gram-negative lipid A flippase), as an archetypal lipid transporter to
mine the genomes of CMN bacteria in order to detect and identify putative PIM transport genes.
The function of these putative PIM transporters was determined by a comprehensive

phenotyping of knock out mutants generated in C. glutamicum.
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2.2: Results:

2.2.1: Bioinformatic analysis of Mycobacterial MsbA homologs:

MsbA has been shown to be the transporter of lipid A across the inner membrane in E. coli

(Xie et al., 2015). Due to the similarity of the structures of Lipid A and PIM species (Figure

2.1), we predicted that the Mth ABC-transporter responsible for the export of PIMs to the

periplasmic leaflet of the cytoplasmic membrane would show homology to MsbA.

62



Chapter 2: Characterization of a PIM transporter system in C. glutamicum
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Figure 2.2: Multiple sequence alignment of E. coli K12 MsbA and Mycobacterial and C. glutamicum orthologs
of Rv1273c. Predicted end of MSD and beginning of NBD marked by black line, at residue 308. Similar sections
highlighted by blue boxes, residues conserved in all proteins in white on red, residues in a position with

conserved charge in red, gaps in the alignment indicated with “.”. Method 6.1.1.
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Figure 2.3: Multiple sequence alignment of E. coli K12 MsbA and Mycobacterial and C. glutamicum orthologs
of Rv1272c. Predicted end of MSD and beginning of NBD marked by black line, at residue 308. Similar sections
highlighted by blue boxes, residues conserved in all proteins in white on red, residues in a position with

conserved charge in red, gaps in the alignment noted as “.”. Method 6.1.1
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Table 2.1: Heatmap of sequence identity of Mycobacterial and Corynebacterial protein sequences against
MsbA and predicted Mtb MsbA homologs. Showing homology through all tested mycobacterial species and
into C. glutamicum. Rv corresponds to gene expressed in Mtb, Mb corresponds to gene expressed in M. bovis,
MMAR_ corresponds to gene expressed in M. marinum, MSMEG_ corresponds to gene expressed in M.
smegmatis, and NCgl corresponds to gene expressed in C. glutamicum. ldentity, residues conserved at each
position compared to the reference sequence. Positive, residues with conserved physiological properties. Cells

formatted on percent values, 0% = Red, 50% = Orange, 100% = Green.

MsbA Rv1272c Rv1273c
Identity (%) | Positives (%) | Identity (%) | Positives (%) [ Identity (%) [ Positives (%)
Rv1272c 36 56 100 100 34 52
Mb1303c 36 56 99 100 34 52
ML1113c 30 52 75 85 35 53
MMAR_4148 33 53 82 88 35 51
MSMEG_5009 31 54 74 85 34 52
NCgl0925 31 53 54 71 30 50
Rv1273c 28 49 34 53 100 100
Mb1304c 28 49 34 53 100 100
ML1114c 27 49 32 53 78 87
MMAR_4147 27 51 34 53 81 90
MSMEG_5008 26 50 33 54 69 83
NCgl0926 28 51 34 55 50 70
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Using BLAST analysis of the primary protein structure of E. coli K12 MsbA against the Mth
non-redundant protein database (Method 6.1), resulted in the selection of two proteins for
further study (Rv1272¢ and Rv1273c), as they have high sequence identity to MsbA and the
likelihood that they comprise a single complete heterodimeric ABC-transporter, due to the
genomic location (Braibant et al., 2000). Both selected genes were tested to determine the
degree of conservation across slow and fast-growing mycobacterial species’ as well as both
infectious and non-infectious species as well as C. glutamicum (Figures 2.2, 2.3). The genetic
synteny across a selection of various mycobacterial species provides additional evidence to
support a common function, as the surrounding genes are also generally conserved, particularly
notable in M. leprae which is regarded as a minimal mycobacterial genome (Figures 2.2, 2.3,
2.5) (Cole et al., 2001). Sequence identity of the identified ABC-transporters tabulated,

compared to MsbA, or Mtb identified homologs is shown in Table 2.1.

Rv1272c Rv1273c
Out Out
In 347 1491947 245301 364 In
429- Walker A 368- Walker A
553- Walker B 492- Walker B
631 582

Figure 2.4: Predicted membrane topology model of Rv1272c and Rv1273c. Residue numbers for first amino acid
inserted into the membrane and first amino acid external to the membrane noted. First residues of the Walker
A and B motifs annotated. Transmambrane predictions generated from TMHMM and Expasy TMPred, Appendix

1.

Sequences of predicted MsbA homologs were searched for conserved ABC-transporter motifs

(Figure 2.6), and membrane topology of mycobacterial genes predicted using the Hidden
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Markov model using both Transmembrane helix Hidden Markov Model (TMHMM), and
EXpasy TMPred (Appendix 1) which predict the location of transmembrane helices from the
primary protein structure. Leading to the prediction of six transmembrane helices, consistent
with the four to eight transmembrane helices for a membrane spanning domain, required for
the formation of a pore through the membrane upon formation of a dimer (Figure 2.4). The

conservation of the ABC-transporter motifs, taken with the predicted conserved membrane
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Figure 2.5: Genetic synteny of mycobacterial genes predicted to be identified as putative PIM transporters.
Conservation of the genes surrounding predicted PIM transporters through various mycobacterial species,
including M. leprae, a mycobacterial genome regarded as the minimal mycobacterial genome (Cole et al., 2001),
as well as conservation the neighbouring genes LprB and LprC suggest a conservation of this region of the

genome, and potentially a conserved function.

topological structure lead to prediction that Rv1272¢ and Rv1273c form a functional

transporter responsible for the translocation of PIMs across the cytoplasmic membrane.

The identification of Rv1272¢c and Rv1273¢ as potential lipid transporters, contradicts the

prediction of Braibant et al. in 2000, where Rv1272c and Rv1273c¢ are predicted to function as
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a multidrug efflux pump. However, in the past 20 years since the publication of these
predictions there has been no corroborating evidence for this prediction. Due to the limited
functional dataset available to Braibant et al. 2000 at the time of prediction, it is likely that the

most similar characterised transporter at the time was an antibiotic efflux pump.
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Figure 2.6: Primary protein structure of predicted Mtb H37Rv MsbA homologs, Rv1272c and Rv1273c. Aligned
sequences annotated with conserved consensus sequences present in nucleotide binding domains of ABC-
transporters Rv1272c, and Rv1273c. A-loop, Walker A, ABC signature, Walker B, H-loop motif sequences
underlined. Showing that essential conserved regions are present in both Rv1272c and Rv1273c, alongside six

transmembrane helices contained within the membrane spanning domain (MSD).
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2.2.2: Generation of M. smegmatisAMSMEG _5008- 5009 double deletion mutant:

Attempts to generate a M. smegmatisAMSMEG 5008- 5009 double deletion mutant were
unsuccessful (Method 6. 3.1), with no mutants able to be generated with both MSMEG 5008
and MSMEG 5009 deleted. The inability to generate this double deletion mutant suggests that

these genes are either essential individually or become essential upon deletion of the other.

2.2.3: Generation of C. glutamicumANCgl0925- 0926 double deletion mutant in C.

glutamicum:

Generation of a C. glutamicumANCgl0925- 0926 double deletion mutant from the parental C.
glutamicum ATCC13032 strain was conducted by J. Marienhagen’s group in Julich (Method
6.3.2). We hypothesised that the generation of a double deletion mutant of the C. glutamicum
orthologs (NCgl0925 and NCgl0926) would not be lethal, due to the increased tolerance of cell

wall mutations.
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The C. glutamicumANCgl0925- 0926 deletion mutant was generated using pkl19mobsacB-
ANCgl0925- 0926 plasmid (Figure 2.7 A), with homologous recombination used to replace
selected genes with non-coding DNA. The deletion of NCgl0925 and NCgl0926 confirmed
using PCR (Figure 2.7 B). Analysis of the PCR product in the shows a reduction in the size of
the product in the C. glutamicumANCgl0925- 0926 double deletion mutant, from ~4 kb to ~1

kb, which corresponds to the deletion of NCgl0925 and NCgl0926.

St lwt|Aa1]A2]43

DOG254W el

C. glutamicum wt

G DOSZE-rev

S
pk19mobsacB-ANCgl0925-NCgl0926
double homologous
recombination

DOSZSW
el aeirpor LN,
ANCgI0925-NCgl0926

G DOUDE O

Figure 2.7: Generation of C. glutamicumANCgl0925- 0926 double deletion mutant. A) Schematic of generation
of C. glutamicumANCgl0925- 0926 double deletion mutant, B) Agarose gel electrophoresis of PCR of NCgl0925-
0926 confirming the of deletion of NCgl0925-0926. Comparison of the PCR product between the WT C.
glutamicum and the C. glutamicumANCgl0925- 0926 double deletion mutant shows a shift in the size of the PCR

product, consistent with the deletion of NCgl0925 and NCgl0926. Figure made by J. Marienhagen’s group
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2.2.4: Growth rate analysis in WT C. glutamicum and C. glutamicumANCgl0925- 0926

double deletion mutant:
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Figure 2.8: Growth rate analysis of C. glutamicum strains in rich media as measured by ODggo. Expression of
complements induced with 1ImM IPTG, n=3. Use of Bonferroni corrected ANOVA to analyse the ODgo readings
throughout the experiment show no significant change (q > 0.05) between the deletion mutant and the WT C.
glutamicum strain. Bonferroni corrected ANOVA of strains expressing the pEKEx3 plasmid does result in a
reduced growth rate during throughout the experiment (q < 0.05), however there is no significant difference
between the level of growth attained at 24 hours post inoculation, between any of the strains containing the
pEKEx3 plasmid (pe™PY, pNCel09256 and pRv1272¢3¢) gnd the WT C. glutamicum or C. glutamicumANCgl0925- 0926
double deletion mutant strain, nor is there a significant difference between the strains restoring the native
genes, or the homologous Mtb genes and the strain containing only the unmodified vector (q > 0.05). Error

bars: Standard deviation.
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Initial testing of the deletion mutants to determine the effect of gene loss on growth rate
phenotype was carried out (Figure 2.8, Method 6.10), as the deletion or disruption of genes
involved in certain pathways often results in a growth defect (Alderwick et al., 2005). In order
to induce the expression of the complementing genes on the pEKEx3 plasmid the growth media

was supplemented with 0.5 mM IPTG.

Analysis of the ODgoo values, using Bonferroni corrected ANOVA, throughout all timepoints
showed that the WT C. glutamicum and the C. glutamicumANCgl0925-0926 double mutant
strain showed no significant change in the growth at any time point (q > 0.05), while C.
glutamicumANCgl0925-0926 double mutant strains expressing pEKEx3 plasmids with or
without gene inserts showed a statistically significant reduction in growth when compared to
either the WT C. glutamicum or C. glutamicumANCgl0925-0926 double mutant strain at all
time points from 4 hours post-inoculation, except for 24 hours post-inoculation, when using an

Bonferroni-corrected ANOVA (q > 0.05) at each timepoint.

There is no significant difference between any of the three strains containing the empty vector,
or either of the plasmids recombinantly expressing either the deleted NCgl0925 and NCgl0926,
or the Mtb homologs, Rv1272c and Rv1273c. This implies that the reduction in the growth rate
is likely due to the fitness cost of either maintaining a plasmid or caused by the addition of
antibiotic into the media to maintain the plasmid. This shows that in culture these genes are

non-essential in culture medium, and do not affect the ability of the bacteria to grow.
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2.2.5: Cell surface permeability characterization of WT C. glutamicum and C.

glutamicumANCgl0925- 0926 double deletion mutant:
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Figure 2.9: Cell surface permeability of C. glutamicum strains to DPH. Data normalised to show fold change
from WT C. glutamicum strain. Bonferroni corrected ANOVA of data showed significant increase in permeability
from the WT C. glutamicum in both the C. glutamicumANCgl0925- 0926 double deletion mutant, and C.
glutamicumANCgl0925- 0926 pEKEx3 strain (p®™Y), while the C. glutamicumANCgl0925- 0926 pEKEX3-
NCgl0925- 0926 (pNE9256) (. glutamicumANCgl0925- 6 pEKEx3-Rv1272c- 1273c (pR¥'?72<3%) showed no
significant change. Polymyxin B used as a positive control to increase permeability. Differences between strains
that were statistically significant to the WT C. glutamicum (q< 0.01) marked by “*”.Error bars: Standard

deviation, n=4.
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Cell surface permeability is affected by the lipid composition of the cell envelope, our
prediction of the function of NCgl0925 and NCgl0926 as being involved in the transport of
PIMs to the outer leaflet of the cytoplasmic membrane, lead to the prediction of a change in

cell permeability in the deletion mutants.

Using Bonferroni-corrected ANOVA to assess the change in permeability of the cell surface
to 1, 6- diphenyl- hexa- 1, 3, 5- triene (DPH, Method 6.11), resulted in a statistically significant
increase in permeability of the both the C. glutamicumANCgl0925- 0926, and the C.
glutamicumANCgl0925-0926 pEKEx3 strains when compared to the WT (q > 0.01) (Figure
2.9). The complementation of either the deleted NCgl0925 and NCgl0926, or Rv1272c and
Rv1273c, restored the basal level (including at a reduced stringency of q > 0.05). The strains
recombinantly expressing either NCgl0925 and NCgl0926 or Rv1272¢ and Rv1273c, both

showed a significant difference to the ANCgl0925-0926 double mutant strain.

The loss of NCgl0925 and NCgl0926 results in a significant increase in the permeability of the
surface of the cell, in line with the hypothesis that these genes are involved in the maintenance
of the cell surface, possibly through the transport of lipids across the cytoplasmic membrane.
Complementation of the C. glutamicumANCgl0925- NCgl0926 strain with either: NCgl0925
and NCgl0926 or Rvi272c¢ and RvI273c restored the wild type permeability phenotype,
showing that the cause of the permeability change is due to the loss of NCgl0925 and NCgl0926
rather than the result of an off target effect, as well as supporting the prediction of a shared

function in both C. glutamicum and Mtb.
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2.2.6: Antibiotic susceptibility screening of WT C. glutamicum and C.

glutamicumANCgl0925- 0926 double deletion mutant:

As Rv1272¢ and Rv1273c are predicted to function as an antibiotic efflux pump, we tested the
efficacy of various antibiotics against WT C. glutamicum, and the C. glutamicumANCgl0925-
0926 double deletion mutant (Method 6.19) to characterise the effect of loss of NCgl0925 and
NCgl0926 on the bacterial survival in the presence of various antibiotics (Braibant et al., 2000;

Wang et al., 2010).

Of the antibiotics selected affecting both intra- and extra- cellular functions to determine if the
change in the permeability of the cell is responsible for any changes in the tolerance of C.

glutamicum strains to antibiotics.

Table 2.2: Antibiotic susceptibility screening of C. glutamicum strains to antibiotics. Showing the MICgg values
of various antibiotics against WT C. glutamicum, C. glutamicumANCgl0925- 0926, C. glutamicumANCgl0925- 0926

PEKEx3, C. glutamicumANCgl0925- 0926 pEKEx3- NCgl0925- 0926, C. glutamicumANCgl0925- 0926 pEKEx3- Rv1272c-

1273c.
Chloramphenicol [ Amoxicillin [ Ampicillin | Rifampicin [ Ethambutol [ Polymyxin B

(M) (uM) (uM) (uM) (uM) (M)

WT C. glutamicum 7.813 0.977 0.977 >0.488 <500 3.906

C. glutamicum /\NCGL0925-0926 7.813 0.977 0.977 >0.488 <500 3.906

C. glutamicum ANCGL0925-0926 7.813 0.977 0.977 >0.488 <500 3.906

PEKEX3

C. glutamicum ANCGL0925-0926 7.813 0.977 0.977 >0.488 <500 3.906
PEKEX3-NCgl0925-0926

C. glutamicum ZANCGL0925-0926 7.813 0.977 0.977 >0.488 <500 3.906
PEKEX3-Rv1272¢-1273¢

Determination of the MICo9 for WT C. glutamicum, C. glutamicumANCgl0925- 0926, C.
glutamicumANCgl0925- 0926 pEKEx3, C. glutamicumANCgl0925- 0926 pEKEx3-
NCgl0925- 0926, and C. glutamicumANCgl0925- 0926 pEKEX3- rvi272¢-1273c, showed no

detectable changes in MICq (Table 2.3). The lack of changes in tolerance to antibiotics
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between the WT C. glutamicum, and the C. glutamicumANCgl0925- 0926 double deletion
mutant suggests that the function of these genes is not, as predicted by Braibant et al 2000, an
antibiotic efflux pump. This, while not supporting the hypothesis that Rv1272¢ and Rv1273c¢

function as the PIM transporter, does suggest that the annotation of these genes was incorrect.

2.2.7: Characterization of the free lipid phenotype of WT C. glutamicum and C.

glutamicumANCgl0925- 0926 double deletion mutant:
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Figure 2.10: TLC apolar outside lipid extraction from C. glutamicum strains. Showing the loss of a sugar
containing lipid in the C. glutamicumANCgl0925- 0926 double deletion mutant, when compared to WT C.
glutamicum. Solvent system- 65: 25: 0.5: 3.6 chloroform: methanol: 12 M ammonium hydroxide: water. TMcM-

trehalose monocorynemycolate.
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The increase in the cell surface permeability implied that the deletion of NCgl0925 and
NCgl0926 results in a change in the lipid composition of the C. glutamicum cell surface.
Therefore, characterisation of the overall lipid composition of the C. glutamicumANCgl0925-
0926 double deletion mutant using the standard polar-apolar lipid extraction procedure was

used to analyse the lipid composition (Singh et al., 2016).
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Figure 2.11: TLC analysis of apolar inside lipid extraction fraction from C. glutamicum strains. Showing loss of
unknown sugar containing lipid in the C. glutamicumANCgl0925- 0926 double deletion mutant when compared
to the WT C. glutamicum strain. MPA staining for lipids, a-napthol staining for sugars. Solvent system- 30: 8: 1
chloroform: methanol: water. FMA- free mycolic acid, TMcM-trehalose monocorynemycolate, CL- cardiolipin,

PI- phosphatidylinositol.
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TLC analysis of the apolar outside lipid fractions (Method 6.12.1) extracted from WT C.
glutamium and the C. glutamicumANCgl0925-0926 double deletion mutant strain shows the
depletion of a free lipid, staining positive for both fatty acids (TLC stained with MPA), and

sugars (TLC stained with a-napthol, labelled unknown lipid in Figure 2.10).

Similarly, TLC analysis of the apolar inside lipid fractions (Method 6.12.1) extracted from both
the WT C. glutamium and the C. glutamicumANCgl0925- 0926 double deletion mutant showed
the same phenotype, with the loss of a lipid staining positive for both fatty acids and sugars

(Figure 2.11).
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Figure 2.12: TLC analysis of polar lipid extraction fraction from C. glutamicum strains. Showing slight depletion
of an unknown sugar containing lipid. MPA staining for lipids, a-napthol staining for sugars. Solvent system- 30:
8: 1 chloroform: methanol: water. TMcM-trehalose monocorynemycolate, CL- cardiolipin, PI-

phosphatidylinositol.
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TLC analysis of the remaining extractable lipids (Method 6.12.1) from C. glutamicum strains
resulted in the determination of a similar phenotype to the apolar inside and apolar outside
fractions, with a depletion, but crucially not loss, of the same sugar containing lipid in the C.
glutamicumANCgl0925-0926 double deletion mutant, that was absent in the previously

extracted fractions (Figure 2.12).

Initial characterisation of the lipid characterisation of the WT C. glutamicum and the C.
glutamicumANCgl0925-0926 mutant identified a loss of a sugar containing lipid. The most
notable reductions were in the lipid fractions composed of mostly outer membrane lipids
(Figures 2.10, 2.11), consistent with a PIM species. However, the nature of the extraction

method does not lend itself to the determination of the precise location of the depleted lipid.

2.2.8: Characterization of the cell wall bound lipid phenotype of WT C. glutamicum, and

C. glutamicumANCgIl0925- 0926:

To determine if the loss of an extractable free lipid from the bacteria also resulted in an
alteration of the cell wall bound lipids, lipids were extracted from C. glutamicum cells which

had previously been treated to remove all non-covalently bound lipids and analysed by TLC.

Cell wall bound lipid extractions (Method 6.12.4) show no significant changes in the cell wall
bound lipids (Figure 2.13), suggesting that the depleted lipid does not serve as a source of fatty
acids, or corynemycolic acids for attachment to the cell wall. We did not expect to see changes
in the lipid composition of the cell wall core, as there is no published evidence suggesting that

the PIM species act as a source of fatty acids for attachment to the cell wall.
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Figure 2.13: TLC analysis of C. glutamicum cell wall bound lipid extraction. No significant change in the cell wall
bound lipids, detectable between the WT C. glutamicum and C. glutamicumANCgl0925- 0926 double deletion

mutant. Solvent system: 95: 5 Petroleum ether 60-80: acetone, lipids visualised with MPA.
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2.2.9: Characterization of the outer and inner membrane lipid phenotype of WT C.

glutamicum, and C. glutamicumANCgl0925- 0926:
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Figure 2.14: TLC analysis of outer membrane lipid extraction of C. glutamicum strains. Showing depletion in
the level of unknown, sugar containing lipid present in the outer membrane in the WT C. glutamicum but
substantially reduced in the C. glutamicumANCgl0925- 0926 double deletion mutant. MPA staining for lipids, a-
napthol staining for sugars. Solvent system: direction 1- 30: 8: 1 chloroform: methanol: water, direction 2- 70:
30: 1 hexane: diethyl ether: acetic acid. FMA- free mycolic acid, FFA- free fatty acid, TMcM- trehalose

monocorynemycolate, CL- cardiolipin, PI- phosphatidylinositol.

Upon observation of a lipid depletion phenotype in the polar-apolar lipid extraction of the C.
glutamicumANCgl0925- 0926 double deletion strain, determination of the location of the lipid

was essential for the full characterisation of the effect of the loss of NCg/0925 and NCgl0926
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on the composition of the outer membrane. If NCgl0925 and NCgl0926 form the transporter
for the PIMs (which are found in both the outer and inner membrane), a selective extraction of

the C. glutamicum outer membrane is essential to fully characterise the effect of the gene loss.
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Figure 2.15: TLC analysis of inner membrane lipid extraction from C. glutamicum strains. No significant
changes to the lipid composition were detectable between the inner membrane extraction of the WT and the
C. glutamicumANCgl0925- 0926 double deletion mutant. MPA staining for lipids, a-napthol staining for sugars.
Solvent system: direction 1- 30: 8: 1 chloroform: methanol: water, direction 2- 70: 30: 1 hexane: diethyl ether:
acetic acid. FMA- free mycolic acid, FFA- free fatty acid, TMcM- trehalose monocorynemycolate, CL- cardiolipin,

PI- phosphatidylinositol.
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Analysis of the separated outer and inner membrane fractions (Method 6.12.2) by TLC showed
loss of the same unknown sugar containing lipid in the outer membrane fraction (Figure2.14),

while maintaining equivalent levels in the inner membrane fraction (Figure 2.15).

This depletion of the unknown lipid in the outer membrane suggests that the loss of the lipid is
in the outer, mycomembrane, where the loss of a transporter for a lipid found in both the inner
and outer membrane is likely to be determined leads to further support of the hypothesis that
NCgl0925 and NCgl0926 are responsible for the export of a sugar containing phospholipid in

C. glutamicum.

Some contamination of the outer membrane fraction was observed, through the detection of a
carotenoid species in the outer membrane fraction, a lipid known to be only present in the inner
membrane (Bansal-Mutalik and Nikaido, 2011). As there is detectable contamination of the
outer membrane fraction with inner membrane lipids, the detection of some unknown lipid is
likely to be caused by contamination of the inner membrane lipids in the outer membrane

fraction.

2.2.10: Surface lipid phenotype characterization of WT C. glutamicum, and C.

glutamicumANCgl0925- 0926:

To determine the location of the depleted lipid, reverse micellar extraction of cell surface lipids
was used to selectively remove the surface lipids without disturbing the inner membrane.
Reverse micelles are functionally distinct from micelles as the solvent system used for
solubilising the detergent is an apolar one, such as heptane, rather than a polar solvent such as

water, resulting in the hydrophobic regions of the molecule are exposed, rather than the polar
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region. Sodium docusate (AOT) has been studied as a method for the selective extraction of
the outer membrane lipids (Bansal-Mutalik and Nikaido, 2014, 2011). This extraction method
selectively extracts lipids either through insertion into micelles (Figure 2.16B) or solubility in

heptane.

%\,& polar v%g % Polar U%:S
i i

Figure 2.16: Polar characteristics of standard and reverse micelles. A) Standard sodium docusate micelles,
where the apolar regions of an amphipathic molecule are sequestered from the polar solvent. B) Reverse sodium

docusate micelles, where the polar regions of an amphipathic molecule are sequestered from the apolar solvent.
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Initial characterisation of the functionality of the lipid extraction method was used to separate
the lipids extractable by solvent and those extractable by the action of the reverse micelles

(Figure 2.17).
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Figure 2.17: TLC analysis of lipids extractable from C. glutamicum with heptane. TLCs showing partial
extraction of the outer membrane by use of extraction method not containing AOT. A) lipids extracted from the
WT C. glutamicum, B) lipids extracted from the C. glutamicumANCgl0925- 0926 double deletion mutant. Solvent
system: direction 1- 30: 8: 1 chloroform: methanol: water, direction 2- 70: 30: 1 hexane: diethyl ether: acetic

acid. FMA- free mycolic acid, FFA- free fatty acid, TMcM- trehalose monocorynemycolate.

Extraction of the surface lipids (Method 6.12.3) shows a depletion in the same sugar containing
lipid identified in both the polar- apolar lipid extraction, and the inner membrane- outer
membrane lipid extraction, confirming that the lipid lost is present on the surface of then cell.
To confirm the restoration of functionality of the complementation vectors reverse micellar
extraction was repeated on the complemented C. glutamicumANCgl0925- 0926 double

deletion mutant strains (Figure 2.18).
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Chapter 2: Characterization of a PIM transporter system in C. glutamicum

Analysis surface lipid composition of the strains recombinantly expressing either the
corynebacterial genes deleted, or the Mtb orthologs resulting in restoration of WT lipid
composition (Figure 2.18). This confirms that the restoration of NCgl0925 and NCgl0926, or
complementation with Rv1272¢ and Rv1273c, results in a reversion to the WT lipid phenotype.
Further supporting the hypothesis that the function of NCgl0925 and NCgl0926 is conserved

into mycobacterial species.

The significant difference between the reverse micellar lipid extraction and the outer membrane
lipid extract is that there is a carotinoid species that runs similarly to CL, in the outer membrane
extraction method, which is not detectable in the reverse micellar extraction, which shows that
the extraction method is less disruptive to the cell than the water saturated butanol extraction

of the outer membrane extraction protocol.

2.2.11: Purification of lipid depleted from surface lipid extractions in C

glutamicumANCgl0925- 0926 from WT C. glutamicum:

While the extraction of surface lipids has shown that deletion of NCgl0925 and Ncgl0926
results in the depletion of an unknown lipid on the C. glutamicum cell surface, determining the
identity of the lipid is essential for assigning function to these proteins. In order to determine
the identity of the lipid depleted on the cell surface of the C. glutamicumANCgl0925-0926
mutant, purified lipid extracted from WT C. glutamicum was used. Purification of the depleted
lipid by preparative TLC yielded an excess of contaminating AOT, due to the similar retention
factors (Rf, the distance molecules move on a TLC plate when run in a solvent system system)
values in previously defined systems, and relative abundance of the lipid to be purified from

other extraction methods making analysis post extraction unreliable. The similar migration
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patterns of the unknown lipid and AOT suggested that the lipid is, as predicted, a PIM as they
have been seen to have similar migration patterns in the solvent system used (Figure 2.19,

AOT) (Bansal-Mutalik and Nikaido, 2011).

Solvent front

Unknown lipid

LSRR X XS
SO RRERGFTT
c)\‘?;c)\‘?fc)\%' c)\‘b. C)\Q; c)\‘5 c)\"5
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,Q/ ,@ ,/\ \Q \(b )\6 <\
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Figure 2.19: TLC analysis of lipid purification by silica column. Showing gradual elution of lipids from the silica
column, and the removal of the co-migrating contaminating AOT. Solvent system- 30:8:1 chloroform: methanol:

water, visualized using a-napthol. TMcM- trehalose corynemycolate.

Therefore, use of a silica column (Method 6.13), washed with a stepwise chloroform: methanol
gradient for gradual removal of lipid contaminants from large scale reverse micellar extraction
was used for lipid purification from reverse micellar extracted lipids. Yielding 3 mg of pure

lipid with no detectable contaminating AOT by TLC stained with a-napthol (Figure 2.19).
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2.2.12: Analysis of surface lipid extracts and purified lipid from extractions from WT C.

glutamicum, and C. glutamicumANCgl0925- 0926:

Crude and purified lipid samples were analysed by direct infusion electrospray mass
spectrometry (Method 6.15), in both positive and negative flight modes to determine changes
in the lipid composition of the crude extracts and the identity of the purified lipid, with minimal
fragmentation. Data obtained from the crude and purified lipid samples compared within a

single experimental setup between samples compared in Figure 2.20.
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Figure 2.20: Direct infusion electrospray mass spectrometry of lipid samples. Lipid samples diluted in 2: 1 7.5
mM ammonium acetate: chloroform, in positive mode. i) WT C. glutamicum reverse micellar extracted lipid

sample, ii) reverse micellar lipid extraction from C. glutamicumANCgl0925- 0926 double deletion mutant, iii)
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Chapter 2: Characterization of a PIM transporter system in C. glutamicum

mutant strain (Figure 2.20). Figure 2.20ii shows the C. glutamicumANCgl0925- 0926 double
deletion mutant having a loss of peaks at m/z: 1659.2340 and 1685.2640. Masses obtained
from mass spectrometry were compared to structural models of various PIM species, such as
PIM; PIM;, AciPIM; and Ac,PIM; (Figure 2.21), and found to correspond to sodium adducts

of Ac,PIM> species with the difference in mass corresponding to changes in the fatty acid

HO “’oH

OH

OH

A o)

OH

Figure 2.21: Structural model of C. glutamicum Ac,PIM,. Ac,PIM; structure used to determine the identity of
the lipid purified from WT C. glutamicim, and reverse micellar lipid extraction fractions from WT C. glutamcicum
and C. glutamicumANCgl0925- 0926 double deletion mutant. Ri4 denote attachment of fatty acyl chains, where
in the case of PIM; and Ac;PIM; Rs and R4 are H. Fatty acid chains present in the identified lipid modelled in un-

esterified form i) C16:0, ii) C18:1
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composition of the lipid, either C16:0 or C18:1 (Figure 2.21i and 2.211ii respectively). Data
collected from the purified lipid showed peaks at m/z: 1659.2168 and 1685.2364, supporting

the hypothesis that the change in the spectra is due to the loss of Ac.PIM; from the mutant.

2.2.13: SDS-PAGE analysis of lipoglycan extractions from WT C. glutamicum, and C.

glutamicumANCgl0925- 0926:

As both Cg-LM and Cg-LAM can be generated from a PIM anchor and the identification of
the depleted lipid to be Ac:PIMo», the cell lipoglycan composition was analysed, with the
expectation that there would be a change in the composition due to the loss of one of the
anchors. Howeverm due to the presence of an alternative Gl-A anchored unit, the change was

not expected to be as significant as it would be in mycobacterial species.

Extraction and analysis of the lipoglycan fraction (Methods 6.16.1, 6.17.1, 6.17.2) of the C.
glutamicum lipoglycans in both the WT C. glutamicum and C. glutamicumANCgl0925- 0926
double deletion mutant strain show that there is a slight change in the overall size of the
lipoglycans, with both the Cg-LAM being slightly smaller than the in the WT C. glutamicum
strain. However, complementation with either the C. glutamicum or the Mtb genes does not

fully restore the WT C. glutamicum phenotype (Figure 2.22).
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The alteration of the lipoglycan profile is expected as the loss of NCgl0925 and NCgl0926
leads to the depletion of PIMs on the external face of the cell, and PIM species act as an
anchoring lipid for Cg-LM and Cg-LAM the alteration of the ratio of anchors will likely affect

the synthesis of lipoglycans on the external face of the cytoplasmic membrane.

1 2 3 4 5

LAM

LM

Figure 2.22: SDS-PAGE analysis of lipoglycan extractions from C. glutamicum, visualised using silver staining.
1) WT C. glutamicum, 2) C. glutamicumANCgl0925-NCgl0926, 3) C. glutamicumANCgl0925- 0926 pEKEX3, 4) C.
glutamicumANCgl0925- 0926 pEKEx3- NCgl0925- 0926, 5) C. glutamicumANCgl0925- 0926 pEKEx3-Rv1272c-
1273c. Showing a slight decrease in the upper end of the size of LAM, with minimal impact on the LM. This

reduced change is likely due to the presence of the an alternate lipoglycan anchor.
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2.2.14: Monosaccharide composition analysis of lipoglycan extractions from WT C.

glutamicum, and C. glutamicumANCgl0925- 0926:

As the profiles of the lipoglycan extractions showed potential differences, the overall sugar
composition was predicted to be altered. To determine the sugar composition of the
lipoglycans, extracted lipoglycan mixture was hydrolysed, and derivatized to form aditol
acetates in order to improve the separation when using gas chromatography (GC Methods
6.18.1, 6.18.2, Appendix 3). Derivatized monosaccharides were analysed using GC to quantify

the ratio of arabinose to mannose and inositol in the overall extraction.

Table 2.3: Arabinose: Mannose: inositol ratios of aditol acetate derivatised lipoglycan extractions from C.

glutamicum strains.

Ara:Man:lno
WT C. glutamicum 1:33.4:1.3
C. glutamicum/\NCGL0925-0926 1.6.2:0.6
C. glutamicum /ANCGL0925-0926 pEKEXx3 1:11.7:0.6

C. glutamicum /ANCGL0925-0926 pEKEx3-NCgl0925-0926| 1:11.2:0.6
C. glutamicum/\ANCGL0925-0926 pEKEx3-Rv1272c-1273c| 1:14.2:0.5

Composition determination of aditol acetate derivatised Cg-LM and Cg-LAM (Appendix 3)
resulted in two peaks corresponding to arabinose (retention time ~ 9.1- 9.5 min), mannose
(retention time ~ 12.4-12.6 min), and inositol (retention time ~ 14.6- 15 min). The analysis of
the resulting spectra (Table 2.3), lead to the determination that the arabinose: mannose: inositol
ratio changes from 1:33.4: 1.0 in the WT C. glutamicum strain, to 1:6.2: 0.6 in the C.
glutamicumANCgl0925-0926 mutant. Analysis of the lipoglycan composition of the C.
glutamicumANCgl0925-0926 pEKEX3 strain gave a ratio of 1: 11.7: 0.6 arabinose: mannose:

inositol, while the C. glutamicumANCgl0925-0926 pEKEx3-NCgl0925-0926, and C.
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glutamicumANCgl0925-0926 pEKEx3-Rv1272c-1273c strains gave mannose: arabinose ratios

of: 1:11.2: 0.6, and 1:14.2: 0.5 respectively.

While the change in the ratio of arabinose to mannose and inositol is expected to be different
to the WT C. glutamicum in both the C. glutamicumANCgl0925- 0926 double deletion mutant
and the C. glutamicumANCgl0925- 0926 pEKEX3 strain, the recombinant expression of both
the corynebacterial and Mtb genes do not restore the WT C. glutamicum ratio, instead
maintaining the ratio found in the C. glutamicumANCgl0925- 0926 pEKEx3 strain. This
indicates that while the recombinant expression leads to a restoration of the WT strain lipid
and lipoglycan size profile, there is an impact on the sugar composition of the lipoglycans

which remains as yet unexplained.

Additionally, the maintained presence of inositol in the extracted Cg-LM and Cg-LAM in the
C. glutamicumANCgl0925- 0926 double deletion mutant, and the C. glutamicumANCgl0925-
0926 pEKEx3 strain does not necessitate the presence of inositol anchored Cg-LM and Cg-
LAM. This is due to the disruptive nature of the extraction procedure, which does not extract
only the surface layers of the, resulting in contaminating PIM species in the extraction. These
PIM species can come from either the outer membrane, or the cytoplasmic membrane, and
therefore it is probable that the presence of inositol in the extractions, is due to these

contaminating cytoplasmic membrane lipids.
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2.3: Discussion:

PIMs, LM, and LAM are vital for the integrity of the cell wall. With the PIM species forming
a significant portion of the membranes, and LM and LAM involved in the evasion of the
immune response, as such understanding of how these molecules are synthesised is important
in understanding how mycobacteria interact with their environment. While much of the

biosynthetic processes have previously been determined, the transport mechanism has, until

now, remained unknown (Abrahams and Besra, 2016; Alderwick et al., 2007).

Our data supports our initial hypothesis that the Mtb homologs of MsbA, Rv1272¢ and
Rv1273c, are involved in the transport of PIMs across the inner membrane of Mtb. As a clear
loss of a lipid on the C. glutamicumANCgl0925- 0926 cell surface was detected and the
depleted lipid characterised as Ac,PIM,. The complementation of the C.
glutamicumANCgl0925- 0926 strain with either NCgl0925 and NCgl0926 or Rv1272¢ and
Rv1273c¢ resulted in a restoration of the WT C. glutamicum phenotype in all conditions, with
the exception of the arabinose: mannose: inositol ratio in the Cg-LM and Cg-LAM, implies
that the function of these genes is conserved across all mycobacteria (Alderwick et al., 2005).
The generation of a conditional knockout in a mycobacterial species such as M. bovis BCG

would allow for the confirmation of this hypothesis.

The presence of AcPIM; in the inner membrane lipid extraction fraction supports our
hypothesis that the cause of the loss of the surface lipid is due to an export defect, rather than
a biosynthetic defect. As AcoPIM: is present in the inner membrane, we predict that it is present
as part of the inner leaflet, with attempts to yield an outer leaflet extraction of the inner

membrane unsuccessful. The development of a selective lipid extraction method for extracting
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the outer leaflet of an exposed cytoplasmic membrane would allow for further testing of this

hypothesis.

Further, the data presented supports that both Rv1272¢ and Rv1273c are functional transporters
within the ABC-transporter superfamily, as while they are predicted to contain the correct

elements and consensus sequences, no available literature has confirmed their function

(Braibant et al., 2000; Martin and Daniel, 2018).

The determination of the function of NCgl0925 and NCgl0926 fills a gap in the knowledge of
the biosynthesis of both the mycobacterial and corynebacterial cell surface and the synthesis
of LM and LAM in both mycobacteria, and corynebacteria. This allows for an updated
schematic of the biosynthetic pathways of LM and LAM (Figure 2.23), with the addition of
NCgl0925 and NCgl0926 as the ABC-transporter responsible for the translocation of Ac,PIM;

in C. glutamicum.

The maintained presence of Cg-LM and Cg-LAM in the C. glutamicumANCgl0925- 0926
double deletion mutant, is likely formed from the alternative GI-A anchor. This raises the
question of the presence of an additional, as yet uncharacterised, ABC-transporter in C.
glutamicum responsible for the translocation of GI-A (Mishra et al., 2008b). With further
bioinformatic analysis of the C. glutamicum genome required to determine putative

transporters, and

98



Chapter 2: Characterization of a PIM transporter system in C. glutamicum

A EmbC
AftB
AftE?
: MptA AftC
Fimc MptB () AftD
Outside A02P|M6 Acggl\%“l I%‘C%%”\%?l EC%%IM? |% E'\él %I Eag'gp\g'l
g BB 1 i —
PIM IF’”V'zl |A0P|M2| [AcPIMo| ) Ryi272¢ nside
/’\ Rv1273c
leA leB’ Rv2611c Rv2611c
B 0
MptA
MptB
@ AftE?
[ACPIMp| | LM | | LAM

N\ NCgl0926

PimA PimB> NCgl11604 NCgl11604

P TN

c Mannose
()  Arabinose

O 6 Glucuronic acid

MptA
MptB

Outside GiX

s Acyl chain

e
ippase m\‘_lm

MgtA Unknown

AftE?

Figure 2.23: Updated biosynthetic pathways for the synthesis of PIMs, LM, and LAM. Updated processes
highlighted inred. A) PIM, LM, and LAM synthetic pathway in Mtb. B) PIM anchored Cg-LM and Cg-LAM synthetic

pathway in C. glutamicum. C) GL-A anchored pathway for the Cg-LM and Cg-LAM synthesis in C. glutamicum.
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characterisation of the identified genes to determine the C. glutamicum genes responsible for

the translocation of this alternative lipoglycan anchoring lipid.

The inability to generate a double deletion mutant in M. smegmatis indicates that the deletion
of both MSMEG 5008 and MSMEG 5009 is lethal (Cox et al., 2016), therefore at least one
of these genes must be present for cell viability. The generation of a conditional deletion mutant
with complementation with MSMEG 5008 and MSMEG 5009 expression under separate
control would either confirm or disprove this hypothesis. Additionally, due to the use of a
double deletion mutant in C. glutamicum to determine this phenotype further research into the
level of redundancy of these genes would be required, with characterisation of the effect of
complementation of a double deletion mutant with individual genes, and investigation of the

phenotype of single deletions of both NCgl0925 and NCgl0925.

Investigation into the in vivo conformation of these proteins is necessary, as predictions into
the formation of a heterodimer remain predictions (Braibant et al., 2000). This requires in
vivo or in vitro confirmation, either by bacterial two-hybrid, or far Western blotting (Lim et
al.,, 2019; Martin and Daniel, 2018). If positive these results would suggest either the
formation of a single heterodimeric transporter, or an equilibrium between the formation of
hetero- and homo- dimeric isoforms. A negative result would suggest the formation of two

distinct homodimeric transporters, likely with differing affinities to PIM species.

In addition to the characterisation of the conformation of these proteins, determination of where
they localise within the cell of the bacteria and how this changes during the replication cycle
of the bacteria would provide insight into the maintenance of the cytoplasmic membrane

(Heinkel et al., 2019). As it is possible that the transporter could disperse across the entirety of
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the bacteria, or remain localised to a particular region if they reside within a functional
membrane microdomain (Wagner et al., 2017). Determination of localisation within the cell
would enable a more nuanced understanding of synthesis of the external membrane as proteins
required for the transport of PIMs to the outer membrane would likely interact with the
transport mechanism to the external face of the membrane, as the transporters would be likely
to have an increased PIM presence and therefore would increase the efficiency of transport to

the outer membrane.

Investigation of the physical structure of these proteins would provide insight into the
mechanism by which the PIMs are transported across the membrane, and would allow for
structure-based drug design targeting this protein (Méndez et al., 2019; Skalic et al., 2019).
Which due to the inability to generate a double deletion mutant in M. smegmatis is likely

essential could lead to the development of a novel therapeutic agent for the treatment of TB

(Cox et al., 2016).
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3.1: Introduction:

The Mtbh genome includes three arabinofuranosyl transferases (AraTs) (EmbA, EmbB and
EmbC) within a single operon located in the genome at Rv3793-Rv3795, embCAB.
Individually, these AraT genes are non-essential, however when either embA or embB are
disrupted the other is predicted to become essential due to a redundancy in their function
(Alderwick et al., 2005). Both EmbA and EmbB are involved in the synthesis of the arabinian
domains in AG, which is serves to connect the outer myco-membrane to peptidoglycan via the
galactan core. Conversely, EmbC is involved only in the synthesis of the arabinian domains of

LAM (Escuyer et al., 2001; Zhang et al., 2003).

The EmbCAB proteins have been the subject of research due to the high frequency of mutations
found in Mtb strains resistant to EMB, which led to the naming of these proteins (Abrahams

and Besra, 2016; Belanger et al., 1996; Takayama and Kilburn, 1989; Tsukamura, 1965).

While mycobacteria are able to tolerate the deletion of either EmbA or EmbB with minor
changes to the terminal domain of the AG, the deletion of both EmbA and EmbB together is
lethal, which has made characterising the function of these proteins challenging. In order to
better characterise the effect of the loss of both these genes, the Mth model organism C.
glutamicum has been used (Alderwick et al., 2005; Batt et al., 2010). The C. glutamicum
genome inclused a single Emb protein, Cg-Emb, which functions as a model for the
mycobacterial EmbA and EmbB. The major reason for the use of C. glutamicum for the study
of AG biosynthesis is due to the ability of C. glutamicum to tolerate the deletion of Cg-Emb in

media supplemented with sorbitol (which acts as an osmoprotectant), preventing the bacteria
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from lysing due to the inability to maintain a structurally sound cell wall (Alderwick et al.,

2005; Jankute et al., 2018).

The deletion of Cg-emb results in an almost complete loss of arabinose from the AG, with only
the priming arabinose residues remaining. The deletion of Cg-emb also results in the total loss
of the cell wall bound corynemycolic acid methyl esters (c(MAMESs), due to the inability to
extend the primed branching points of the arabinan domains, and the resulting loss in the
attachment site of the cMAMESs, which anchor the mycobacterial outer membrane (Figure 1.10,

Figure 1.16) (Alderwick et al., 2005).

The function of the Emb proteins is conserved between the Mtb and C. glutamicum, with all
Emb proteins acting as arabinosyl transferases, formed of two domains, a domain comprised
of transmembrane helices, and a binding domain exposed on the periplasm (Figure 3.1). The
function of Mtb EmbA and EmbB, is the extension of the arabinose branches after the initial
priming of the branch point by the attachment of the single Araf catalysed by AftA. The Emb
proteins then extend the branch through the synthesis of a(1-=>5) glycosidic linkages, with

DPA acting as the source of arabinose (Alderwick et al., 2005).

Comparison of the predicted tertiary structures of mycobacterial and corynebacterial Emb
proteins shows significant similarities between the M¢h EmbA and EmbB, and Cg-Emb (Seidel
et al., 2007b). Prediction of the numbers of transmembrane helices of Mtb EmbA and EmbB
results in the prediction of an N-terminal domain composed of 11- 13 transmembrane helices
(Escuyer et al., 2001), while the N-terminal domain of Cg-Emb in C. glutamicum is predicted

to contain 15 transmembrane helices (Seidel et al., 2007b).
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The C-terminal domains of all the Emb proteins is a type C lectin, and is strongly conserved
within the Corynebacteriales, a diverse group of proteins bound to the membrane which
catalyse the transfer of lipid bound sugars onto their substrate rather than nucleotide bound

sugars which are only found in the cytoplasm of the bacteria (Alderwick et al., 2011).

The front line drug EMB was discovered in 1961, however the mechanism of action was not
determined until significantly later, upon the generation of EMB resistant mutants, and
phenotypic analysis of the effects on EMB on whole cells (Belanger et al., 1996; Takayama
and Kilburn, 1989; Zumla et al., 2013). However, while the target of EMB has been determined
through generation of spontaneous resistant mutations, there has not yet been conclusive
mechanistic evidence on how EMB inhibits the Emb protein targets. EMB is specific in
inhibiting the Emb proteins, and does not have an impact on other arabinosyl transferases such
meaning that it is unlikely to inhibit the active site of Emb as this would likely also result in
inhibition of other mycobacterial AraTs. As the active site is likely to share significant
similarity as they all rely on the same DPA pool as a source of arabinose and therefore are
likely to have similar recognition methods (Alderwick et al., 2006; Birch et al., 2008; Seidel et

al., 2007a).

Mtb EmbB has been studied as the site of many point mutations associated with EMB
resistance. The mutation of the methionine at position 306, to a hydrophobic residue such as
valine, isoleucine, or leucine is associated with both EMB and multidrug resistance (D. Shi et
al., 2011; Srivastava et al., 2009). However other mutations in EmbB, in locations such as:
codon 406 and 497 (glycine and glutamine respectively in WT EmbB) are frequently seen in

EMB resistant strains where no mutation is seen at EmbB306 (D. Shi et al., 2011).
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A C. glutamicum strain with significantly reduced tolerance to EMB was generated through
the deletion of ste4 and rip4 (Lim et al., 2019). RipA is an endopeptidase which is involved in
degrading and recycling peptidoglycan and has been shown to localise to the poles and septa
of mycobacterial cells (Chao et al., 2013). As such, a ripA deletion mutant affects cell division
and leads to increased antibiotic susceptibility due to disrupted daughter cell separation (Hett
et al., 2008, 2007). SteA is less well characterized, but has been shown to function as a

component of the cytokinetic ring (Lim et al., 2019).

As the C. glutamicumAsteAAripA strain was generated C. glutamicum a strain that shows a loss
of three prophage regions when compared to the reference strain (C. glutamicum ATCC13032),
with unknown functionality. Phenotypic analysis of the strain in comparison to ATCC13032
shows no fitness cost for the bacteria, with an improved tolerance to DNA damage inducing

the SOS-response (Baumgart et al., 2013).

Here we aim to characterise the effect of the combined of ste4 and ripA4 double deletion on the
cell envelope of C. glutamicum that causes susceptibility to EMB, and to characterise any
additional effects caused by spontaneously generated point mutations restoring resistance to

EMB on the cell envelope.
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3.2: Results:

3.2.1: Generation, and mutation mapping of EMB resistant strains of C.

glutamicumAsteAAripA:

Out

In

@;@I
N e ) s 59

Figure 3.1: Membrane topology and point mutation locations of C. glutamicum Emb. Transmembrane helix
predicted first and last residue marked. Stars marking position of mutations in the Emb protein resulting in

increased tolerance to EMB.

C. glutamicumAsteAAripA and C. glutamicumAsteAAripA Cg-Emb point mutations generated
by T. Bernhardt’s group (Methods 6.3.3, 6.4.1, and 6.4.2). Strains generated from the C.
glutamicumAsteAAripA mutant by the exposure to EMB to produce resistant mutants resulted
in various point mutations within the Cg-emb gene, producing six strains with restored
resistance to EMB, all of which are within the transmembrane domain of the Cg-Emb protein.
Genome sequencing of the resistant strains showed no mutations other than the documented
Cg-emb mutations. The six different point mutations provided for testing are: Cg-EmbS*!1S,

Cg-EmbP*!4T Cg-EmbA*33V, Cg-EmbA*3E, Cg-Emb™%L, and Cg-EmbS3284 (Figure 3.1).
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3.2.2: Growth rate analysis of WT C. glutamicum, C. glutamicumAsteAAripA, and C.

glutamicumAsteAAripA Cg-Emb point mutant strains:

2.5

2.0-

! !
0 5 10 15 20 25
Time (hours)
-~ WT -— A453V

AsteA AripA —® A453E
-+ G411S P505L

—— P414T —— S528A

Figure 3.2: Growth curves of C. glutamicum strains in rich media, measured by ODggo. Biological replicates,
n=3. The C. glutamicumAsteAAripA strain which forms the basis of the Cg-Emb point mutants, shows a slow
growth phenotype when compared to the WT C. glutamicum up until 24 hours post-inoculation. Of the point
mutations in C-gEmb, the Cg-EmbP*'4T, Cg-Emb**>3*F mutant strains show no significant difference to the C.
glutamicumAsteAAripA strain at any point. The Cg-Emb®*> mutant strain shows a significant different in growth
rate at all time points. The Cg-Emb”*>3V, Cg-Emb™%, and Cg-Emb>>?®A mutant strains show significant differences
growth in at least one timepoint when compared to the C. glutiamicumAsteAAripA strain. All differences

calculated using Bonferroni corrected ANOVA, q > 0.01. Error bars: Std. deviation, n=3.
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To determine the overall fitness cost the deletion of ste4 and ripA, required to generate the
EMB hypersensitive strain of C. glutamicum, and the effect of the point mutations in Cg-Emb
which restore resistance to EMB, growth rate analysis was conducted (Method 6.10), with

assistance from S. Benedict (Figure 3.2).

Analysis of the growth rate of the WT C. glutamicum, C. glutamicumAsteAAripA strain, and
C. glutamicumAsteAAripA strains with point mutations in Cg-Emb, showed that the loss of
steA and ripA results in a significant increase in the lag phase of growth in all strains, with all
strains sharing a slowed growth phenotype when compared to the WT C. glutamicum until 24

bG4IIS

hours post inoculation, where only the C. glutamicumAsteAAripA Cg-Em strain has a

significant difference in growth to the WT strain (q > 0.01) (Figure 3.2).

Comparison of the ODgoo readings of the C. glutamicumAsteAAripA strain and the Cg-Emb
point mutant strains shows that similar to the comparison of the Cg-EmbS%*!!S strain to the WT
C. glutamicum strain, there is a significant difference between the ODsoo at all timepoints, with
Cg-EmbS*!'!S showing a significantly slowed growth. The Cg-Emb™ %L strain shows significant
differences to the C. glutamicumAsteAAripA strain at 4-, 5-, and 6- hours post-inoculation, with
all other differences not significant to q > 0.01. Measurement of the Cg-EmbA*33V strain at four
hours post-inoculation lead to a significant difference when compared to the C.

glutamicumAsteAAripA strain.

This data shows that the deletion of ste4 and ripA results in a significant increase in the lag
phase of the bacteria, with further some mutations in the Cg-Emb protein leading to a further
growth perturbation, while others result in no overall change to the growth phenotype

compared to the C. glutamicumAsteAAripA strain.
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3.2.3: Growth rate analysis in media supplemented with sorbitol of WT C. glutamicum,

C. glutamicumAsteAAripA, and C. glutamicumAsteAAripA Cg-Emb point mutant strains:

2.0-

!
0 10 20 30
Time (hours)

WT —— A453V

AsteA AripA -o- A453E
G411S - P505L

P414T S528A

Figure 3.3: Growth curve of C. glutamicum strains in rich media supplemented with 0.5 M sorbitol, measured

LN

using ODggo. Biological replicates, n=3. Similar to growth in un-supplemented media, the C
glutamicumAsteAAripA strain shows significantly reduced growth at all time points when compared to the WT
strain. Both the Emb"**T and Emb”*>3" straisn show no difference to the AsteAAripA strain at any time point. The
Emb®41%S strain shows a significant difference in all time points until 24 hours post-inoculation. The EmbP*%>t
strain shows a significant difference to the AsteAAripA strain at 4-, 5-, and 6- hours post-inoculation, but no
significant difference at 24 hours post-inoculation. The Emb®*?®* strain shows a significant difference to the
AsteAAripA strain at all point until 24 hours post-inoculation. All differences calculated using Bonferroni

corrected ANOVA, g > 0.01. Error bars: Std. deviation, n=3.
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To determine if the change in the growth rate of the C. glutamicumAsteAAripA strain relative
to the WT C. glutamicum strain, and the change in the growth rate of the Cg-Emb%*!'S strain
relative the C. glutamicumAsteAAripA, is due to a reduction in the structural integrity of the
cell wall core, growth rate analysis of the C. glutamicum strains was conducted in media
supplemented with 0.5 M sorbitol (Method 6.10), with assistance from S. Benedict (Figure
3.3). Sorbitol acts as an osmoprotectant, and has been used to rescue mutants unable to maintain
the cell wall in standard media, of particular relevance is the use of sorbitol for growth of the

C. glutamiucmAemb strain (Alderwick et al., 2005).

The addition of sorbitol to the media did not result in the restoration of the WT C. glutamicum
growth rate in the C. glutamicumAsteAAripA strain, and did result in there being a significant
difference in the cell density 24 hours post-inoculation (q > 0.01), where in media not
containing sorbitol there was no significant difference. Both the Cg-Emb™!4T and the Cg-
EmbA*3V strains showed no significant difference at any timepoint (q > 0.01). The Cg-
EmbA433E and the Cg-EmbP%L strains show a significant difference at 4-, 5- and 6- hours post-
inoculation (q > 0.01). Cg-Emb®3284 showed a significant difference at all time points expect

for 24 hours post-inoculation (q > 0.01).

The cause of the drop in ODsoo at 3 hours post-inoculation is unknown, I hypothesise that this
is likely due to an error in the readings at 1- and 2-hours post-inoculation, as the readings from

3-hours are consistent beyond this point.

Analysis of the data generated showed a significant difference between the Cg-EmbS%*!!S strain

and the C. glutamicumAsteAAripA strain at all time points except for 24 hours post-inoculation

(q > 0.01), while there is still a statistical difference between many of the timepoints, the
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difference between the strains growth rates is substantially reduced, with comparison of the
timepoints from media containing and not containing sorbitol showing significant differences
at all points. This shows that the supplementation of the growth media with sorbitol, while not
fully restoring the C. glutamicumAsteAAripA strain growth phenotype, does significantly

improve the ability of the Cg-EmbS%*!'!S strain to grow.

As the use of osmoprotectants in bacterial growth media is used to allow for the growth of
strains less able to synthesise and maintain a fully functional cell wall. The effect it has on the
Cg-EmbS*'!S mutant strain implies that, while this mutation does not cause the cell wall to
become completely non-functional, as the strain is able to grow in un-supplemented media, the
change in the Cg-Emb protein likely leads to a reduction in the functionality of Cg-Emb,
potentially leading to a hybrid phenotype between the C. glutamicumAsteAAripA strain and the

C. glutamicumAEmb strain characterised by Alderwick et al. 2005.
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3.2.4: Cell surface permeability analysis of WT C. glutamicum, C. glutamicumAsteAAripA,

and C. glutamicumAsteAAripA Cg-Emb point mutant strains:

200+

> =

-
N
<

100 4

%F of WT (450nm)
S

Figure 3.4: Cell surface permeability of C. glutmicum strains. Mutations listed are point mutations in Cg-Emb
generated from the C. glutamicumAsteAAripA strain, with only location of the point mutation in Cg-Emb given.
The C glutamicumAsteAAripA mutant shows a significant reduction in permeability, with all mutants except the
Cg-Emb*>3€ mutant resulting in a further reduction in permeability. Polymyxin B used as a positive control to
increase permeability. All differences calculated using Bonferroni corrected ANOVA, g > 0.01, significantly

different values indicated in Table 3.1. Error bars: Std. deviation, n=4

113



Chapter 3: Investigation of SNPs involved in corynebacterial EMB resistance on the
corynebacterial cell envelope

Table 3.1: Bonferroni corrected ANOVA analysis of cell surface permeability testing. Significance level tested to
g > 0.01. Green indicates significant difference between strains, red indicates no significant difference between

strains.

S528A [ P505L| A453E | A453V | PA14T | G411S | AsteA AripA{WT

WT
AsteA AripA
G411S
P414T
A453V
A453E
P505L
S528A

Due to the changes in the growth phenotype of the C. glutamicumAsteAAripA strain the and
Emb point mutant strains, analysis of the permeability of the C. glutamicum cell surface was
undertaken (Method 6.11) to investigate if there is a change in the permeability of the cells

(Figure 3.4, Table 3.1).

Figure 3.4, shows that the C. glutamicumAsteAAripA strains shows a statistically significant
reduction in the permeability of the cell to DPH compared to the WT C. glutamicum strain.
Furthermore, all mutant strains, with the exception of the Cg-EmbA*3E strain show an
additional statistically significant reduction in surface permeability (Table 3.1). This shows
that there is a significant impact on the permeability of the cell surface to DPH, both in the C.
glutamicmAsteAAripA strain and the Cg-Emb point mutant strains, as well as showing that the
degree to which the mutations affect the cell surface is not uniform, potentially due to different

effects on the activity of Cg-Emb.
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3.2.5: Assessing Antibiotic susceptibility of WT C. glutamicum, C. glutamicumAsteAAripA,

and C. glutamicumAsteAAripA Cg-Emb point mutant strains:

The reduction in the permeability of the cell is likely to have an impact on the ability of
antibiotics to reach their target. Therefore, the effects of the Cg-Emb mutations on the
sensitivity to other antibiotics was measured (Table 3.2, Method 6.19). Using antibiotics that
target either intra- or extra- cellular enzymes. Amoxicillin is a beta-lactam inhibiting
transpeptidation, while chloramphenicol, kanamycin, and streptomycin all inhibit protein
synthesis. Rifampicin inhibits transcription, and vancomycin binds to the pentapeptide stem of
peptidoglycan to prevent polymerisation (Abrahams and Besra, 2016; Alifano et al., 2015;
Bartlett, 1982; Reynolds, 1989; Rolinson, 1994; Zumla et al., 2013). Experiments conducted

by S. Benedict.

We found that the C. glutamicumAsteAAripA strain had MICo9 changes when compared to WT
C. glutamicum, with the point mutations in Cg-Emb resulting in further changes from the C.
glutamicumAsteAAripA strain across a range of antibiotics. Multiple strains expressing Cg-
Emb point mutations showed increased resistance to both antibiotics with intracellular and
extracellular targets (Table 3.2). However, due to the increased tolerance to stress causing DNA
damage, it is possible that some of the changes seen are due to the differences between the

ATCC13032 and MBO0O01 strains (Baumgart et al., 2013).

The C. glutamicumAsteAAripA strain, showed an increase in the MICo9 against Kanamycin,
Amoxicillin, Chloramphenicol, and Streptomycin, ranging from a 4 to 16-fold increase.
However, the change in the resistance was not universal, nor specific to a single target location,

with both Rifampicin and Vancomycin both showing no change in MICos.
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The various point mutations in the Cg-Emb protein resulted in further changes in the
antibiotic sensitivity from the C. glutamicumAsteAAripA strain. All mutations tested resulted
in resistance to Amoxicillin to over 500 uM, except for the Cg-Emb**>3V mutant where the
strain shows a 2-fold reduction in MIC. However, this decrease compared to the C.
glutamicumAsteAAripA strain MICos still maintains a 2-fold increase when compared to the

WT C. glutamicum strain.

Only two of the point mutations in Cg-Emb had an effect on the MICgg of vancomycin, EmbP4147
and EmbA*>3A resulting in a 184-fold increase, and a 2-fold increase in MICqs respectively. All
mutants, except for the Emb%>?®A, showed an altered MICss to chloramphenicol. The Cg-
Emb**3V, and Cg-EmbP™! strains showing a 2-fold increase, and Cg-EmbP4%4T, Cg-EmbA4>3E,
and Cg-Emb®41%S strains showing a 4-fold increase in MICqs. Streptomycin showed a similar
effect, with all strains apart from Cg-Emb”%53V showing a change in the MICgs. The Cg-EmbP>%5t,
Cg-Emb%28A, and Cg-Emb®*1S strains show a 2-fold increase in MIC, while the Cg-EmbA*>3E

strain shows a 4-fold increase and Cg-EmbP*'4T strain shows an 8-fold increase.

No strain showed a detectable increased resistance to Rifampicin. The Cg-Emb**>3V and Cg-
Emb>>28A strains showed no change in Kanamycin MICos compared to the C
glutamicumAsteAAripA strain, the Cg-EmbP>%t strain showed a 2-fold increase in MICgs, the
Cg-EmbP4'4T strain showed a 3-fold increase in MICgs, and the Cg-Emb®4'1S strain showed a 4-
fold increase in MICs9. While Cg-Emb**>3¢ reverted back to WT C. glutamicum with a 16-fold

decrease in MICgeg.
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3.2.6: Characterization of the free lipid phenotype of WT C. glutamicum, C.
glutamicumAsteAAripA, and C. glutamicumAsteAAripA Cg-Emb point mutant strains:
WT /AsteAAripA

MPA a-napthol MPA a-napthol
» ' ‘

MPA a-napthol

FFA
TMcM N
-

A453V
MPA

P505L
MPA

Direction 2

Direction 1

Figure 3.5: TLC analysis of apolar outside lipid extraction from C. glutamicum strains. Solvent system:
direction 1- 30: 8: 1 chloroform: methanol: water, direction 2- 70: 30: 1 hexane: diethyl-ether: acetic acid.

FMA: free mycolic acid, FFA: free fatty acid, TMcM: trehalose corynemycolate.
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All strains tested showed significant changes in the permeability of the cell surface (Figure
3.4), as well as antibiotic resistance (Table 3.2). Due to these changes we hypothesised that the
free lipid composition of the strains was likely to be altered, and potentially contributed
towards these changes. As the lipid composition of the outer membrane forms the key barrier

in mycobacterial antibiotic resistance (Abrahams and Besra, 2016).

Characterisation of the lipid composition of the C. glutamicumAsteAAripA strain and the Cg-
emb point mutants generated from it (Method 6.12.1), resulted in the identification of subtle
changes in the lipid composition, with the C. glutamicumAsteAAripA strain, and all
subsequently generated mutants, showing a slight increase in the relative amount of free fatty
acids, present in the apolar outside, compared to the WT C. glutamicum strain (Figure 3.5,

Table 3.3).

Characterisation of the lipid composition of this fraction in the Cg-Emb mutant strains resulted
in further changes to the lipid composition, with the Cg-EmbS%*!!S strain (Figure 3.5, Table 3.3)
showing a reduction in the free mycolic acids compared to both the WT C. glutamicum and C.
glutamicumAsteAAripA strains, while showing an increase in production of TMcM. The Cg-
EmbP*4T Cg-EmbA43Y, Cg-EmbA*33E and Cg-Emb"*%" strains (Figure 3.5) showed a similar
increase in TMcM, however there was no change in the production of free mycolic acids,

bSSZSA

relative to the C. glutamicumAsteAAripA strain. While the Cg-Em strain (Figure 3.5) also

showed a similar reduction in the free mycolic acid production to the Cg-Emb%*!!S strain.

Characterisation of the remaining extractable apolar lipids, results in the reduction of free

mycolic acids, in the C. glutamicumAsteAAripA strain, compared to the WT C. glutamicum
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Figure 3.6: TLC analysis of apolar inside lipid extraction fraction from C. glutamicum strains. Solvent system:
direction 1- 30: 8: 1 chloroform: methanol: water, direction 2- . DAG: diacyl glycerol, FMA: free mycolic acid,

FFA: free fatty acid, TMcM: trehalose corynemycolate, CL: cardiolipin.

strain, with no significant changes in the levels of diacyl-glycerol (DAG), TMcM, free fatty

acids, or CL.
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Figure 3.7: TLC analysis of polar lipid extraction fraction from C. glutamicum strains. Solvent system: direction

1- 30: 8: 1 chloroform: methanol: water, direction 2- 70: 30: 1 hexane: diethyl ether: acetic acid. DAG:

diacylglycerol, FMA: free mycolic acid, FFA: free fatty acid, TMcM: trehalose corynemycolate, PIM: phosphotidyl-

myo-inositol mannoside, CL: cardiolipin, Pl: phosphotidyl inositol.

All of the Cg-Emb mutant strains showed fewer changes to the lipid composition in the Apolar
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inside fraction than the Apolar outside when compared to the WT C. glutamicum strain (Figure

3.6, Table 3.3). All Emb mutant strains showed an increase in free mycolic acids relative to the

C. glutamicumAsteAAripA strain. However, there is no change relative to the WT C.

glutamicum strain, with the remaining profile being unchanged, with the exception of CL. With

the Cg-EmbA433VY, Cg-EmbA*3E, and Cg-Emb™%L strains all showing an increase in the level

of CL.

Table 3.3: Changes in lipid composition of C. glutamicum strains. Changes are shown relative to either WT C.

glutamicum, or C. glutamicumAsteAAripA. “+” Increase in lipid in respect to reference strain, “-” decrease in

lipid in respect to reference strain, “ND” no difference in lipid

Apolar outside
C. glutamicum strain
Lipid | Reference strain [ AsteA/A\ripA | G411S | P414T | A453V | A453E | P505L | S528A
WT ND - ND ND ND ND -
FMA -
AsteAAripA ND - ND | ND ND | ND -
WT + + + + + + +
FFA -
A steA/AripA ND ND ND ND ND ND ND
T™McM WT : ND + + + + ND ND
A steA/\ripA ND + + + + ND ND
Apolar inside
C. glutamicum strain
Lipid | Reference strain [ AsteA/\ripA | G411S | P414T | A453V | A453E | P505L | S528A
WT - ND ND ND ND ND ND
FMA -
AsteA/\ripA ND + + + + + +
WT ND ND ND ND ND ND ND
FFA -
AsteA/AripA ND ND ND ND ND ND ND
WT ND ND ND ND ND ND ND
TMcM -
A steA/\ripA ND ND ND ND ND ND ND
WT ND ND ND ND ND ND ND
DAG -
AsteA/\ripA ND ND ND ND ND ND ND
cL WT ND ND ND + + + ND
/A steAAripA ND ND ND + + + ND
Polar
C. glutamicum strain
Lipid | Reference strain [ AsteA/\ripA | G411S | P414T | A453V | A453E | P505L | S528A
EMA WT - ND ND ND ND ND ND
A steA/\ripA ND + + + + + +
WT ND ND ND ND ND ND ND
FFA .
AsteA/AripA ND ND ND ND ND ND ND
WT ND ND ND ND ND ND ND
TMcM -
AsteA/A\ripA ND ND ND ND ND ND ND
WT - ND ND ND ND ND ND
DAG -
A steA/AripA ND + + + + + +
L WT - + + ND ND
AsteA/A\ripA ND + + + + + +
WT ND ND ND ND ND ND ND
PIM -
/A steA/\ripA ND ND ND ND ND ND ND
Pl WT ND + ND ND ND ND ND
AsteA/AripA ND + ND ND ND ND ND
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Analysis of the remaining polar lipid fraction (Figure 3.7, Table 3.3), showed a reduction in
remaining free mycolic acids, DAG, and CL in the C. glutamicumAsteAAripA strain. The Emb
mutant strains show a restoration of these lipids, with the Cg-Emb%4!'S, Cg-Emb"#!4T, Cg-
EmbA*433V, and Cg-EmbA*33F strains resulting in an increase in CL relative to WT C.
glutamicum. The Cg-EmbY#!'S strain also shows an increase in PI relative to WT C.

glutamicum.

3.2.7: Characterization of the cell wall bound lipid phenotype of WT C. glutamicum, C.

glutamicumAsteAAripA, and C. glutamicumAsteAAripA Cg-Emb point mutant strains:

As there were alterations to the free lipid composition, the cell wall bound lipids were also
analysed by hydrolysis from the cell wall core and conversion to fatty acid methyl esters
(FAMES), or corynemycolic acid methyl esters ((MAMESs), to determine if there was an effect
on the attachment of lipids to the arabinogalactan in these strains (Method 6.12.4), if the
mutations result in a significant decrease in the arabinosyltransferase activity of the Cg-Emb
protein the effect this would have the AG would likely lead to an altered AG structure, and

potentially from there result in a change to the attachment of lipids to the cell wall core.
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Figure 3.8: TLC analysis of cell wall bound lipid extraction from C. glutamicum strains. Effect of loss of steA and
ripA results in a slight reduction in the higher Rf FAMEs in the cell wall bound lipid profile. Mutations in Cg-emb
result in no change in the overall cell wall bound lipid profile, except for Cg-Emb®*'1S results in a decrease in the
cell wall bound fatty acids, while other mutations lead to no overall change to the lipid composition of the cell

wall core. Solvent system- 95: 5 Petroleum ether 60-80: acetone, visualised with MPA.

Figure 3.8, shows that in the C. glutamicumAsteAAripA strain there is an increase in the level
of corynemycolation of the cell wall core, compared to the WT C. glutamicum strain, with not

bS411S strain

significant changes in the attachment rate of the fatty acids. However, in the Cg-Em
there is an almost complete loss of fatty acid attachment and a reversion to the WT C.
glutamicum strain level of corynemycolation, suggested that there is an impairment of the
activity of either antigen 85 transferring the corynemycolates onto the cell wall core, or in the

synthesis of the attachment site for corynemycolation, or fatty acid esterification. This altered

phenotype in the cell wall core additionally potentially explains the relative increase in the
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levels of TMcM in the free lipid extraction, as TMcM acts as the substrate for the transfer of
corynemycolates, due to the nature of the mutations present in the bacteria it is likely that the
change is due to an alteration in the activity of the Cg-Emb protein.

The alteration of the level of fatty acid esterification to the cell wall core in the Cg-Emb%4!1S
strain provides further support for the change in the structure of the AG as it has been seen that
the AG can have either fatty acids, or mycolic acids attached to terminal domain of the AG,
although a significant amount of the cell wall attached lipids in C. glutamicum are attributed to

the attachment of cardiolipin to the peptidoglycan (Bansal-Mutalik and Nikaido, 2011).

3.2.8: SDS-PAGE lipoglycan characterization from WT C. glutamicum, C.

glutamicumAsteAAripA, and C. glutamicumAsteAAripA Cg-Emb point mutant strains:

Further to the effect on the lipid composition, we predicted that there would be changes in the
lipoglycan composition. This is due to the mutations in the Cg-Emb protein, which potentially
changes the levels of DPA through changes in the activity of Cg-Emb. With the changes in

AraT impacting on the arabinan domain of lipoarabinomannan.
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LAM
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Figure 3.9: SDS-PAGE analysis of lipoglycan extraction from C. glutamicum strains visualised using Pro-Q
Emerald 300. Loss of steA and ripA results in the Cg-LM and Cg-LAM bands merging, implying a change in the
composition of the lipoglycans. Mutations in the Cg-Emb protein result in either further changes from the C.
glutamicumAsteAAripA strain, or a restoration towards the WT C. glutamicum phenotype. Cg-Emb®*'** and Cg-
Emb®>3# show a reduction in the relative amount of Cg-LM compared to Cg-LAM. Cg-Emb***3V and Cg-Emb”*>3t
show an unchanged phenotype to the C. glutamicumAsteAAripA strain. The Cg-Emb"*4T and Cg-Emb">%" strains

show a relative return to the WT C. glutamicum strain.

Analysis of the lipoglycan extraction (Methods 6.16, 6,17.1, 6.17.3), shown in Figure 3.9
shows some changes to the relative levels of Cg-LM and Cg-LAM when the WT C.
glutamicum, C. glutamicumAsteAAripA and mutant strains are compared. The C.
glutamicmAsteAAripA strain shows a subtle change in the Cg-LM and Cg-LAM size profile,
with the distribution altering to a point where the bands are not separated as they are in the WT

C. glutamicum.

126



Chapter 3: Investigation of SNPs involved in corynebacterial EMB resistance on the
corynebacterial cell envelope

The effect of the mutations on the lipoglycan profile vary depending on the strain. The Cg-
EmbA*3V and Cg-EmbA*33F strains both show no significant noticeable effect on the lipoglycan
profile. The Cg-EmbP#!4T, Cg-Emb®%L, and Cg-Emb33284 mutations show a restoration of the
separation between these bands, however the relative levels of the Cg-LM and Cg-LAM vary.
Most notable in the Cg-EmbS3284 strain, where the relative abundance on Cg-LM is

bG4llS

significantly reduced compared to the Cg-LAM. Finally, the Em mutation results in a

similar phenotype to the Cg-Emb33284

strain, however the level of Cg-LM is reduced further.
3.2.9: Aditol acetate derivatized monosaccharide composition analysis of extracted
lipoglycans from WT C. glutamicum, C. glutamicumAsteAAripA, and C.

glutamicumAsteAAripA Cg-Emb point mutant strains:

In order to further understand the effect on the changes in the lipoglycan profile the
composition of the whole extract was determined by generation of hydrolysed aditol acetate
derivatives and analysis by gas chromatography to determine the sugar composition of the

lipoglycans (Methods 6.18.1, 6.18.2, Appendix 3).

Table 3.4: Mannose: arabinose ratio of aditol acetate derivatized lipoglycan extractions from C. glutamicum

strains.

WT | ASteAARIPA| Emb™ [ Emb™T [ Emb™*5%E | Emb™%t | Emb528A | EmbC4tes
Man: Ara | 33.4:1 7.9:1 2.0:1 24.0:1 14.6:1 3.5:1 3.7:1 1.0:1

Composition determination of derivatised of the lipoglycans resulted in two peaks
corresponding to arabinose, retention time ~ 9.1- 9.5 min, and mannose, retention time ~ 12.4-
12.6 min. The analysis of the resulting spectra (Table 3.3, Appendix 3), lead to the

determination that the mannose: arabinose ratio changes from 33.4: 1 in the WT C. glutamicum
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strain, to 7.9: 1 in the C. glutamicumAsteAAripA strain, showing that the change in these genes,

increased the arabinose content of the Cg-LM and Cg-LAM profile.

The point mutations in the Cg-Emb gene all altered the relative abundance of arabinose in
lipoglycan profile. The Cg-EmbS*'!S strain resulted in the largest increase in the relative
arabinose composition, with a ratio of: 1:1, implying that the mutation is reducing the activity
of Cg-Emb, and in order to allow for the use of the decaprenyl phosphate anchor for other

purposes a higher ratio of LM is being arabinosylated.

Contrary to the Cg-Emb%*!'S strain, the both the Cg-EmbP*!4T, and Cg-EmbA*33E strains
reverted closer to the WT C. glutamicum, with a mannose: arabinose ratio of 24: 1, and 14.6:1
respectively. While these changes do not fully restore the WT ratio, there is a reversion towards
the WT C. glutamicum from the C. glutamicumAsteAAripA strain. The remaining Cg-Emb
mutants all resulted in a similar, if reduced, phenotype to the Cg-EmbS%*!''S mutant strain, with
Cg-EmbP%L Cg-EmbA%33V, and Cg-Emb33284, resulting in mannose: arabinose ratios of: 3.5:
1, 2: 1, and 3.6: 1 respectively. Suggesting that they have a similar impact on the activity of

Emb, though of reduced severity the Emb%4!'S mutant.

3.2.10: Cell free Cg-Emb glycosyl transferase activity of WT C. glutamicum, C.

glutamicumAsteAAripA, and C. glutamicumAsteAAripA Cg-Emb point mutant strains:

In order to determine the effect of the mutations on the rate of Emb activity cell free
arabinosyltranferase activity was tested (Methods 6.20.1, 6.20.2). This allowed for the testing
of both the in vitro activity of both the WT and mutant Cg-Emb proteins, as well as the

sensitivity of the respective proteins to EMB, using a Cs-Araf-Araf (YHF-1) acceptor as a
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standard, purifiable anchor, and '*C labelled pRpp for detection of incorporation by AraT

activity (Figure 3.10).

DPRE1
DPRE2

14C pRpp \_* 14C pPA

YHF-1
14C DPA
Cg-Emb AftB
Emb Product AftB product
CSO_P Cso'P

Figure 3.10: Cell free Emb glycosyl transferase activity assay schematic. '“C labelled pRpp is converted
into DPA by DPRE1 and DPRE2, the '*C labelled DPA is then transferred onto the acceptor by either Emb or

AftB. The resulting products are purified from the '*C donor and separated by TLC.

As expected the WT C. glutamicum and C. glutamicumAsteAAripA strain, show sensitivity to
of EMB (Figure 3.11), as the C. glutamicumAsteAAripA strain produces the WT Cg-Emb and
such the WT C. glutamicum and C. glutamicumAsteAAripA strain phenotypes should be
identical, therefore upon supply of an excess of substrate in the form of pRpp, the synthesis
should occur at a similar rate. The addition of EMB to the reaction mixture resulted in an almost

complete reduction in the activity of Cg-Emb in both strains.
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The C. glutamicum strains with point mutations in the Cg-Emb protein, with the exception of
the Cg-EmbA*33V mutant strain, showed an altered response in the absence of EMB to the
reaction mixture when compared to either the WT C. glutamicum strain or the C.
glutamicumAsteAAripA strain. Where the absence of EMB in the reaction mixture of the WT
C. glutamicum and C. glutamicumAsteAAripA strains, resulted in the loss of multiple bands of
higher Rf, when compared to the reaction containing EMB, the mutant strains showed no
significant change in overall product formation. The only Cg-Emb mutant strain to not show
this response was the Cg-EmbA433V mutant which showed the same phenotype as the WT strain

upon addition of EMB.

While the majority of the mutant showed no alteration in the reaction profile in the absence of
EMB, the Cg-Emb®*%" strain showed a reduction in the higher Rf bands upon addition of EMB,
however not the complete loss of these bands seen in the WT C. glutamicum and C.

glutamicumAsteAAripA strains.

In addition to the lack of any change in the reaction profile based on the presence or lack of
EMB in the reaction mixture, of the Cg-Emb%#!'S and Cg-EmbS3?3A strains, the overall profile
in the absence of EMB was altered slightly compared to the strains expressing the WT Cg-
Emb. With the band produced by the action of AftB, and the initial band lost in the presence
of EMB in the WT C. glutamicum strain, appearing as multiple overlapping bands with similar
Rfs, where in both the WT C. glutamicum, and the various mutant strains this band appeared

as a single product band.
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3.3: Discussion:

Here we show that point mutations in the Cg-Emb protein in C. glutamicum results in
significant changes in the cell surface, and antibiotic resistance profile of C. glutamicum. While
this provides advantages in some situations, there is a reduction in the growth rate associated
with the tested mutations in Cg-Emb when not under antibiotic stress compared to WT C.
glutamicum, as well as a significant decrease in the permeability of the cell surface to DPH
(Freihofer et al., 2016; Wang et al., 2019). These phenomena are likely to be linked as a change
in the permeability of the cell is likely to affect the ability of some antibiotics to be able to
reach the target required for efficacy (Lanéelle et al., 2001). However, due to the hydrophobic
nature of the method for testing permeability, further testing into the permeability of the cell
surface to hydrophilic compounds would also be required, as the decrease in permeability of
the cell surface does not result in a universal increase in the ability of the bacteria to withstand

antibiotics.

Antibiotic  sensitivity screening of the Cg-Emb point mutations in the C.
glutamicumAsteAAripA strain significantly alters the sensitivity of C. glutamicum to
antibiotics, further confirmation of the effect of these mutations by the generation of
complements of the C. glutamicumAemb strain recombinantly expressing Cg-Emb containing
the studied point mutations to confirm that these mutations affect the WT C. glutamicum strain
in the same way as they do the C. glutamicumAsteAAripA strain. This would confirm that these
changes in sensitivity are not due confounding factors caused by changes in the physiology of

the cell resulting from the deletion of multiple genes.
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Further study into the effect of the mutations on the composition of the cell wall core in the
Cg-Emb point mutation strains is required to understand how the surface of the cell is affected
by these mutations. One method of this would be to purify the mAGP (Moynihan et al., 2019),
the composition could then be determined by use of gas chromatography of aditol acetate
derivatized material (Methods 6.18.1 and 6.18.2). With investigation of the composition of the
AG attached to the cell wall required to determine the effect on the AG in addition to the effect
on the LM and LAM (Alderwick et al., 2005). The effect is likely to be minimal in the mutants,

bG4IIS

as only the Cg-Em strain showed a clear alteration in the cell wall bound lipids to provide

a potential explanation as to the change in the permeability of the cell.

The changes in the lipoglycan composition is likely due to the changes in the availability of
the polyprenyl anchor which is required for both DPA and for DPM, with DPA acting as the
source of arabinose for Cg-Emb alterations to the activity of Cg-Emb will have an impact on
the pool of lipid anchored sugars available and as such will have a knock-on effect on the LM
and LAM (Kolly et al., 2014). In addition to the changes in the ratio of Cg-LM to Cg-LAM
which result in changes to the ratio of mannose to arabinose in the Cg-LM and Cg-LAM
extraction from both the C. glutamicumAsteAAripA in comparison to the WT C. glutamicum
strain and the relative change compared to the composition of the Cg-Emb point mutant strains
suggests that, while Cg-Emb is not involved in the synthesis of these lipoglycans, the change
in the activity of the enzyme results in large scale changes to the composition of the entire cell,
with further work to characterise these changes required to fully understand the effect of

mutations in Cg-Emb on the cell as a whole (Alderwick et al., 2006, 2005).

Due to the location of the mutations in the Cg-Emb proteins will all of the mutations in this

study occurring in the transmembrane domain of Cg-Emb, further study of both the full-length
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Cg-Emb and Mth-Emb protein is required in vitro (Alderwick et al., 2011; Goude et al., 2009).

Due to the difficulty in the expression and purification of membrane proteins the majority of
the research in to the function of Cg-Emb, both in C. glutamicum and Mtb has been focussed
on the soluble C-terminal domain removed from the transmembrane domain (Alderwick et al.,
2011; Shi et al., 2006). This is likely to have impeded understanding of the mechanism by
which EMB acts, as the conservation of a large membrane spanning domain of all Emb proteins
implies that the domain is vital for the function of the protein beyond ensuring that it remains

close to the membrane where the substrates are bound, with it being identified as the

recognition domain (Anandan and Vrielink, 2016; Goude et al., 2009; Jeffery, 2016).

Further analysis on the effect the deletion of either ste4 or ripA on the cell surface of C.
glutamicum, would provide insight into the mechanism by which the deletion of these genes
results in increased sensitivity to EMB. Further characterising the functions of SteA and SteB
through the purification of recombinantly expressed protein determination of their in vitro
functionality, would also provide insight into why the deletion of proteins is linked to an
increased sensitivity to EMB. RipA acts as an endopeptidase, degrading the peptidoglycan, and
has been shown to localise to the septa of dividing cells, and as such deletions in this gene are

likely to affect the integrity, and potentially the composition of, the peptidoglycan (B6th et al.,

2011; Chao et al., 2013; Lim et al., 2019; Nikitushkin et al., 2015).
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4.1: Introduction:

AG provides a scaffold for multiple components of the mycobacterial cell envelope and its
structure and biosynthesis has been extensively studied (Abrahams and Besra, 2016; Alderwick
et al., 2008, 2005; Birch et al., 2008). The transport mechanism responsible for the
translocation of galactan from the inner leaflet of the cytoplasmic membrane to the external
leaflet, has yet to be precisely determined, although the transporter responsible has been

predicted (Abrahams and Besra, 2016; Dianiskova et al., 2011).

AG synthesis occurs in two stages: the cytoplasmic synthesis of galactan attached to decaprenyl
pyrophosphate, and the periplasmic decoration of the galactan with arabinan domains. Galactan
is built on a linker unit formed of a GIcNAc (1->3) L-rhamnose (Rha) attached to a decaprenyl
pyrophosphate. The formation of this linker unit is catalysed by the action of WecA and WbbL
(Jin et al., 2010; McNeil et al., 1990; Mills et al., 2004). With WecA responsible for the
addition of the GIlcNAc-1-phosphate onto the decaprenyl phosphate from a UDP-GIcNAc
carrier. The addition of Rha to form the linking unit is catalysed by Wbbl, from a TDP-Rha

carrier.

The galactan core is then built upon the linker unit (Cso-P-GlcNAc-Rha) with the addition of
the first two galactofuranose residues catalysed by the action of GIfT1, using UDP-Galf as a
substrate (Alderwick et al., 2008; Mikusova et al., 2006). The nascent galactan chain is then
elongated by the addition of GIfT2, introducing alternating a(1->5) a(1->6) glycosidic bonds,
with the mature galactan comprising ~30 Galfresidues (Kremer et al., 2001a; Rose et al., 2006).
While the enzymes responsible for the synthesis of the galactan are known (Table 1.2, Figure

4.1), the mechanism by which the process is terminated, and the process by which the galactan
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is flipped across the cytoplasmic membrane remains unclear (Abrahams and Besra, 2016;

Daffe et al., 1990).

/“i“i Unknown MSD

Unknown NBD
O GIeNAc
O Rhamnose

O Galactofuranose

Arabinofuranose

® Arabinose decoration by: AftB,
O AftC, AftD, EmbA and EmbB

Periplasm

Cytoplasm

Figure 4.1: Synthesis, and translocation of arabinogalactan in mycobacterial species. Showing the process by
which galactan is synthesised in the cytoplasm of mycobacterial cells, and how the translocated galactan is

decorated with arabinan domains after translocation.

Upon flipping of the mature galactan to the external leaflet of the cytoplasmic membrane, the
galactan is decorated with three Araf chains (Figure 4.1). The three branch points are located

at residues: 8, 10, and 12 of the galactan chain. The addition of the initial, priming, arabinose
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is catalysed by the action of AftA. AftA catalyses the transfer of arabinfuranose onto the
galactan chain through the formation of an a(1->5) glycosidic bonds, using DPA as a source
of arabinose (Alderwick et al., 2005). Once the branches are primed they are extended by the
action of EmbA and EmbB, which extend the arabinan domain through a series of a(1-=>5)
glycosidic bonds, using DPA as a source of arabinose (Escuyer et al., 2001). Branching points
are introduced into the arabinan domain by the action of AftC, and AftD, through the formation

of a(1->3) glycosidic bonds, using DPA as a source of arabinose (Birch et al., 2008; Skovierova

et al.,, 2009).

The terminal region of the arabinan domain is a branched hexarabinofuranose motif, and is
produced by AftB, AftC, AftD, EmbA, and EmbB. With the terminal B(1->2) linked araf
residues added by the action of AftB, using DPA as the source of arabinose (Alderwick et al.,
2006, 2005; Birch et al., 2008; Escuyer et al., 2001; Jankute et al., 2017; Skovierova et al.,
2009, 2009). The mature arabinogalactan is cleaved from the decaprenyl phosphate, and
attached to the muramic acid of the PG, by Lcpl (Harrison et al., 2016). The terminal arabinose
residues act as the attachment site for mycolic acids, catalysed by Antigen 85, with the 5’

carbon of the terminal arabinose residues being esterified to the mycolic acids (Backus et al.,

2014).

While there has been a comprehensive study predicting the ABC-transporters in Mtb,
identifying at least 26 complete and 11 incomplete ABC-transporters. Of these transporters
predicted to function as a polysaccharide transporter is Rv3781, and Rv3783, which have been
predicted to form a tetrameric ABC-transporter (Braibant et al., 2000). Rv3781 is predicted to
function as the nucleotide binding domain responsible for the hydrolysis of ATP providing the

energy required for the substrate transport, and Rv3783 is predicted to form the transmembrane

138



Chapter 4: Biochemical investigation of a mycobacterial galactan transport system

pore across the cytoplasmic membrane (Beis, 2015; Braibant et al., 2000; Dianiskova et al.,

2011).

The location of these genes in the Mth genome among various genes involved in the
biosynthesis of arabinogalactan (Table 1.2). The importance of these predicted ABC
transporters have been confirmed, as the Rv3781 ortholog in M. smegmatis, MSMEG_6366
has been shown to essential for bacterial survival. However, the predicted membrane spanning

domain for galactan transport, MSMEG 6369, was found to be non-essential (Dianiskova et

al., 2011).

Here we aim to over-express, purify and characterise recombinant proteins from the
mycobacterial galactan transporter system. Making use of chemically synthesised galactan
oligomers, we investigated the precise biochemical interactions between the NBD
component of the M. smegmatis orthologs of Rv3781/Rv3783 ABC transporter system and

respective AG biosynthetic intermediates.
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4.2: Results:

4.2.1: Bioinformatic analysis of Rv3781, Rv3783, and M. smegmatis orthologs:

While the conservation of the mycobacterial proteins predicted to be involved in galactan
export have been shown (Dianiskova et al., 2011), a basic bioinformatic analysis (Method 6.1.2)
of Rv3781 and Rv3783 alongside predicted M. smegmatis and M. leprae orthologs was
conducted to ensure the accuracy of previous predictions. M. smegmatis was selected due to
the previously available information on the deletion of the predicted orthologs, while M. leprae
was selected due to the level of genomic depletion of the bacteria, which ensures that if the
gene is conserved between Mtbh and M. leprae the gene is likely to be required for survival

(Cole et al., 2001; Dianiskova et al., 2011).

Table 4.1: BLASTp analysed primary structure of Rv3781 and Rv3783 against M. smegmatis and M. leprae

orthologs. Showing high levels of conservation in both the NBDs, and in the MSDs.

Identity (%) | Positives (%)
Rv3781 vs MSMEG_6366 90 94
Rv3781 vs MI0114c 91 96
Rv3783 vs MSMEG_6369 80 88
Rv3783 vs MI0112C 84 90

Sequence analysis of the Mrb proteins (Rv3781 and Rv3783) against the M. smegmatis
orthologs (MSMEG 6366 and MSMEG_6369) showed significant levels of homology to both
the NBD and the MSD (Table 4.1). There is 90 % and 91 % amino acid sequence identity
between Rv3781 against the M. smegmatis and M. leprae orthologs respectively, this high level
of sequence conservation supports the prediction that the functions of these genes are

conserved between the three species.
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The MSDs are more sequentially diverse, with M smegmatis and M. leprae orthologs having
identity of 80 % and 84 % to Rv3783. However, as increased structural variability across all
MSDs is observed, due one of their primary functions being the formation of a pore rather than

providing enzymatic function, this increase in the sequence divergence can be accounted for.

Outside Outside

Inside Inside

276

Figure 4.2: Transmembrane prediction of mycobacterial MSDs. A) Rv3783, B) MSMEG_6369. Predictions
generated using TMHMM, and TMPred, amino acids predicted to be the first and final residue of the
transmembrane helix given, final residue noted. Both the Mtb and the M. smegmatis ortholog show six
transmembrane helices, with similar start and end points, as expected by the sequence comparison.

Transmembrane predictions listed in Appendix 2.

Analysis of the number and location of transmembrane helices in both the predicted membrane
spanning domain and the predicted nucleotide binding domain predict that the membrane
spanning domains all form six transmembrane helices (Figure 4.1, Appendix 1). Membrane
spanning domains contain 4- 8 transmembrane helices and require the formation of a dimer in
order to be able to function (Braibant et al., 2000, Higgins and Linton, 2004). Prediction of the
membrane topology of Rv3783 and MSMEG 6369 predicts that the sequence similarity of

these proteins’ is predicted to transfer into almost identical membrane topology.
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As expected, the nucleotide binding domains are not predicted to contain any transmembrane
helices. Further analysis of the sequence of these proteins was used to confirm the presence of

the conserved NBD motifs that are essential for functionality; Walker A, Walker B, ABC-

signature (Figure 4.3).
1 10 20 30 40 50 60
Rv3781 PITAWVEFPIFDAKRSLKKALGKAGGIGRNSNVVVIEALRDITML
13 i I T R VPP R T | TR AWVEFP IFDAKIR S LKKAJPLGKAGGI\IGRN[SNVVVIEALRD I TMHL
7(_) 8(? 99 10(_) 11(_) 129
Rv3781 NMGDRVGLVGHNGAGKSTLLRLLSGIYEP TRGRAKVEGRVAPVFDLGHGMDPEISGMENI
V(ST {e Il %] MY IGDRVGLVGHNGAGKS TLLRLLSGIYEP TRGHAWVEGRVAPVFDLGNGMDPEISGEENI

Walker A

13(_) 14(? 159 16(_) 1'7(? 189
Rv3781 IIRGLFLGQTRKQM[AKVDEIAEFTELGEYLSMPLRTYSTGMRVRLAMGVVTSIDPEILL

S OKIT NN T IRGLFLGQTRKOMMAKVDEIAEFTELGEYLSMPLRTYSTGMRVRLAMGVVTSIDPEILL

ABC-signature

190 200 210 220 230 240
Rv3781 LDEGIGAVDAFLKAQSRLQLVERSGILVFASHSNEFLARLCKTAWIDHGIRGG
S L KT M. DEGIGAVDAIF LINKAQSRLOPILVERSGILVFASHSNEFLARLCKTAWNWIDHGHN I RVENGG
Walker B H-loop
250 260 270

MSMEG_6366 [8:3o0'A:9.994ehohoy V. N::074:8RAE YA RPIAH . . . .
Figure 4.3: Sequence alignment of Rv3781, and MSMEG_6366. Predicted nucleotide binding domains analysed
for conserved motifs found throughout ABC-transporters. Walker A, ABC-signature, Walker B, and H-loop motifs

annotated. Notably absent is the A-loop, upstream of the Walker A motif, however this motif is not conserved

in all NBDs of ABC-transporters, but is seen in the majority.

Both Rv3781 and MSMEG 6366 contain Walker A, Walker B, H-loop, and ABC signature
motifs (Figure 4.3). Additionally, both Rv3781, and MSMEG_6366, do not contain the A-loop,
composed of an aromatic amino acid residue, most commonly a phenylalanine, 23- 27 residues
upstream of the Walker A motif. The A-loop forms an interaction with the adenosine ring of
ATP (Ambudkar et al., 2006). However, while this residue is seen in many ABC-transporters,

it is not conserved in all ABC-transporters. Therefore, the lack of this residue in both proteins
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is unlikely to indicate that they are non-functional, although there may be an impact on the

binding affinity of ATP, and therefore the maximal rate of ATP turnover.

Due to the presence of individually transcribed domains, and the predicted number of
transmembrane helices in the MSD, the fully functional ABC-transporter is predicted to form

a tetramer comprised of two copies of both the NBD and the MSD.

4.2.2: Expression and purification of maltose binding protein (MBP) tagged

MSMEG_6366:

Purification of MSMEG 6366 from E. coli BL21 (DE3) expressing pMAL-c2x-
MSMEG 6366, and purified using an amylose resin MBP-trap column (Methods 6.21.1,
6.21.3). Resulting in the purification of a protein corresponding to the molecular weight of

MSMEG 6366, tagged with MBP (72 kDa), with minimal contaminating proteins (Figure 4.4).
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190 kDa

135 kDa
100 kDa

75 kDa
58 kDa

46 kDa

32 kDa

25 kDa

22 kDa
17 kDa

11 kDa

Figure 4.4: SDS-PAGE analysis of purification of MBP-tagged MSMEG_6366. 1)
Protein standard ladder, 2) clarified E. coli cell lysate, 3) cell lysate flowthrough, 4)
protein column wash, 5) protein elution. Showing purification of MBP-tagged

MSMEG_6366 from E. coli.

The effect of the presence of low-level contaminating proteins on assays is likely to be

negligible as the abundance of MSMEG 6366 outweighs any contaminating proteins.
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4.2.3: Intrinsic tryptophan fluorescence ligand binding assay of MSMEG_6366 to

chemically synthesised galactan analogues:

Galf‘6 Galf‘g

H400 0 (0 0 0 0 ¢

Galfs Galf; Galf, Galf, Galf,,

N-acetyl glucosamine

4 Rhamnose
/

1— 4 Galactofuranose

1—5 Galactofuranose

‘ 1—6 Galactofuranose

Figure 4.5: Schematic representation of galactan analogues. Showing the linker unit attached to the variable
length galactofuranose chain (chain length of ligands used noted as Galf,). formed of an N-acetyl glucosamine
rhamnose linking unit extended by 1> 4 glycosidic linkage to the galactofuranose chain, followed by alternating

1-> 6, 1= 5 glycosidic linkages.

To determine if MSMEG 6366 is able to interact with the galactan molecule either during or
before the initiation of translocation across the membrane, purified MSMEG 6366 intrinsic
tryptophan fluorescence (ITF, Methods 6.21.4, 6.21.5) measuring fluorescence change at 350
nm was used to measure ligand binding. The change in fluorescence, beyond the effect of
dilution, of the protein when galactan analogues (Figure 4.5) were titrated was used to calculate

the binding affinity.
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Figure 4.6: Binding curve of maltose to MSMEG_6366. Analysis of binding gave no binding coefficients,

showing there is no effect on intrinsic tryptophan fluorescence upon titration of maltose. N=3

To determine that interactions were specific to galactan analogues, and that changes in
fluorescence were not the result of non-specific interactions to MSMEG 6366 ITF was
conducted using maltose as a control ligand (Figure 4.6). which showed no detectable

interactions with MSMEG_6366.
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Figure 4.7: Binding curves of galactan analogues to MSMEG_6366. A) GIcNAc-Rha-Galfs, B) GIcNAc-Rha-Galfs,
C) GlcNAc-Rha-Galfs, D) GIcNAc-Rha-Galfs, E) GlcNAc-Rha-Galfs, F) GlcNAc-Rha-Galfi,, G) GlcNAc-Rha-Galfia.
Showing MSMEG_6366 is able to bind to the galatan analogues, with variable binding affinity depending on the

length of the Galf chain length. N=3
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Initial characterisation of ligand affinity was conducted using a galactan analogue composed
of GlcNAc-Rha-Galfs, with the determination of a relatively high affinity interaction with
MSMEG 6366, Kq: 0.47 uM (Figure 4.6, Table 4.2). This suggests that MSMEG 6366 is able
to interact in some way to either the linker unit or the galactan chain, as such the use of different
length polygalactofuranose analogues were tested to attempt to determine the effect of

extending the chain on the affinity of the protein to the ligand.

Table 4.1: Binding constants of synthesised galactan analogues to MSMEG_6366. Showing dissociation

constant (Kq), and maximal change in fluorescence upon saturation of all binding sites (Bmax) and standard error

Kq (LM) Std. Error | Bmax (AF4s0) | Std. Error
GlcNAc-Rha-Galf s 9.15 13.91 447.7 560.2
GlcNAc-Rha-Galf ¢ 0.47 0.14 155.8 15.0
GlcNAc-Rha-Galf, 1.8 1.21 292.5 107.3
GlcNAc-Rha-Galf g 1.52 0.42 169.4 24.1
GlcNAc-Rha-Galf 4 4.41 0.91 406.9 59.3
GlcNAc-Rha-Galf 1, 3.28 1.10 278.8 61.3
GlcNAc-Rha-Galf 14 1.35 0.20 251.2 18.1

Analysis of the ligand binding affinities of MSMEG_ 6366 (Method 6.21.4, Figure 4.5, Table
4.2) to various artificially generated galactan analogues further suggest that MSMEG 6366
interacts with galactan analogues, and therefore with the galactan in vivo, with different
affinities depending on the length of the poly-galactofuranose chain. However, due to the
limitations of the experiment not all binding curves achieved saturation, and therefore there is

significant error in the K4 and Biax values for these ligands.

The galactan analogue with the highest affinity for MSMEG 6366 was comprised of six
galactofuranose residues attached to the linking unit. Analysis of the effect of the length of the
galactofurnaose chain of the ligand on the binding affinity to MSMEG_ 6366 shows that there

is no correlation between the length of the analogue and the binding affinity (Figure 4.6). This
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suggests that the effect of increasing the length of the polygalactofuranose chain is not the sole
factor for the change in the binding affinity. If the chain length was the sole factor this would
be likely to lead a decrease in the binding affinity upon the sequential extension of
galacofuranose chain, as the flexibility of the analogue would increase and so there would be
increased forces acting to break the interactions between MSMEG 6366 and the ligand,

assuming the same number of interaction points between the ligand and MSMEG_6366.

Ky (uM)

0 T T !
0 5 10 15

Length of Galactofuranose chain

Figure 4.8: Galactofuranose chain length plotted against binding affinity to MSMEG_6366. Data does not show
the predicted inverted bell curve of an optimum chain length with decreased affinity for chain lengths longer or

shorter than the optimal binding length.
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4.2.4: Predicted physiochemical properties of galactan analogues against binding affinity

to MSMEG_6366:

As the chain length of the galactan analogue does not appear to be the sole contributing factor
in the changes in binding affinity, predictions of the chemical properties were generated to
attempt to understand the cause for the changes in the affinity between the various galactan
analogues and MSMEG_6366. The physiochemical properties of the various analogues were
calculated using the Chemicalize chemoinformatics tool
(https://chemicalize.com/#/calculation, Method 2.22), resulting in the generation of predictions
including: isoelectric point, Van der Waals surface area, hydrogen bond donor count, and

hydrogen bond acceptor count (Table 4.3).

As the binding affinity of the galactan analogues to MSMEG 6366 does not show the predicted
bell curve where galactan analogues with shorter galf chains show lower affinity, with affinity
increasing until reaching the optimum chain length before decreasing once extended beyond
the optimum, the chemical properties of the ligands (Table 4.3), were plotted against Kq in
order to determine if any of the predicted properties of these molecules would explain the

unexpected binding affinity data (Figure 4.7).
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Figure 4.9: Predicted physiochemical properties of galactan analogues plotted against K4 to MSMEG_6366.

A) number of hydrogen bond donors in blue, number of hydrogen bond acceptors in red, B) minimum

projection radius in blue, maximum projection radius in red, C) minimum projection area in blue, maximum

projection area in red, D) number of hydrogen bond donors: number of hydrogen bond acceptors, E)

topological polar surface area, F) molecular refractivity, G) isoelectric point, H) Van der Waals volume, 1) Van

der Waals surface area in blue, solvent accessible surface area in red, J) polarizability, K) topological polar

surface area. Showing limited relationship between Ky and the predicted physiochemcical properties of the

galactan analogues to MSMEG_6366.
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Comparison of the predicted properties of the ligands against the Kq to MSMEG 6366 resulted
in no factors giving an R? value above 0.5 using linear regression, therefore none of the
predicted values correlate to 50 % of the variance in the experimental data (Table 4.4). That
the best model for predicting the binding affinity of the ligand is the minimum projection
radius, suggests that prediction of the properties is not enough to accurately determine cause
of the change in the binding affinity, or that it is a factor of more than one property. The cause
of this increase in correlation is that the minimum projection radius shows a small range, with
only the range of the predicted isoelectric point being smaller (Table 4.4), and therefore the

correlation is skewed.

Table 4.3: Linear regression analysis of predicted physiochemcial properties of galactan analogues against the
determined dissociation constant. Calculated R? giving a range of 0- 1, O corresponding to no correlation, and 1
corresponding to perfect correlation showing no single predicted property of the ligands analysed correlates with

the binding affinity to MSMEG_6366.

Linear least squares fit
Hydrogen bond donor count 0.1232
Hydrogen bond acceptor count 0.1232
Topological polar surface area (A?%) 0.1232
Polarizability (A >) 0.1232
Molar refractivity (cm>/mol) 0.1232
Isoelectric point 0.2761
Van der Waals volume (A°) 0.1222
Van der Waals surface area (A?%) 0.1232
Solvent accessible surface area (A?) 0.1209
Topological polar surface area (A?%) 0.1232
Minimum projection area (A% 0.1555
Maximum projection area (A?) 0.1635
Minimum projection radius (A) 0.4943
Maximum projection radius (A) 0.2269
Hydrogen bond donor/ hydrogen bond acceptor ratio 0.2016
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4.2.5: Structural characterisation of MSMEG_6366:

Attempts to characterise the structure of purified MSMEG 6366 (Method 6.23) both with and
without ligand present, at various protein concentrations, did not result in the generation of

protein crystals of a resolution high enough to allow for structural determination.

Attempts at optimisation of the buffer conditions for the protein to form high-resolution
crystals lead to no detectable increase in organisation of the structure. Attempts to remove the
MBP-tag in order to remove the flexible linking region between MSMEG_6366 and the MBP-

tag did not yield significant protein cleavage.

4.2.6: Expression and purification of MBP-tagged MSMEG_6369:

Standard in E. coli strains used for the expression of recombinant protein, such as E. coli BL21
DE3 and E. coli C41 DE3 (Safarpour et al., 2017; Schlegel et al., 2015), did not yield any
detectable levels of expression upon induction of expression of MSMEG 6369, using Western
blot at a molecular weight of 74 kDa. However, low level expression of MBP-MSMEG 6369
was detected in E. coli Shuffle T7 by Western blot (Method 6.21.2), with further investigation

showing in low level soluble expression of MBP-MSMEG 6369 (Figure 4.8).

Due to the low-level expression and the reduced biomass in the strain able to express detectable
levels of MBP-MSMEG 6369 present in the clarified lysate of E. coli no purified
MSMEG 6369 was obtained. Due to the presence of membrane fragments in the clarified

lysate, we predicted that MSMEG 6369 has inserted into the E. coli cytoplasmic membrane.
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Figure 4.10: Western blot of inducible expression of MSMEG_6369 in E. coli K12 Shuffle T7. A) SDS-PAGE
separation of proteins, B) anti-MBP Western blot of proteins. 1) Protein standard ladder, 2) cell lysate of
uninducted cells, 3) cell lysate of cells induced with 1 mM IPTG, 4) clarified cell lysate of uninduced cells, 5)
clarified cell lysate of cells induced with 1 mM IPTG. Showing expression of MBP-tagged MSMEG_6369 present
in the clarified lysate of E. coli both with and without IPTG, showing some un-induced expression, with increased

expression upon induction.
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4.3: Discussion:

The determination of the binding of galactan analogues to MSMEG_ 6366 when not in a full
complex lends further support for the identification of Rv3781 and Rv3783 and their M.
smegmatis orthologs as the transporters for galactan across the inner membrane (Abrahams
and Besra, 2016; Dianiskova et al., 2011). Providing evidence for interactions between the
transporter and the substrate, that there was no detectable interaction between MSMEG 6366
and maltose when used as a control supporting that the interactions are not an artefact.
Additional experiments are required to fully characterise the binding of MSMEG 6366 to these
ligands as much of the binding data presented is incomplete and would require additional
binding experiments to confirm and improve the binding data presented as well as the use of
additional controls including using polysaccharides that are not analogous to galactan as

controls.

The change in the affinity of the analogues caused by the addition of further galactofuranose
residues is to be expected, as changes in the length of the ligand are likely to alter the
interactions between the protein and the solvent. There are likely to be few high energy
interactions, in order to allow efficient transport across the membrane binding would likely be

relatively weak (Cuthbertson et al., 2007).

Further study of the binding affinities of galactan analogues to MSMEG 6366 is required to
determine the full range of binding affinities, as well as to confirm the binding affinities of
ligands that did not achieve saturation. One method that potentially would overcome the issues
encountered with ITF that did not allow for saturation to be achieved would be the use of

isothermal calorimetry. Additionally extending the galactofuranose chain beyond 14 residues
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would provide insights into the interactions between MSMEG 6366 and mature galactan
(Benabdelhak et al., 2003). As the trend of binding constants against length of the
galctofuranose chain does not follow a clear pattern, determining the effect on the binding for
GlcNAc-Rha-Galf,, where n is one to the maximal length for mature galactan would potentially
provide information on the periodicity of the galactan structure as well as aid in understanding

the interactions between the ligands and MSMEG_6366.

Galactan has been predicted to form a helical structure (Alderwick et al., 2005). However, due
to the difficulty of structurally characterising polysaccharide structures, caused by the many
potential hydrogen binding patterns of polysaccharide chains, and the inherent flexibility of
polysaccharide chains, there is still no experimentally confirmed structure. As such defining
the full pattern of binding affinities of the different lengths of galactan, in both the M.
smegmatis and Mtb proteins might provide insight into this structure (Duus et al., 2000). Use
of the ligands used in this study would potentially reduce the complexity of the process required
to elucidate the physical structure of galactan as mature galactan contains 30 galfresidues. The
use of shorter analogues would decrease the difficulty of experiments such as '"H-"H nuclear
overhauser effect spectroscopy (NOESY). NOESY is used to determine the signals that arise
from protons that are close in space to each other. This would allow for some determination of
which residues are spatially close together and therefore could give some insight into the
structure of the molecule, as it would potentially highlight which sugar residues are close to

each other in solution (Cescutti et al., 2016; Duus et al., 2000; Leeflang et al., 2000).

While it is possible to predict the properties of polysaccharides such as galactan, it is difficult

to determine how accurate these predictions are, as polysaccharides are generally flexible, and

therefore difficult to generate crystal structures of. This is difficulty is compounded by the
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incorporation of water into the structure (Duus et al., 2000). In addition to the use 'H-'H
NOESY it would be possible to gain insights into secondary structure by labelling
mycobacterial cells with '3C galactose, and purification of the labelled galactan from the cell
wall by running NOESY experiments using the NMR detectable '*C, which would potentially
highlight residues in the galactan chain that are close enough to each other in space to be

detectable by NMR (Zhang et al., 2019).

While the work presented lends some evidence to the prediction that Rv3781 and Rv3783 are
involved in the transport of galactan, further work is required to fully characterise these
proteins. With structural characterisation of these proteins both as a complex and interacting
either with the artificial galactan analogues utilised in this study, or with galactan purified from
the mycobacterial cell wall would allow for improved ability to determine the residues involved
in the interactions between galactan and Rv3781. This would then allow for expression and
purification of proteins with single amino acid point mutations to confirm these predictions

(Cox et al., 2016).

As the efforts in this project focussed primarily on the generation of un-cleaved fusion proteins
and attempts to remove the tag were unsuccessful, further work would likely require the use of
alternate constructs of both MSMEG 6366 and MSMEG_6369. These constructs should
express these proteins with a less flexible, and less bulky, tag to reduce the structural variability
of the protein in solution and therefore potentially improve the ability of the protein to

crystalize (Smyth et al., 2003).

Further to structural work to characterise these proteins, work to determine the rate of transport

of galactan across the membrane would allow for a greater understanding of how the
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mycobacterial cell wall is built, and give further insight into the energy requirements of cell
wall synthesis on the cell, which to a point is understood due to the size and complexity of the
unique cell wall structures, however the energy cost of transport of many of the cell wall

elements has not been characterised (Dong et al., 2017; Touchette and Seeliger, 2017).

While no purified MSMEG_6369 could be generated during this project, inducible expression
of MSMEG 6369 was achieved. Further work to optimise the expression conditions and
increase the yield of MSMEG 6369 from what was achieved during this project (Figure 4.10),
would hopefully allow for purification of MSMEG 6369. Additionally the use of other
methods of extracting proteins from the membrane may improve the efficiently of protein

purification (Anandan and Vrielink, 2016; Pandey et al., 2016; Rothnie, 2016).

Further work to build on this stable protein expression could lead to the generation of an ABC-
transport system, when combined with purification of MSMEG 6366, this would allow for the
generation of an ATP-turnover assay to calculate the rate of ATP hydrolysis by coupling of
maintenance of ATP levels by the action of pyruvate kinase conversion of ADP and
phosphoenyol pyruvate, to pyruvate and ATP. Pyruvate can then be converted to lactate by the
action of lactate dehydrogenase, which causes NADH to be converted into NAD". The
conversion of NADH to NAD*, changes the fluorescence spectrum of the solution, therefore
allowing the both the detection of ATP turnover, while also maintaining the level of ATP in

the reaction solution (Rule et al., 2016).
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The mycobacterial cytoplasmic membrane is a vital component of the mycobacterial cell, with
both the inner and outer leaflet acting as the site for the synthesis of various cell wall structures.
The inner leaflet of the cytoplasmic membrane is the site of synthesis for essential cell wall
compounds, such as the galactan domain of AG, and the lipoglycans (Alexander et al., 2004;

Birch et al., 2008; Escuyer et al., 2001).

In the last decade numerous publications have revealed the mechanisms of biosynthesis of the
mycobacterial cell envelope (Harrison et al., 2016; Mishra et al., 2011; Skovierova et al., 2010).
Most of the discrete enzymes involved in cell envelope anabolism have been characterised by

either direct biochemical investigation or reverse genetic approaches (Alderwick et al., 2008,
2005; Cai et al., 2014; Mishra et al., 2012). Many of these enzymes have also been identified

as having potential to be targeted by small molecule inhibitors.

The nature of scientific investigation dictates that the most experimentally tractable systems
are usually studied first, due to the relative ease of working with cytosol soluble proteins. This
has resulted in a significant increase in our understanding of mycobacterial cell envelope
biosynthetic processes. In contrast, the mechanisms and processes by which cell envelope
intermediates pass through the cytoplasmic membrane (the primary barrier of the cell) have
been neglected, largely due to the difficulty in studying complex cell membrane processes

(Shimizu et al., 2018).

This “final frontier” of mycobacterial physiology deserves significant attention due to its
importance in the pathway to the establishment of a mature and fully functional cell envelope.
While there has been much research focussing on the development of anti-mycobacterial

compounds, the determination of the precise mechanism of action has not always been able to

161



Chapter 5: General discussion

be determined before clinical use (Goude et al., 2009; Safi et al., 2008; Srivastava et al., 2009;
Tsukamura, 1965). The prime example of this is the use of EMB for the treatment of TB. The
understanding of how EMB inhibits the essential arabinosyltransferase proteins (EmbCAB)
remains a point of debate (Alderwick et al., 2007; Belanger et al., 1996; Goude et al., 2009;
Khoo et al., 1996; Pawar et al., 2019; Takayama and Kilburn, 1989). With initial determination
of the mechanism of action being determined from the generation of resistant mutations in

clinical isolates leading to the identification of the EmbCAB proteins as the targets

(Radmacher, 2005; Safi et al., 2008; Srivastava et al., 2009).

LM and LAM are key immunomodulatory glycoconjugates distributed throughout the
mycobacterial cell envelope (Pitarque et al., 2008). During the synthesis of LM and LAM, the
pathways progresses though an undefined translocation system (Figure 1.17). Analogous
biosynthetic pathways appear in other bacterial organisms with the formation of Lipid A in
Gram negative species being a prime example (H. Singh et al., 2016; Xie et al., 2015). In Chapter
2, we sought to identify the protein(s) responsible for moving PIMs across the cytoplasmic
membrane. This lead to use of the known E. coli lipid A transporter, MsbA to identify Rv1272c
and Rv1273c as putative homologs in Mtb through bioinformatic analysis (Figures 2.2, 2.3,
Table 2.1) (H. Singh et al., 2016). The generation and characterisation of a double deletion
mutant strain in the model organism C. glutamicum, and complementation with the Rv1272c
and Rv1273c led to the identification of NCgl0925 and NCgl0926 as the components of a
conserved predicted heterodimeric ABC-transporter in the Corynebacteriales suborder, as the
complex responsible for the translocation of PIMs (Figures 2.10-12, 2.14, 2.18, 2.20) (Gupta
et al., 2019; Wang et al., 2010). With future work required to understand the mechanism of
translocation of PIMs, potentially leading to the generation of an inhibitor capable of disrupting

this process, either through the development of novel small molecule inhibitors, or through
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drug repurposing (Cha et al., 2018; Patel et al., 2019; Pushpakom et al., 2019; Singh et al.,

2019).

AG provides the base upon which the mycomembrane is attached (Alderwick et al., 2015).
EMB has been hypothesised to target the Emb proteins responsible for the extension of the
arabinan domains of AG and LAM. However the precise mechanism of these interactions
between Emb and EMB remain unknown (Srivastava et al., 2009). Chapter 3 presents data
showing the effect of mutations in the Cg-Emb protein leading to restoration of EMB resistance
in an EMB hypersensitive strain of C. glutamicum. Cell envelope analysis of strains expressing
Cg-Emb with specific point mutations compared to strains expressing the WT Cg-Emb reveals
the knock-on effect mutations in Cg-Emb have on the composition of the cell envelope (Figures
3.4-3.8). As the transmembrane helix domains contained all the SNPs conferring resistance
highlighting the requirement for the determination of a structure of the EmbCAB proteins in
mycobacteria, both in the presence of EMB and without EMB to confirm the hypothesis that
the Emb proteins are the target for EMB as well to improve the understanding of how these

proteins function (Srivastava et al., 2009).

The AG biosynthetic pathway, requires the translocation of galactan across the cytoplasmic
membrane for the addition the arabinan domains. The proteins responsible for the export of
this glycoconjugate precursor have been predicted for almost a decade, however the
experimental evidence for this prediction has remained inconclusive (Dianiskova et al., 2011).
In Chapter 4, we sought to determine if the predicted M. smegmatis galactan transporter
interacts with a synthetic galactan analogue. This led to the recombinant expression and
purification of the soluble NDB (MSMEG 6366) and the determination of the binding

constants of ligands corresponding to immature galactan chains. This determination of the
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interaction between MSMEG 6366 and the immature galactan supports the predicted function
of Rv3781 and Rv3783 as forming the ABC-transporter responsible for the export of galactan.
Though further investigation into the key residues required for these interactions, as well as
completion of the determination of the binding constants of curves that did not achieve
saturation, and how the MSMEG_6366/MSMEG_ 6369 complex converts the hydrolysis of
ATP to the translocation of galactan is required to understand how this process is controlled in
vivo to prevent the translocation of immature galactan. The development of this assay system
would allow for the targeted development of small molecule inhibitors, as well as the screening
of clinically available, FDA approved drugs for to act as either scaffolds for alteration, or
potentially as candidates for drug repurposing (Cha et al., 2018; Patel et al., 2019; Pushpakom

et al., 2019; Singh et al., 2019).
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Chapter 6:

Materials and methods.
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6.1.1: Bioinformatic analysis of MsbA against mycobacterial and corynebacterial

proteins:

BLASTp analysis of E. coli K12 MsbA primary protein structure against non-redundant protein
database of Mtb H37Rv. Mycobacterial protein sequences for comparative analysis selected
of primary protein structure identified from the initial BLASTp analysis (Rv1272¢ and
Rv1273c¢) against additional mycobacterial species (M. bovis, M. leprae, M. smegmatis, M.

marinum) was used to confirm conservation of orthologous genes.

Sequence alignment of selected proteins of interest conducted using Clustal Omega

Topological predictions of proteins predicted to include the number and location of
transmembrane helices generated using TMHMM 2.0
(http://www.cbs.dtu.dk/servicess TMHMM/), and ExPASy TMPred (https://embnet.vital-

it.ch/software/TMPRED form.html).

6.1.2: Bioinformatic analysis of predicted mycobacterial galactan transporters:

BLASTDp analysis of the primary protein structure of the previously hypothesised M. smegmatis

galactan transporter (MSMEG 6366, and MSMEG 6369) against non-redundant protein
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database of Mtb H37Rv, and M. leprae (taxid: 1769). Mycobacterial protein sequences for

Topological predictions of proteins predicted to include the number and location of
transmembrane helices generated using TMHMM 2.0
(http://www.cbs.dtu.dk/servicess TMHMM/), and ExPASy TMPred (https://embnet.vital-

it.ch/software/TMPRED form.html).

6.2: Culture conditions of E. coli, C. glutamicum, and M. smegmatis:

M. smegmatis and E. coli grown on lysogeny broth (LB) agar (Difco), at 37 °C for colony
generation, incubated for three days or one day respectively, unless stated otherwise. M.
smegmatis and E. coli grown in LB (Difco), at 37 °C, 180 rpm, for liquid culture, unless
otherwise stated. M. smegmatis liquid culture supplemented with 0.05 % TWEEN-80 to
prevent clumping. C. glutamicum grown on Brain heart infusion (BHI) agar (Difco), at 30 °C,
incubated for one day for single colony generation, unless otherwise stated. C. glutamicum

liquid culture grown in BHI broth (Difco), at 30 °C, 180 rpm, unless stated otherwise.
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6.3.1: Generation of double knockout of MSMEG_ 5008 and MSMEG_5009 in M.

smegmatis:

DNA sequence amplified by PCR using purified M. smegmatis genomic DNA Q5 DNA
polymerase, with high GC enhancer (NEB) annealing gradient 65-79 °C, 45 sec extension time,

following manufacturers guidelines using the following primers:

S’-TTTTTTTTCCATAAATTGGCGGCCCGTACTGCAGGACGTGTCGTTC -3°,

S’-TTTTTTTTCCATTTCTTGGCGACAACAGATCCGCGAACGTCCCGTC -3°,
5- TTTTTTTTCCATAGATTGGCGTCTCGCGATCGCGCGTGCGGTGATC -3’, and

S’-TTTTTTTTCCATCTTTTGGGAGCGACGCGTGATCCACCGCGTCACC -3°.

Modified p0004s plasmid, containing inserted DNA flanking a /yg- sacB insertion element by
use of Van9l1I digestion of amplified sequences, inserted into the conditionally replicating
phasmid phAE159 into its Pacl site to yield ppAMSMEG 5008-5009 (Bardarov et al., 2002).
Two step homologous recombination using phAMSMEG 5008-5009, leading to the
replacement of the genomic sequence between the amplified sequences with a hyg-sacB
insertion element replacing the deleted genes and conferring Hygromycin resistance (Bhatt et

al., 2008)

6.3.2: Generation of C. glutamicumANCgl0925- 0926 strain:

Conducted by: J. Marienhagen’s group

pk19mobsacB-ANCgl0925- 0926 generated using:

5’- CGTTAAGCTTAGCCGTTCTACGGTTTCCGTTCC -3’
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5’- CCCATCCACTAAACTTAAACAATATCGACCACAGCATGAATGTATTC -3’
5’- TGTTTAAGTTTAGTGGATGGGGCGAAAGAAGAATTACAGGCTGACG -3’ and

5’- GCTTGGATCCTCATGCGCGAAGCCCACCTCAC -3°

DNA sequence amplified using purified chromosomal DNA extracted from C. glutamicum
ATCC13032, using Q5 DNA polymerase, with high GC enhancer (NEB) annealing gradient
65-79 °C, 45 sec extension time. Correct insertion of respective genes inserted confirmed by

DNA sequencing (Eurofins). Two step homologous recombination using pkl9mobsacB-

ANCgl0925- 0926 replacing the deleted genes, without conferring antibiotic resistance Schéfer

et al., 1994.

6.3.3: Generation of C. glutamicumAsteAAripA MB001:

Conducted by T. Bernhardt’s group

Generation of C. glutamicumAsteAAripA as described in Lim et al., 2019.

6.4.1: Generation of EMB resistant C. glutamicumAsteAAripA MB001:

Conducted by T. Bernhardt’s group

25 million CFU of C. glutamicumAsteAAripA plated on agar plates containing 0.1 pg/ml EMB

to generate resistant mutants. Mutant generation rate determined at 1 x1077.
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6.4.2: Mutation mapping of EMB resistant C. glutamicumAsteAAripA MB001:

Conducted by T. Bernhardt’s group

Genomic DNA of C. glutamicumAsteAAripA strains resistant to EMB purified and sequenced
as described in Baym et al., 2015. Single nucleotide polymorphisms identified by comparison

of the resistant strains and the parental C. glutamicumAsteAAripA strain.

6.5: Genomic DNA purification of M. smegmatis:

25 ml of M. smegmatis culture grown to ODeggo: 0.4- 0.6, centrifuged at 4,000 rpm, RT, 30
mins. Supernatant removed and pellet re-suspended in 450 ul GTE buffer (25 mM Tris, pH 8,
10 mM EDTA, 50 mM glucose, 0.1 mg/ml RNAse). 50 ul lysozyme (10 mg/ml) added,
suspension incubated at 37 °C, overnight. 100 pul 10 % Sodium dodecyl sulphate (SDS), and
20 pl Proteinase K (15 mg/ml) added and incubated at 55 °C, 3 hours. 10 ul RNAse A (10
mg/ml) added, and incubated 37 °C, 30 mins. 200 pl 5 M NaCl, 1 ml chloroform:
isoamylalcohol (24:1) added, and centrifuged 13,000 rpm, 10 mins. Aqueous layer removed
and added to 0.7 volumes ice cold isopropanol and gently mixed. Suspension centrifuged at
13,000 rpm, 4 °C, 30 mins, supernatant removed, pellet washed with 700 pl ice cold 70 %
ethanol. Suspension centrifuged at 13,000 rpm, 4 °C, 30 mins, supernatant removed, pellet
dried at RT. Pellet re-suspended in 20 ul dH»0O, incubated at RT, 15 mins, DNA concentration

determined by Axe0/A230 ratio using NanoDrop 2000 (ThermoScientific).
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6.6.1: Generation of competent E. coli:

Single colony of E. coli strain to be made competent selected and used to inoculate 5 ml of
sterile media, culture then incubated at 37 °C, 180 rpm overnight. 1 ml of culture used to
inoculate 100 ml of sterile media, and grown at 37 °C, 180 rpm until the culture reaches ODsoo:
0.4- 0.8. Culture then centrifuged at 4,000 rpm for 20 mins at 4 °C, supernatant removed. Pellet
re-suspended in 10 ml ice cold sterile 100 mM CaCl,. Suspension centrifuged at 4,000 rpm for
20 mins at 4 °C, supernatant removed. Pellet re-suspended in 2.5 ml ice cold sterile 100 mM
CaCly, 15 % glycerol and aliquoted into 100 pl fractions. Fractions then flash frozen in liquid

nitrogen (1qN2) and stored at -80 °C.

6.6.2: Transformation of plasmid into competent E. coli:

Competent E. coli thawed on ice and mixed with 50 ng of plasmid, and incubated on ice for 10
mins. Cells then heat shocked at 42 °C for 30 seconds, and incubated on ice for 10 mins. 250
ul of sterile media added and cells incubated at 37 °C for 1 hour before being transferred onto
agar plates with the appropriate antibiotic for selection of the plasmid (Kanamycin 50 pg/ml,

Hygromycin B 150 pg/ml, Ampicillin 100 pg/ml). Plates then incubated at 37 °C overnight.

6.6.3: Purification of plasmid from E. coli:

Single colony of E. coli expressing plasmid to be purified used to inoculate 5 ml of sterile
media and incubated at 37 °C, 180 rpm, overnight. Culture centrifuged at 4,000 rpm for 10

mins, and supernatant removed. Plasmid extracted using QIAprep spin miniprep protocol

(Qiagen).
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6.7.1: Generation of competent C. glutamicum:

500 ml culture of C. glutamicum grown to ODeoo: 1.75. Culture chilled on ice, and centrifuged
at 4,000 rpm, 4 °C, 30 min. Supernatant removed, cell pellet washed in 20 ml sterile TG-buffer
(1 mM Tris-Cl, pH 7.5, 10 % glycerol), cell suspension centrifuged at 4,000 rpm, 4 °C, 30 min.
Supernatant removed, cell pellet washed in 20 ml sterile TG-buffer. Cell suspension
centrifuged at 4,000 rpm, 4 °C, 30 min. Supernatant removed, cell pellet washed in 20 ml sterile
10 % glycerol, cell suspension centrifuged at 4,000 rpm, 4 °C, 30 min. Supernatant removed,
cell pellet resuspended in 1 ml sterile 10 % glycerol, Cell suspension separated into 100 ul

aliquots, aliquots flash frozen in |yN2, and stored at -80 °C until needed.

6.7.2: Transformation of C. glutamicum:

1 pg plasmid DNA, mixed with 100 ul competent C. glutamicum on ice, in 1 mm
electroporation cuvette. Mixture layered with 800 ul ice cold 10 % glycerol. Sample
electroporated at: 25 upF, 200 Q, 2500 V. Sample transferred to 4 ml sterile BHI pre-
equilibrated to 46 °C, and incubated at 46 “C for 6 min. Sample incubated at 30 °C, 1- 3 hours.
Samples centrifuged 3, 500 rpm, 10 min, 4 °C. Supernatant removed, cell pellet resuspended
in remaining liquid, and transferred to BHI + 0.5 M sorbitol agar plates, 25 pg/ml
spectinomycin. Agar plates incubated 30 °C 2 days, and checked for colonies denoting

successful transformants.
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6.8.1: Generation of pEKEx3-NCgl0925- NCgl0926 plasmid:

Conducted by: J. Marienhagen’s group

Primers used:
5’- GTCGACTCTAGAGGATCCCCAAGGAGATATAGATATGCTGTG-3’ and

5’- TGAATTCGAGCTCGGTACCCTTATTAGTGATCTCCG-3’

Gene sequence amplified using purified chromosomal DNA extracted from C. glutamicum
ATCC13032 using Q5 DNA polymerase, with high GC enhancer (NEB) annealing gradient
65-79 °C, 190 sec extension time. Correct insertion of respective genes inserted confirmed by

DNA sequencing (Eurofins).

6.8.2: Generation of pEKEx3-RvI272c¢- Rv1273c plasmid:

Conducted by: J. Marienhagen’s group

Primers used:

S’GTCGACTCTAGAGGATCCCCAAGGAGATATAGATATGCTCCTGGCCCTGCTGC

G-3’ and

5’- TG AATTCGAGCTCGGTACCCTTATTAGGCCCGCGTCATCTGGTAATAG-3’

Gene sequence amplified using purified chromosomal DNA extracted from M. tuberculosis

H37Rv using Q5 DNA polymerase, with high GC enhancer (NEB) annealing gradient 65-79
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°C, 190 sec extension time. Correct insertion of respective genes inserted confirmed by DNA

sequencing (Eurofins).

6.9.1: Generation of the pMAL-c2x-MSMEG_6366 plasmid:

MSMEG 6366 gene sequence amplified by PCR using purified M. smegmatis genomic DNA
with Q5 DNA polymerase, with high GC enhancer (NEB) annealing gradient 65-79 °C, 45 sec
extension time, following manufacturers guidelines, using primers:
S>-TTTTTTGAATTCGTGACATCCTCTTCTGCACCGCGCAT-3’ and

S-TTTTTTAAGCTTTCAGTGTGCGTCAGCCGCGGTTTCCT-3’

PCR product generated from purified chromosomal DNA extracted from M. smegmatis MC?
155 using Q5 DNA polymerase, with high GC enhancer (NEB) annealing gradient 65-79 °C.
PCR product and pMAL-c2x digested using EcoRI and HindlIII, ligated together using T4
DNA-ligase (NEB) following manufacturer guidelines. Ligation mix transformed into E. coli,

successful ligation products confirmed by DNA sequencing (Eurofins).

6.9.2: Generation of the pMAL-c2x-MSMEG_6369 plasmid:

MSMEG 6369 gene sequence amplified by PCR using purified M. smegmatis genomic DNA
with Q5 DNA polymerase, with high GC enhancer (NEB) annealing gradient 65-79 °C, 45
sec/kb extension time, following manufacturers guidelines, using primers:

5’- TTTTTTGAATTCATGACTTTCACCGACGCGGCGGCGCAGT-3’ and

S’>-TTTTTTAAGCTTTCAGACCCAGTAGGGCACGCGGCCGCGGT-3’
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PCR product generated from purified chromosomal DNA extracted from M. smegmatis MC?
155. PCR product and pMAL-c2x digested using EcoRI and HindlII, ligated together using T4
DNA-ligase (NEB) following manufacturer guidelines. Ligation mix transformed into E. coli,

successful ligation products confirmed by DNA sequencing (Eurofins).

6.10: Growth rate analysis in C. glutamicum:

C. glutamicum strains to be analysed streaked onto BHI agar to generate single colonies. 5 ml
of media inoculated with single colony, grown to ODgoo: 1- 2. Culture diluted into 5 ml fresh

BHI, or BHI + 0.5 M sorbitol, for ODsoo: 0.05, timepoints measured using ODsoo.

6.11: Cell surface permeability analysis of C. glutamicum strains:

C. glutamicum cultures grown to ODeoo: 1- 2. Cells harvested, 4,000 rpm, 5 mins, RT,
supernatant removed. Cell pellet resuspended and fixed in 2 ml 0.25 % formaldehyde in PBS,
incubated 1 hour, RT. Fixed cells harvested 4,000 rpm 5 mins, RT, supernatant removed, pellet
washed twice in PBS. Fixed cells resuspended in PBS to ODsoo: 1 in either: 0.25 uM 1, 6-
diphenyl- hexa- 1, 3, 5- triene (DPH) in PBS, or PBS, transferred to 96-well black walled, black
bottom, flat bottom, microtitre plate, incubated at 37 °C, 1 hour. Fluorescence of cells

determined at Excitation 350 nm, Emission 450 nm.

Intrinsic fluorescence of cells and of DPH in PBS averaged and subtracted from the
fluorescence of cells in DPH. Resulting data collected normalised with wild type strain average
set to 100 %, with fold change of all strains and controls calculated against this value. Statistical

significance of permeability changes determined using Bonferroni corrected ANOVA.
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6.12.1: Extraction of C. glutamicum polar-apolar lipids:

50 ml culture grown to ODeoo: 1- 2, culture centrifuged 4,000 rpm, 30 mins, supernatant
removed. Pellet resuspended in 10 ml sterile phosphate buffered saline (PBS), centrifuged
3,000 rpm, 30 mins, supernatant removed. Pellet dried at 50 °C, under nitrogen. Cell pellet
resuspended in 4 ml petroleum ether 60-80 (PE60), incubated at RT under agitation 1 hour.
Suspension centrifuged 3,000 rpm, 10 mins, RT. Supernatant, containing external free lipids
transferred to clean tube, pellet resuspended in 4 ml PE60, incubated at RT under agitation 1
hour. Suspension centrifuged 3,000 rpm, 10 mins. Supernatant removed and pooled with

previous extraction, dried at 50 °C, under N> for apolar outside lipids.

Cell pellet dried and resuspended in 2 ml 10: 1 methanol: 0.3 % NaCl, and 2 ml PE60 added.
Cell suspension incubated RT, under agitation, 15 mins. Suspension centrifuged at 4,000 rpm,
5 mins, upper phase, containing the internal non-polar lipids, transferred to clean tube. 2 ml
PEG60, incubated at RT for 15 mins under agitation. Centrifuged at 3,000 rpm, 5 mins, upper
phase pooled with the previously extracted apolar inside lipids. Sample, and cell pellet dried at

50 °C, under nitrogen.

Pellet resuspended in 2.3 ml 9: 10: 3 chloroform: methanol: 0.3 % NacCl, incubated at RT,
under agitation, 1 hour. Suspension centrifuged 3,000 rpm, 15 mins. Supernatant, transferred
to a clean tube. Pellet resuspended twice in 750 pl 5: 10: 4 chloroform: methanol: 0.3 % NaCl,
incubated at RT, under agitation, 30 mins. Suspension centrifuged 3,000 rpm, 15 mins.
Supernatant pooled with previous extractions. 2.6 ml 1: 1 CHCls: 0.3 % NaCl added to the
pooled extracts, incubated at RT, 5 mins under agitation. Lower phase, containing polar lipids,

removed to a fresh tube, dried at 50 °C, under nitrogen.
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6.12.2: Extraction of C. glutamicum inner membrane - outer membrane lipids:

50 ml culture grown to ODeoo: 1- 2, culture centrifuged 4,000 rpm, 30 mins, supernatant
removed, cell pellet dried under N> at 50 °C in a glass tube with PTFE cap. Cell pellet
resuspended in 2 ml dH»O saturated butan-1-ol (approximately 2-3 ml dH,O for every 10 ml
butan-1-ol), incubated under agitation at RT, 1 hour. Suspension centrifuged, 5 mins, 3,000
rpm, RT. Supernatant removed and dried under N> at 50 °C, repeated twice to removed outer
membrane lipids. Dried extraction washed with 2: 1 CHCls;: CH30H, to selectively solubilise

lipids removing contaminating proteins due to differing solubility.

Pellet dried and resuspended in 2 ml 2: 1 CHCl3: CH30H, under agitation at RT for 1 hour.
Suspension centrifuged 3000 rpm, 5 mins, RT, supernatant removed and dried under N> at 50
°C repeated twice to extract inner membrane lipids. Dried extraction washed with 2: 1 CHCls:

CH3O0H, to selectively solubilise lipids removing contaminating proteins.

6.12.3: Reverse micellar extraction of surface lipids from C. glutamicum:

50 ml culture grown to ODego: 1- 2, culture centrifuged 4,000 rpm, 30 mins, supernatant
removed, cell pellet dried under N» at 50 °C in a glass tube with PTFE cap. Dried cell pellet
resuspended in 2 ml 10 mM sodium docusate (AOT) in heptane, and incubated under agitation
2 hours, RT. Cell suspension centrifuged 3,000 rpm, 5 mins, RT, supernatant removed and
transferred to clean tube, dried under N> at 50 °C. Process repeated twice, with supernatant
pooled, to maximise extraction of surface lipids. Extracted lipids resuspended in 500 ul 2: 1

CHCls: CH30H and washed with dH>O in order to remove contaminating docusate.
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6.12.4: Extraction of C. glutamicum cell wall bound lipids:

Dried delipidated cell pellet resuspended in 2 ml 5 % tetrabutylammonium hydroxide (TBAH),
incubated 95 °C, overnight. 2 ml H>0, 4 ml dichloromethane, and 50 pl iodomethane added
and incubated at RT, 30 mins, under agitation. Sample centrifuged, 3,000 rpm, 10 mins, lower
phase transferred to fresh tube. 4 ml H,O added to removed lower phase, and incubated under
agitation 30 mins, RT. Sample centrifuged 3,000 rpm, 10 mins, upper phase discarded and
process repeated. Upper phase discarded, lower phase dried at 50 °C, under N,. Sample
resuspended in 4 ml diethyl ether, sonicated in sonicating water bath, 5 mins, RT, Suspension
centrifuged 3,000 rpm, 10 mins, RT. Supernatant transferred to clean tube, and dried at 50 °C,
under N» for the fatty acid methylesters (FAMEs) and corynemycolic acid methyl esters

(cMAME ).

6.13: Silica column lipid purification

Silica column equilibrated with 3 column volumes 100 % CHCI;. Crude reverse micellar lipid
extract gently transferred into column. Column sequentially washed with 100 ml of: 100 %
CHCIs, 98: 2 CHCI3: CH30H, 95: 5 CHCls: CH30H, 93: 7 CHCI3: CH30H, 90: 10 CHCl;:
CH30H, 88: 12 CHCI3: CH30H, 85: 15 CHCls: CH30H, 83: 17 CHCI3: CH30H, and 80: 20
CHCls: CH30H, collected in 12 ml fractions. Eluted fractions analysed by TLC to determine
lipid composition, elution fractions containing equivalent lipids pooled, dried under N>, 50 °C

and mass of purified lipid determined.
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6.14.1: Lipid analysis by thin layer chromatography (TLC):

Lipid analysis conducted on F24; silica TLC plates, using various solvent systems.
Lipids extracted from previously described methods of lipid extraction analysed by 2

directional (2D) TLC, using various systems:

TLC systems for free and Non-polar lipids

System Direction 1 solvent system (Times run)
A PE60: Ethyl acetate 98: 2 (3)
B PE60: Acetone 92: 8 (3)
C Chloroform: Methanol 96:4 (1)

Chloroform: methanol: water

100: 14: 0.8 (1)

TLC systems for free and Non-polar lipids

System Direction 2 solvent system (Times run)
A PE60: acetone 98: 2 (1)
B Toluene: acetone 95: 5 (1)
C Toluene: acetone 80: 20 (1)

Chloroform: methanol: acetone: water 50:

60:2.5:3 (1)
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TLC systems for polar lipids

System Direction 1 solvent system (Times run)
Chloroform: methanol: water
D
100: 14: 0.8 (1)
Chloroform: methanol: water
E
60: 30: 6 (1)
TLC systems for polar lipids
System Direction 2 solvent system (Times run)
Chloroform: methanol: acetone: water 50:
D
60:2.5:3 (1)
Chloroform: acetic acid: methanol: water
E
40:25:3: 6 (1)
Two directional TLCs used for all fractions:
Direction Solvent system (Times run)

Chloroform: methanol: water

30: 8: 1 (1)

Hexane: diethyl ether: Acetic acid

70: 30: 1 (1)
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One directional TLC systems used to analyse lipids:

Lipid analysed Solvent system (Times run)
Fatty acid methyl esters (FAMEs) and PE60: acetone
Mycolic acid methyl esters (MAMES) 95:5(1)

Chloroform: methanol: H,O

All extracted fractions
30: 8: 1 (1)

Chloroform: methanol: ammonium
All extracted fractions hydroxide (25%): H.O

65:25:0.5: 3.6 (1)

Chloroform: methanol: ammonium
hydroxide: ammonium acetate (1 M):
All extracted fractions

H,O

180: 140: 9: 9: 23 (1)

6.14.2: Preparative TLC:

Lipid extraction fraction containing lipid to be extracted run on TLC as described in Method
6.14.1. TLC imaged using: 0.5% (w/v) DPH in 95:5 CHCI3: CH3CH2OH, lipids visualised by
UV light excitation: 350 nm, emission: 400-550 nm (visible spectrum). Detectable bands
marked, and TLC run using solvent system: 100 % PE60 to remove DPH. Silica containing
desired lipid removed from TLC plate, washed 3 times with 5 ml 2:1 CHCls: CH30H, solvent
removed and dried between washes. The resulting extracted lipid weighed and the lipid identity

confirmed by TLC (Method 6.14.1) against crude lipid fraction.
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6.15: Direct infusion mass spectrometry of C. glutamicum lipids:

Lipid samples resuspended to 1 mg/ml in CHCl;: CH30H (v/v), diluted 1: 10 in 7.5 mM
ammonium acetate: CHCI3 (2: 1 v/v). Lipid samples analysed using direct infusion electrospray
mass spectrometry (Orbitrap Elite, Advisor: Nanomate), 1.5 kV. Analysis of collected spectra

conducted in Xcalibur.

6.16: Lipoglycan extraction from C. glutamicum

Cell pellet from 1 L culture dried at 50 °C, under nitrogen. 4 ml 50 % ethanol added to dried
cell pellet, and incubated at 80 °C, 2 hours. suspension cooled to RT and centrifuged 4,000
rpm, 20 mins, RT. Supernatant removed and dried at 50 °C, under N,. 3 ml sterile PBS, added
and sonicated using sonicating water bath, 10 mins, RT. Sample made up to 50 % phenol,
incubated 80 °C, 2 hours. Samples cooled to RT, centrifuged 4,000 rpm, 10 mins, aqueous
phase removed and dialysed in dH>O, using 3.5 kDa membrane. Samples dried under N2, 50

°C and weighed, resuspended in sterile dH,O at 100 mg/ml.

6.17.1: SDS-PAGE:

SDS-loading buffer (0.375 M Tris, pH 6.8, 12 % SDS, 60 % glycerol, 0.6 M DTT, 0.06 %
bromophenol blue) diluted 6-fold with samples to be analysed, incubated at 90 °C, 10 min. 5-
20 pl of sample loaded into 10- 12 % polyacrylamide gel (BioRAD), using SDS-running buffer
(2.5 mM Tris, pH 8.3, 19.2 mM glycine, 0.01 % SDS), samples separated at: 200 V, 50 mAmp,

35 min.
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Protein samples to be visualised directly incubated in InstantBlue (Expedeon), RT, > 20 mins,
with gentle agitation. Lipoglycan samples stained using either silver straining, or Pro-Q

Emerald 300 protocols, samples for western blot analysis stained using western blot protocol.

6.17.2: Silver staining of lipoglycans

250 pg of purified lipoglycan extraction (Method 6.16) separated by SDS-PAGE (Method

6.17.1), staining protocol conducted in glass dish as described in the table below.

Duration
Step Solution composition
(mins)

1 50 % Methanol, 12 % Trichloroacetic acid, 2 % CuCI2 >20
2 10 % Ethanol, 5 % Acetic acid 10
3 0.7 % Periodic acid, 40 % Ethanol, 5 % Acetic acid 10
4 10 % Ethanol 10
5 Deionised water 20
6 0.1 % Silver nitrate 10
7 10 % Di-potassium carbonate 5
8 2 % Di-potassium carbonate Overnight

6.17.3: Pro-Q Emerald 300 glycoprotein stain

Lipoglycans separated by SDS-PAGE (Method 6. 17.1) stained using 250 pg of purified
lipoglycans (Method 6.16). Gel containing lipoglycan samples stained using Pro-Q Emerald

300 glycoprotein staining protocol (Invitrogen).

183



Chapter 6: Materials and methods

Gel containing run samples fixed in 50 % CH3OH, 5 % acetic acid, 45 min, RT, with gentle
agitation. Gel washed in 3 % acetic acid, 20 min, RT, gentle agitation, repeated once. Samples
oxidised using 3 % acetic acid, 2.7 mM periodic acid, 30 min, RT gentle agitation. Gel washed
with 3 % acetic acid, 20 min, RT, gentle agitation, repeated twice. Samples stained with 50-
fold dilute Pro-Q Emerald 300 stock solution in staining buffer (Invitrogen), 2 hours, RT,

gentle agitation. Gel washed in 3 % acetic acid, 20 min, RT, gentle agitation, repeated once.

6.17.4: Western blot:

Samples separated by SDS-PAGE transferred onto nitrocellulose membrane following iBlot
standard protocol (https://assets.thermofisher.com/TFS-
Assets/LSG/manuals/iblot2_device qrc.pdf). Nitrocellulose membrane blocked in 5 % bovine
serum albumin (BSA), 0.5 % TWEEN-80, in Tris-buffered saline (TBS, 50 mM Tris, 150 mM
NaCl), 16 hours, RT, with gentle agitation. Membrane washed with 0.5 % Tween-80 in TBS
(TBS-T), 10 min, RT, with gentle agitation, repeated twice. Membrane washed with primary
antibody solution (1: 25,000 anti-MBP antibody: TBS-T + 2.5 % bovine serum albumin
(BSA)), incubated 2 hours, RT, with gentle agitation. Membrane washed, TBS-T, 10 mins, RT,
with gentle agitation, repeated twice. Membrane washed with secondary antibody (1: 2,000
secondary antibody: TBS-T + 2.5 % BSA), incubated 1 hour, RT, with gentle agitation.
Membrane washed, TBS-T, 10 min, RT, with gentle agitation, repeated twice. Membrane
visualised using 5-Bromo-4-chloro-3-indolyl-phosphate (BCIP, Thermofisher), incubated RT,

with gentle agitation, until developed.
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6.18.1: Aditol acetates derivatization of extracted C. glutamicum polysaccharides:

10 mg of purified extracted lipoglycan suspended in 250 pl trifluoroacetic acid, incubated 120
°C, 2 hours, to hydrolyse lipoglycans into component monosaccharides. Monosaccharide
solution cooled and dried under N>, 50 °C. Monosaccharides resuspended in 50 pl 1:1 10 mg/ml
NaB:H4 in ethanol: 1 M NH4OH, and incubated 3 hours, RT. Samples dried under N», 50 °C,
resuspended in 3 drops acetic acid, dried under N>, 50 °C. Resuspended in 3 drops CH3OH,
dried under N», 50 °C. Samples resuspended in 100 pl acetic anhydride, incubated 100 °C, 1
hour. Sample cooled, 100 pl toluene added, dried under N, 50 °C. Samples partitioned 2 ml

CHCIls, 2 ml H>O, organic phase transferred to fresh tube, dried under N», 50 °C.

6.18.2: Gas Chromatography of aditol acetate derivatised polysaccharides:

Samples analysed using Shimadzu GC-2010 with DB-225 column (Agilent Technologies) ID:
0.25 mm, length: 30 m, df: 0.15 um. the oven was programmed to maintain isothermal
temperature of 220 °C with a run time of 20 mins. Peaks detected by change in pV. Sugar
composition of samples determined by comparison of retention time of peaks to known
standards. Ratio of sugars calculated from area under curve of peaks corresponding peaks of

interest.

6.19: Antibiotic susceptibility of C. glutamicum strains:

C. glutamicum strains to be tested grown from single colonies in 5 ml sterile media to mid-log,
ODsoo: 1- 2. Culture diluted to ODeoo: 0.05, in fresh BHI media. 100 pl of cell culture

transferred into 96-well microtitre plate containing 5 pl compounds to be tested in 40 %
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Dimethyl sulfoxide (DMSO), incubated 30 °C, 24 hours. 30 ul 0.02 % resazurin, 12.5 pl 20 %
TWEEN-80 added to each well, incubated 30 °C, 2 hours. Fluorescence measured at

Excitation: 544 nm, Emission: 590 nm, 37 °C. Percent survival determined using:

e (&=Y)
0% Survival = ) x 100

Where X= sample fluorescence, Y= mean of negative controls, and Z= mean of positive

controls
6.20.1: Membrane purification of C. glutamicum strains:

Cell pellet from 1 L culture of C. glutamicum thawed on ice and suspended in 30 ml lysis
buffer, culture lysed using French press (1,000 psi, 4 °C, 3 cycles), lysate centrifuged 18,000
rpm, 4 °C, 45 mins, supernatant removed and centrifuged 100,000 xG, 4 °C, 1 hour.

Supernatant stored 4 °C, pellet re-suspended in 10 ml lysis buffer at 4 °C.
6.20.2: Cell free Emb activity assay:

2 ul of 20 mM Cs-Araf-Araf (YHF-1) acceptor dried under No, 2 ul of 2 mM adenosine
triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate hydrogen (NADPH)
added and dried under N». 80 pg of purified corynebacterial membrane (Method 6.20.1) in PBS
added, 5 ul *C pRpp in 500 mM sodium acetate corresponding to 50,000 cpm added, volume
made up to 100 pl, incubated 37 °C overnight. Reaction quenched with 533 pul CHCl3: CH;0H

(1:1 v/v), centrifuged 13,000 rpm, 5 mins, RT. Supernatant transferred to clean tube, dried

under Na, 50 °C.
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Samples resuspended 50 % ethanol, contaminants removed using liquid chromatography-
strong anion exchange (LC-SAX) column equilibrated in 50 % ethanol, samples recovered with
2 ml 50% ethanol, dried under N2, 50 °C. Samples resuspended in water: butanol biphasic
solution, centrifuged 3,000 rpm, 5 mins, RT. Upper phase containing product removed, dried
under N, 50 °C. Samples resuspended in 40 pul CHCIlz: CH3OH (2: 1 v/v), sample cpm
determined using 5 % sample volume. 100 % of remaining samples analysed by TLC using
CHCls: CH30H: NH4OH: H>O (70: 25: 0.5: 2.5 v/v/v/v). TLC imaged using X-Ray film

(Kodak), incubated 1 week, RT. Film imaged.

6.21.1: Expression of recombinant MSMEG_6366:

The pMAL-c2x-MSMEG_6366 plasmid was introduced to E. coli (BL21 DE3) by heat shock
transformation. Colonies containing the vector selected for using 100 pg/ml ampicillin. Single
colony used to inoculate 5 ml sterile LB, incubated overnight, 37 °C, 180 rpm. 1 L sterile LB,
containing 100 pg/ml ampicillin, inoculated with 1 ml culture, incubated 37 °C, 180 rpm, until
ODeoo: 0.5- 0.8. Recombinant expression of MSMEG 6366 induced by addition of 1 mM
isopropyl-beta-D-1-thiogalactoside (IPTG, Bioline), and incubated 16 hours, at 16 °C, 180 rpm.
Cells harvested at 4,000 rpm, 4 °C, 20 min. Cell pellet was washed with PBS, and stored at -

20 °C.

6.21.2: Expression of MBP-tagged MSMEG_6369 in E. coli:

E. coli Shuffle T7 C3026H cells transformed with pMAL-c4x-MSMEG 63609, streaked out on
agar, containing 100 pg/ml Amp, incubated at 37 °C overnight, for generation of single

colonies. Single colony used to inoculate 5 ml sterile media, incubated at 37 °C, 180 rpm,

187



Chapter 6: Materials and methods

overnight. 1 ml bacterial culture used to inoculate 1 L sterile media, containing 100 mg/ml
Amp, incubated to reach ODeoo: 0.4- 0.8. Culture induced with 1 mM IPTG, incubated 16 °C
overnight. Culture harvested 4,000 rpm, 20 mins, bacterial pellet washed with sterile PBS,
harvested 4,000 rpm, 20 min. 100 ul of E. coli cell pellet resuspended in 1.9 ml lysis buffer (50
mM Tris pH 7.5, 300 mM NaCl), with 0.5 g 0.1 mm diameter glass beads (Thistle Scientific),
cells lysed using bead beater (MP Bio) 3 cycles, 6 m/s, 30 seconds on, 1 minute off on ice.
Aliquot of cell lysate sample tested removed, stored on ice for analysis by SDS-PAGE. Cell
lysate centrifuged, 14,500 rpm, 4 °C, 30 min. Cell lysate and clarified cell lysate analysed

separated by SDS-PAGE, analysed for expression of MBP-tagged protein by western blot.

6.21.3: Purification of recombinant MBP-tagged MSMEG_6366:

E. coli BL21 (DE3) cell pellets from 1 L cultures expressing MBP-tagged MSMEG 6366
thawed and resuspended in 35 ml lysis buffer (50 mM Tris pH 7.5, 300 mM NaCl). Cells were
sonicated using a probe sonicator, 13 Amplitude microns, 30 seconds ON, 30 seconds OFF, 10
cycles, on ice. Cell lysate centrifuged 18,000 rpm, 60 mins, 4 °C. Supernatant removed and
passed through 0.22 uM filter. Clarified lysate washed over 1 ml MBP-trap column pre-washed
in lysis buffer. Flow through collected, column washed with 50 column volumes lysis buffer.
Protein eluted with 10 column volumes lysis buffer containing 10 mM maltose. Sample purity
determined by SDS-PAGE electrophoresis. Sample concentration determined by addition of
100 pl Bradford reagent (Bio-Rad), to 2 ul protein sample, Asos absorbance measured. Protein

concentration determined by comparison to a BSA standard curve.
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6.21.4: Ligand binding assay of MSMEG_6366 using Intrinsic tryptophan fluorescence:

Purified protein diluted to 0.5 uM, on ice, protein equilibrated to 22 °C. Fluorescence measured
Ex: 280 nm, Em: 350 nm, 22 °C. 0.5 mM ligand, diluted in isotonic buffer, titrated into protein.
Sample mixed, 1 min, to allow binding equilibrium and thermal equilibration. Measurement

repeated n=3.

6.21.5: Analysis of ligand binding data:

Raw data adjusted to compensate for dilution of protein by ligand using:

P F x (500 + volume ligand added)
B initial volume

Where F= sample fluorescence.
Volume corrected data normalised against initial fluorescence at 450 nm of sample, K4 and

Bmax calculated using Michealis-Menten non-linear regression analysis in Graphpad Prism 5.

6.22: Prediction of chemical properties of galactan analogues:

Chemical structures of galactan analogues produced using ChemDraw Professional 17.1

(PerkinElmer). Chemical structures used to generate SMILES structures of galactan analogues.

Smiles structures used to predict chemical properties, using Chemicalize (chemicalize.com,

ChemAxon).

189



Chapter 6: Materials and methods

6.23: Protein crystallization of MBP-tagged MSMEG_6366:

Sitting drop vapour diffusion method of protein purification using the commercially available
protein crystallography screens: JCSG+, MIDAS, and Morpheus. Reservoir volume of 40 pl
used, 0.3 ul of MSMEG 6366 at variable concentrations (20 mg/ml, 15 mg/ml, and 10 mg/ml)
in 50 mM Tris pH 7.5, 300 mM NacCl, with 0.3 pl of reservoir solution, and incubated at 18
°C. Drops screened for crystal formation, conditions showing crystal growth optimised by
varying precipitant concentration and pH depending on the condition, typically varying
precipitant concentration with 12 conditions tested, with the original condition being the centre
of the range each condition being 1- 2 % different from the neighbouring conditions, and
varying pH with 8 conditions tested alongside precipitant conditions, with pH conditions being

0.1 pH units different from neighbouring conditions.

6.24: Sprays and reagents:

Phosphomolybdic acid (MPA) staining solution: 5 % MPA (w/v), in ethanol. a-napthol
staining solution: 2.4 % a-napthol (w/v), 10 % sulfuric acid (v/v), 87.6 % ethanol (v/v).

Reagents supplied by Sigma-Aldrich unless stated otherwise.
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Prediction of number and position of transmembrane helices

Transmembrane helix predictions of MsbA and Mycobacterial and corynebacterial

homologs.
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Appendix 1: Prediction of number and position of transmembrane helices

TMPred output for M. tuberculosis Rv1272c:
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Prediction of number and position of transmembrane helices

TMPred output for M. tuberculosis Rv1273c:
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Appendix 1: Prediction of number and position of transmembrane helices

TMPred output for M. bovis Mb1303c:
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Appendix 1: Prediction of number and position of transmembrane helices

TMPred output for M. bovis Mb1304c:
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Prediction of number and position of transmembrane helices

TMPred output for M. lepraec ML1113c:
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Appendix 1: Prediction of number and position of transmembrane helices

TMPred output for M. leprac ML1114c:
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Appendix 1: Prediction of number and position of transmembrane helices

TMPred output for M. marinum MMAR_4147:

TMpred output for MMAR 4147
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Appendix 1: Prediction of number and position of transmembrane helices

TMPred output for M. marinum MMAR_4148:

TMpred output for MMAR 4148
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Appendix 1: Prediction of number and position of transmembrane helices

TMPred output for M. smegmatis MSMEG_5008:
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Prediction of number and position of transmembrane helices

TMPred output for M. smegmatis MSMEG_5009:
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Appendix 1: Prediction of number and position of transmembrane helices

TMPred output for C. glutamicum NCgl0925:

TMpred output for NCGLB92S
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Appendix 1: Prediction of number and position of transmembrane helices

TMPred output from C. glutamicum NCgl0926:
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Appendix 1: Prediction of number and position of transmembrane helices

Transmembrane predictions of predicted galactan ABC-transporter proteins.

TMPred output of M. tuberculosis Rv3783:

THMpred output for RVY3783
3008 T T T T

20848

1660

-1660 -

-2000 [ |

-3000

-4000 L 1 L L I
8 sa 168 158 200 258 308

TMHMM output of M. tuberculosis Rv3783:

TMHMM posterior probabilities for Rv3783

12 . . . . .
| el  EEEE b H Laaaaaae
1
08 ]
2
3
3 06 1
[=]
s
04 | :
02 .
0 | | | | | i
S0 100 150 200 250

transmembrane

inside outside

247



Appendix 1: Prediction of number and position of transmembrane helices

TMPred output of M. smegmatis MSMEG_6369:

TMpred output for MSMEG 6369
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Appendix 1: Prediction of number and position of transmembrane helices

TMPred output of M. tuberculosis Rv3781:

TMpred output for RVY3781
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TMHMM output of M. tuberculosis Rv3781:

TMHMM posterior probabilities for Rv3781
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Appendix 1: Prediction of number and position of transmembrane helices

TMPred output of M. smegmatis MSMEG_6366:

TMpred output for MSMEG 6366
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TMHMM output of M.smegmatis MSMEG_6366:

TMHMM posterior probabilities for MSMEG_6366
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Appendix 2: Antibiotic sensitivity of C. glutamicum strains

Appendix 2: Antibiotic sensitivity of C

glutamicum strains
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Appendix 2:

Antibiotic sensitivity of C. glutamicum strains

Results from Chapter 2: Characterization of a PIM transporter system in C. glutamicum:

WT C. glutamicum
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Appendix 2: Antibiotic sensitivity of C. glutamicum strains
C. glutamicumANCgl0925-0926 pEKEx3
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Appendix 2: Antibiotic sensitivity of C. glutamicum strains

C. glutamicumANCgl0925-0926 pEKEx3-Rv1272¢-1273c¢
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Appendix 3: Gas Chromatography spectra or derivatized C. glutamicum lipoglycan extracts

Appendix 3: Gas chromatography spectra of

derivatized C. glutamicum lipoglycan extracts.
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Appendix 3: Gas Chromatography spectra or derivatized C. glutamicum lipoglycan extracts

Aditol acetate derivatized lipoglycan extract from WT C. glutamicum:

10,000,000 ;
] 2-12.452
8,750,000
7,500,000
6,250,000
5,000,000
3,750,000
2,500,000
1,250,000
11-0284 3-1
e L\ A A A
4,000,000+ T
9.20 10.00 11.00 12.00 13.00 14.00 15.19
No. | Ret.Time Peak Height Area Rel.Area  Amount
min Name uv HV*min %
1 9.28 n.a. 275857.00 15041.3 2.66 n.a.
2 12.45 n.a. 8709729.00  502606.2 89.03 n.a.
3 14.93 n.a. 293524.00 19818.6 3.51 n.a.

Aditol acetate derivatized lipoglycan extract from C. glutamicumANCgl0925-NCgl0926:

8,000,000

v 212593
7,000,000
6,000,000
5,000,000
4,000,000
3,000,000
2,000,000
1 1-9.403
1,000,00&: 3-14.6
o
40000004——— —— o min
9.24 10.00 11.00 12.00 13.00 14.00 15.01
No. Ret.?ime Peak Height Area Rel.Area  Amount
min Name uv HV*min %
1 9.40 n.a. 1507080.00  68623.7 9.31 n.a.
2 12.59 n.a. 7363614.00 415524.3 56.39 n.a.
3 14.63 n.a. 597322.00 41675.8 5.66 n.a.
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Appendix 3: Gas Chromatography spectra or derivatized C. glutamicum lipoglycan extracts

Aditol acetate derivatized lipoglycan extract from C. glutamicum ANCgl0925-NCgl0926

pEKEXx3:
13,129,41“,’HV
2 - 12.603
10,000,000
8,000,000
6,000,000
4,000,000~
2,000,000
i 1-9.163
i " 3-146
o J(;}\_,J\;A’_
-1,317,6474— T L
8.82 10.00 11.00 12.00 13.00 14.00 15.06
No. | Ret.Time Peak Height Area Rel.Area  Amount
min Name pv HV*min %
1 9.16 n.a. 1322958.00  62789.3 7.68 n.a.
2 12.60 n.a. 11138419.00 719493.5 88.05 n.a.
3 14.61 n.a. 471535.00  34875.3 4.27 n.a.

Aditol acetate derivatized lipoglycan extract from C. glutamicum ANCgl0925-NCgl0926

pEKEX3- NCgl0925-NCgl0926:

12,988,235

uv
2-12.597
10,000,000
8,000,000
6,000,000
4,000,000
2,000,000
] 1-9.386
A 3-14.6
10823834 min
9.20 10.00 11.00 12.00 13.00 14.00 14.98
No. | Ret.Time Peak Height Area Rel.Area  Amount
min Name uv HV*min %
1 9.39 n.a. 1302776.00 65615.0 7.76 n.a.
2 12.60 n.a. 11802907.00 739953.2 87.56 n.a.
3 14.61 n.a. 508142.00 39516.7 4.68 n.a.
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Appendix 3: Gas Chromatography spectra or derivatized C. glutamicum lipoglycan extracts

Aditol acetate derivatized lipoglycan extract from C. glutamicum ANCgl0925-NCgl0926

PEKEX3- rvi272c-rvi273c

14,000,000
v
2-12.599

12,000,000

10,000,00(?

8,000,00(?

6,000,00(?

4,000,00(?

20000007 4 g 455

1 A (\ 3-14.4
07

-2,000,0007‘ — —— min
8.93 10.00 13.00 14.00 14.96
No. [ Ret.Time Peak Area Rel.Area  Amount

min Name HV*min %
1 9.15 n.a. 61915.8 6.13 n.a.
2 12.60 n.a. 12527413.00 859781.8 85.07 n.a.
3 14.60 n.a. 31493.0 3.12 n.a.
Aditol acetate derivatized lipoglycan extract from C. glutamicumAsteAAripA:

11600000 == mmsimmssem e o e oy . -

1,400,000 2 -12.450

1,200,000;

1,000,000

800,000;

eoo,ooo;

4oo,ooo—<
1 1-9.314

200,000
o -

-200,000-1 ‘ . : : | min
8.57 9.50 10.00 11.50 12.00 12.50 13.06
No. | Ret.Time Peak Area Rel.Area Amount

min Name HV*min %
1 9.31 n.a. 7637.5 6.62 n.a.
2 12.45 n.a. 60022.3 52.05 n.a.
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Appendix 3: Gas Chromatography spectra or derivatized C. glutamicum lipoglycan extracts

Aditol acetate derivatized lipoglycan extract from C. glutamicumAsteAAripA EmbC4115;

900,000

%
800,000—: 2-12.577
1 1-9.291
700,000+
600,000
500,000-]
400,000-]
300,000
200,000
100,000
07“‘\ \‘“\““\““\““\““\““\““m\in
8.57 9.00 9.50 10.00 10.50 11.00 11.50 12.00 12.50 13.06
No. | Ret.Time Peak Height Area Rel.Area  Amount
min Name uv HV*min %
1 9.29 n.a. 676948.00 324494 20.68 n.a.
2 12.58 n.a. 697604.00 33654.4 21.45 n.a.

Aditol acetate derivatized lipoglycan extract from C. glutamicumAsteAAripA EmbP4147:

4500001 -
] 2-12.427
400,000
350,000
300,000
250,000
200,000
150,000
1-9.435 B
100,000
50,000-]
Of———— \“‘\“‘\““\““\“H\““\““m\in
85 9.00 9.50 10.00 10.50 11.00 11.50 12.00 12.50 13.06
No. | Ret.Time Peak Height Area Rel.Area Amount
min Name uv HV*min %
1 9.44 n.a. 39586.00 4269.2 11.91 n.a.
2 12.43 n.a. 311231.00 14998.1 41.84 n.a.
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Appendix 3: Gas Chromatography spectra or derivatized C. glutamicum lipoglycan extracts

Aditol acetate derivatized lipoglycan extract from C. glutamicumAsteAAripA EmbA453V;

400,000 G e e = =
1 2 - 12.444
350,000
300,000
250,000
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150,000
100,000
50,000
07““\“"\““\““\““\““\““\““\““m\in
8.5 9.00 9.50 10.00 10.50 11.00 11.50 12.00 12.50 13.06
No. | Ret.Time Peak Height Area Rel.Area  Amount
min Name uv uV*min %
1 9.45 n.a. 51867.00 6710.5 16.75 n.a.
2 12.44 n.a. 270032.00 13508.7 33.72 n.a.

Aditol acetate derivatized lipoglycan extract from C. glutamicumAsteAAripA EmbA453E;

2,500,000

Y
2 -12.437

2,000,00(}7
1,500,00(%7
1,000,00(}7
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o N
-500v000““““\““\‘“‘\““\‘“‘\““\““\““m\in

8.57 9.50 10.00 10.50 11.00 11.50 12.00 12.50 13.06

No. | Ret.Time Peak Height Area Rel.Area  Amount

min Name pv HV*min %
1 9.30 n.a. 152044.00 7070.0 3.08 n.a.
2 12.44 n.a. 2204270.00 103448.6 45.08 n.a.
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Appendix 3: Gas Chromatography spectra or derivatized C. glutamicum lipoglycan extracts

Aditol acetate derivatized lipoglycan extract from C. glutamicumAsteAAripA EmbP>0st:

3,500,000

i 2-12.450
3,000,000
2,500,000
2,000,000
1,500,000
1,000,000
500,000
1 1-9.306 \ I\
0
500, 600———
8.57 9.50 10.00 1050 11.00 1150 12.00 12.50 13.06
No. | Ret.Time Peak Height Area Rel.Area  Amount
min Name pv HV*min %
1 9.31 n.a. 134110.00 6430.0 2.65 n.a.
2 12.45 n.a. 3165353.00 154533.8 63.63 n.a.

Aditol acetate derivatized lipoglycan extract from C. glutamicumAsteAAripA EmbS328A;

1,400,000 o= mmm e e s e o
1,200,00(# 2-12.418
1,000,00&
800,00(#
600,00(%7
3-12.578

400,000-) 1-9.291
200,00(#

. J \
'200,0007““““\““\‘“‘\‘“‘\‘“‘\““\““\““m\in

8.57 9.50 10.00 10.50 11.00 11.50 12.00 12.50 13.06

No. | Ret.Time Peak Height Area Rel.Area  Amount

min Name uv HV*min %
1 9.29 n.a. 305067.00 14606.4 9.30 n.a.
12.42 n.a. 1111650.00 53371.7 33.98 n.a.
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