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SUMMARY / ABSTRACT 

Mycobacterium tuberculosis, the causative agent for the disease Tuberculosis, is

a serious public health problem that is responsible for 1.6 million deaths each

year.  The  WHO’s  recent  report  on  Tuberculosis  estimates  that  a  third  of  the

world’s population is latently infected with the bacteria, and, of those, 10% will

progress to active disease. M. tuberculosis is a successful pathogen mainly due

to its ability to adapt and survive in changing environments. It  can survive a

dormant state with limited metabolic activity during latent infection, while also

being  able  to  escape  the  macrophage  and  disseminate  into  active  disease.

Efforts to eradicate the disease must be based on understanding the biology of

this organism, and the mechanisms it uses to infect,  colonize, and evade the

immune system. Understanding the behaviour of pathogenic mycobacteria in the

macrophage is also important to the discovery of new drug targets. In this thesis,

we employed state of the art mass spectrometry techniques, which allowed us to

unpack  the  biology  of  this  bacterium  in  different  growth  environments  and

expand our understanding of the mechanisms it employs to adapt and survive.

We investigated protein regulation by the process of phosphorylation, through

sensory kinases, which add a phosphate group to a protein of interest, thereby

regulating its function. First, we interrogated the phosphoproteomic landscape

between  M. bovis BCG and  M.  smegmatis to  explain  how differential  protein

regulation  results  in  the  differences  between  slow  and  fast  growth  of

mycobacteria. Second, we focused on Protein Kinase G (PknG), which plays an

important role in bacterial survival by blocking phagosome/lysosome fusion. We

identified the  in vivo physiological substrates of this kinase in actively growing

M.bovis BCG  culture.  Our  results  revealed  that  this  kinase  is  a  regulator  of

protein synthesis. We then examined the mechanisms of survival in murine RAW

246.7 macrophages mediated by PknG, using M. bovis BCG reference strain and

PknG knock-out mutant. Our results indicated strong evidence that pathogenic

6



Comprehensive definition of Ser/Thr/Tyr phosphorylation in mycobacteria: towards understanding reprogramming of normal macrophage functions by
pathogenic mycobacteria

mycobacteria disrupt the macrophagic cytoskeleton, through phosphorylation of

proteins that are involved in cytoskeleton rearrangement. These results explain

the strategies that pathogenic mycobacteria employ mediated by PknG to block

phagosome-lysosome fusion and evade the host immune system and survive for

prolonged periods in the macrophages.

The findings of this thesis contribute to our understanding of the physiology of

pathogenic mycobacteria and their interaction with the host.
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1.MYCOBACTERIAL KINASES: STRUCTURE, 

FUNCTIONS AND SUBSTRATES

1.1 Signaling biology

Post-translational  modifications  (PTMs)  by  protein

phosphorylation/dephosphorylation represent  a central  mechanism for  specific

signal  transduction  in  various  cellular  processes,  via  sensor  kinases  and

phosphatases  present  on  the  bacterial  membrane  and  cytosol.  These  PTMs

enable the bacterium to adapt, and therefore survive, in hostile host conditions 1.

The role of kinases in signal transduction is ubiquitous. During the process of

infection, phosphorylation of proteins on hydroxyl amino acids occurs at different

stages,  catalysed  in  a  reversible  fashion  by  specific  protein  kinases  and

phosphatases that belong to either the invading bacterial cells or the infected

eukaryotic host cells.

Protein  kinases  are  a  family  of  well-characterised  enzymes that  mediate  the

intracellular response to extracellular stimuli 2, thereby regulating developmental

changes and host-pathogen interactions.  All protein kinases characterised so far

fall into two broad categories based on similarities and enzymatic specifications,

namely:  the serine/threonine (Ser/Thr) and tyrosine-specific kinases superfamily
3 and  the  histidine  kinase  superfamily  (two  component  system),  which  auto-

phosphorylates conserved histidine residues (Stock et al,. 1989). Both classes of

kinases have a short stretch of amino acids that can be used to predict whether

the putative kinase will  phosphorylate serine/threonine or tyrosine residues  3.
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Their catalytic domain (approximately 30 kDa) lies on the carboxyl terminus in

most  single  subunit  enzymes,  while  in  those  with  multiple  subunit  structure,

subunit polypeptides consisting almost entirely of catalytic domain are common.

1.2 Eukaryotic signalling

In  eukaryotes,  the  backbone  of  signal  transduction  pathways  occurs  via

serine/threonine  protein  kinases  (STPKs)  and  phosphatases  (Ptps).

Phosphorylation by these kinases results in phosphorylated serine, threonine and

tyrosine  residues.  STPKs  catalyse  the  transfer  of  gamma-phospho  ATP,  by

binding  the  ATP  phosphate  donor  as  a  complex  with  either  magnesium  or

manganese to the receptor hydroxyl group  ( Hunter et al. 1995). The resulting

negative  charge  from  the  phosphate  group  can  cause  changes  in  the

conformation  of  the  phosphorylated  protein,  which  can  lead  to  significant

changes in the protein’s function and activity. Recent studies have revealed that

some bacteria and archaea also possess these Hanks-type STPKs 5–15. These are

involved  in  pathogenicity,  stress  response  and  regulation  of  development  in

bacteria 15–21, generally via signalling within the bacterial cells.

Amino acid alignment of these STPKs has revealed 15 conserved residues within

their catalytic domain (between 150 and 200 amino acid residues) (Figure 1.1).

This catalytic site is where the substrate is bound, in the presence of ATP and a

divalent cation like Mg2+, and a phosphate group is attached to the residue on

the substrate. ADP is then released, and the phosphorylated protein is unbound

from the kinase 3,4. PknM (Rv3576) was eliminated as a Ser/Thr kinase since its

catalytic site didn’t possess this fingerprint used to define STPKs  22. The STPKs

may have evolved in different bacteria  while  they were adapting to different

conditions,  even  though  the  genes  have  the  same  common  ancestry  23,  or

alternatively,  these  genes  may  have  been  acquired  through  horizontal  gene

transfer from eukaryotes to prokaryotes  24. A recent publication by Stancik and

colleagues  proposed the  omission  of  the  term eukaryotic-like  kinases25.  They

argued that they did not find any evidence of horizontal gene transfers and all
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the bacterial kinases have a common evolutionary origin in the lineage leading

to the last universal common ancestor (LUCA).

Figure  1-1.  Sequence  alignment  of  M.  tuberculosis  STPKs  performed  by  Av-Gay’s  team using
Clustal W. The figure shows the conserved residues within the catalytic site (between 156 and 202
residues) of these kinases 22 .The red and yellow colours represent 100% and 75-95% respectively.

1.3 Mycobacterium tuberculosis’ kinases

Signalling in mycobacteria occurs through both the two-component system and

STPKs. Early sequencing studies of the genome of Mycobacterium tuberculosis

(M.  tuberculosis)  revealed  a  family  of  11  Hanks-type  STPKs  and  four

phosphatases, and Av-gay and colleagues first showed their functionality in  M.

tuberculosis by  identifying  six  phosphorylated  proteins  in  vitro 16,26,27.  The  11

Hanks-type  STPKs  share  about  30%  sequence  similarity  with  their  human

homologs  28.  Most  are receptor-like trans-membrane proteins,  with the kinase

domain located inside the bacterial cell wall, except two (PknG and PknK), which

are soluble (Av-Gay et al., 2000). Up until the work published by Chow, it was

assumed that tyrosine phosphorylation was not supported by  M. tuberculosis,

however, Chow and several subsequent studies, including work published by our

laboratory,  support  the  fact  that  M.  tuberculosis does  make  use  of  tyrosine

phosphorylation  17,29–35.  M.  tuberculosis has  the  same  number  of  STPKs  as

histidine  kinases,  while  other  Mycobacteria  have  a  higher  number  of  STPKs

(Narayan  et  al.,  2007).  M.  tuberculosis use  Hanks-type  STPKs  to  regulate

intracellular metabolic pathways, including cell division and molecular transport,

but  also  to  interfere  with  the  host’s  signalling  mechanisms  16,18,21,36–40.  The
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significance  of  these  M.  tuberculosis STPKs  in  pathogenesis  and  their

contribution to survival within macrophages is poorly understood. Understanding

the role of these protein kinases and phosphatases would give us an important

insight  into  the  regulation  of  the  signalling  underpinning  host–pathogen

interactions. The function of these STPKs depends solely on the substrates they

phosphorylate in vivo. In this chapter, we summarized the current knowledge of

the 11 Hanks-type STPKs of M. tuberculosis.

1.4 Classes of STPKs

Sequence alignment of  these STPKs revealed that  15 residues are conserved

throughout  this  family,  and  these  kinases  were  therefore  grouped into  three

groups based on their sequence similarities for discussion below 22. 

Group I: PknA, PknB, PknD

These kinases play an important role in viability of mycobacteria. PKnA and PknB

are expressed during exponential growth of mycobacteria and are essential for

growth and cell  division. Gene-knockout studies of PknA and PknB resulted in

death of mycobacteria 18, making them attractive targets for drug discovery. Both

pknA and  pknB genes reside on the same operon,  which controls  the switch

between peptidoglycan elongation and septum formation in other bacteria like E.

coli  41.  Sequencing  studies  have  shown  that  the  gene  mstp,  encoding

mycobacterial Ser/Thr phosphatase (Mstp), a trans-membrane protein, is on the

same  gene  cluster  as  pknA  and  pknB,  and  other  genes  involved  in  cell

biosynthesis  27.  Chopra  et  al. in  2003  showed  that  Mstp  dephosphorylates

phosphorylated PknA and PknB, suggesting that this phosphatase is involved in

regulating mycobacterial  cell  division  38. PknA is  involved in the regulation of

morphological  changes during cell  division by phosphorylating and regulating

Wag31, which induces an irregular phenotypic shape and unbalanced septum

formation  40,42,43.  The  structure  of  PknB  revealed  that  the  catalytic  domain

displays autophosphoryation properties, while the extracellular domain has 68

amino acid repeats that are  characteristic of penicillin binding proteins, further

supporting its function in cell wall synthesis 44. Its known substrate is Rv20020c,

an FHA domain contain protein with an unknown function 45. PknD is essential for

growth  and cell  division.  The  gene coding for  PknD,  pknD, lies  on  the same
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operon as  pstS,  which codes for  a component of a phosphate-uptake system,

suggesting  that  PknD  could  also  be  involved  in  the  regulation  of  phosphate

transport 22.

Group II: PknE, PknF and PknH

The genes coding for PknE and PknF lie on the same operon as an ATP-binding

cassette (ABC) transporter gene (Rv1747), which suggests a possible regulatory

role  of  this  transport  system  46.  ABC  transporters  are  translocators  that  are

responsible for the uptake and export of molecules across the cell membrane, in

a process coupled to ATP hydrolysis. The physiological role of PknE is to mediate

the  survival  of  M.  tuberculosis intracellularly  by  supressing  apoptosis  during

nitrogen stress 47. In 2014,  Parandhaman and co-workers carried out a study to

decipher the influence of the gene  pknE on intracellular signalling and on the

outcome of HIV/TB co-infection. They infected a human macrophage cell line with

M. tuberculosis wild type strain expressing  pknE or a  pknE knock-out mutant.

Their results indicated that  pknE influences the crosstalk between the mitogen

activated protein kinase (MAPK) cascades to regulate inflammation and HIV/TB

co-infection. In the mutant strains, MAPK was not phosphorylated, while there

was increased phosphorylation in the wild-type infected samples 48. 

PknF  is  a  460-amino  acid  transmembrane  kinase  that  is  activated  through

autophosphorylation  of  Ser/Thr  residues,  and  this  autophosphorylated  protein

interacts with the ABC transporter. Rv1747 possesses two fork head associated

domains  (FHAs)  and  a  phosphopeptide  recognition  domain with  a  55-  to  75-

amino-acid  homologous  region  that  mediates  specific  phosphorylation-

dependent  protein–protein  interactions,  which  suggests  that  the  function  of

Rv1747  is  regulated  through  phosphorylation  49–51.  Molle  and  colleagues
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investigated the relationship between PknF and Rv1747 using an in vitro kinase

assay, since the genes coding for both PknF and Rv1747 are adjacent on the

chromosome, and there is  a strong suggestion of  cross-regulation of  the two

proteins  52. Their results demonstrated that recruitment and phosphorylation of

Rv1747 depends on the interaction between its two non-redundant FHA domains

and the autophosphorylated form of  PknF.  These results suggest that PknF is

autophosphorylated  on  two  different  residues  that  will  allow  the  kinase  to

phosphorylate the two FHA domains of Rv1747 simultaneously. This study was

important in unlocking the role that kinases play in transporting nutrients into

the cell.

The physiological role of PknF was investigated by Deol and co-workers using an

antisense strategy with M. tuberculosis expressing PknF and its kinase mutant in

non-pathogenic M. smegmatis 53. Immunoblotting experiments have shown that

PknF is absent in M. smegmatis. Expression of PknF in M. smegmatis resulted in

reduced  growth  rate  and  in  deformed  cell  morphology.  They  observed  an

increase in glucose uptake compared to that of the wild type strain by analysing

the uptake of  3H- and 14C-labeled substrates in the anti-sense  M. tuberculosis

strain. The authors concluded that PknF plays a regulatory role in the transport of

glucose, as well as cell growth, and septum formation and elongation21.

PknH controls the expression of a variety of cell wall-related enzymes, and plays

a role in virulence  37.  Papavinasasundaram and colleagues infected mice with

pknH knockout strains of  M. tuberculosis  and found that the mutant strain was

hyper  virulent  and  showed  greater  resistance  to  acidified-nitrite  treatment,

suggesting that PknH might be involved in the control of M. tuberculosis growth

in the presence of nitric oxide. They treated both the wild-type and the knockout

PknH mutants with ethambutol,  and found that,  in the wild-type strain, PknH

induces the expression of a set of genes within the embCAB and iniABC operons
54. The knock-out mutant failed to produce this response. This suggests that PknH

regulates signalling cascade-mediated proteins involved in cell wall biosynthesis.

In  2007,  the  same authors  predicted  that  PknH  could  phosphorylate  several

substrates  controlling  different  metabolic  and  physiological  pathways.  They

identified  40  potential  substrates  using  a  bioinformatics  approache,  and  two
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substrates  were  found  to  be  phosphorylated  by  recombinant  PknH  in  vitro:

Rv0681,  a  transcriptional  regulatory  protein,  and  DacB1,  a  penicillin  binding-

protein  55.  The  mycobacterial  transcription  factor  regulator  in  cell  wall

biosynthesis,  EmbR,  is  another  known substrate  of  PnkH  56.  Embr  is  an  FHA

domain-containing protein, and mutations in the FHA domain results in inhibition

of phosphorylation, leading to the conclusion that this domain facilitates PknH

phosphorylation of Embr 56.  

Group III: PknK, PknL and PknG

PknK is a predicted secreted kinase. It lacks the transmembrane domain but has

been  found  in  the  culture  supernatant  of  M.  tuberculosis.  Its  role  in  the

intracellular survival of the bacteria and localization was first demonstrated by

Malhorta  and  colleagues  a  few  years  ago  57.  They  found  that,  in  human

macrophages obtained from peripheral blood of healthy volunteers infected with

M. tuberculosis, the expression of PknK was increased 18 hours post infection.

Their results implied that PknK expression correlated with driving the bug into a

slow growing, non-replicating state which is more resistant to acidic stress and

hypoxia during persistent infection in a mouse model. They also showed that

PknK modulate host pro-inflammatory cytokines early on in the mouse model

infected  with  M.  tuberculosis mutant  lacking  pknK  gene.  IFN-γ,  IL-12  was

downregulated whilst TNF-α was significantly upregulated  57. The same authors

later  described the  mechanism of  survival  and host  modulation  mediated by

PknK.  Through  overexpression  of  the  kinase  in  M.  smegmatis,  it  was

demonstrated  that  PknK  activation  is  through  autophosphorylation,  and  the

active kinase then regulates the expression of growth factors dependent on the

growth phase of the bacteria 58. 

PknL  is  a  43KDa transmembrane kinase  with  399 amino acid  residues.  Most

STPK’s have a Lysine on the active site, except for PknL, which has an Asparagine

on its active site, but studies have shown that it has kinase activity and other

conserved residues characteristic of mycobacterial kinases  22,59. It is thought to

play  a  role  in  virulence  and  pathogenicity  due  to  its  homologue  present  in

pathogenic  Mycobacterium leprae.  A recent study that demonstrated the role
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that PknL plays in survival of pathogenic mycobacteria under stress was carried

out by Refaya and colleagues  60. Their results showed that the wild type strain

had better growth kinetics at lower pH (5.5) than the mutant lacking the kinase.

These  findings  demonstrate  that  PknL  drives  the  bacteria  into  a  slow,  non-

replicating state in acidic conditions inside the phagolysosome as a means to

adapt and ultimately cause disease.

PknG is a multi-domain 80kDa protein with 750 amino acid residues. It lacks a

trans-membrane domain and, therefore, predicted to be a cytosolic protein 53. It

has a Rubredoxin (Rdx) domain 99 residues from its N-terminus containing two

characteristic CXXC motifs.  This Rdx domain gives rise to the deep substrate

binding cleft of the kinase, through its tight association with the small lobe of the

kinase domain. The Rdx domain has high affinity to metal binding, making it a

possible redox-dependent  regulator  61.  PknG also has Tetratricopeptide repeat

(TPR) at residue 405 in the C-terminus (Figure 1.2). Knock-out studies of the

TPR domain did not have any effect on the activity of the kinase  62. The  PknG

gene lie on the same operon as glnH gene encoding a glutamine binding protein.

PknG has been shown to play a role in glutamate metabolism under nitrogen

deficient  conditions  through  phosphorylation  of  GarA,  this  ties  in  with  the

hypothesis that both pknG and  glnH  transcription is upregulated at the same

time in nitrogen limited media 37.

PknG is  secreted   via  secA2  secretion  63,  and  its  role  during  survival  in  the

vacuole  was   described  by  Walburger  and  colleagues  36.  Macrophages  were

infected with  M.bovis BCG Wt, and a mutant lacking the  pknG gene s.  Using

confocal microscopy, Walburger et al observed that the mutant lacking the pknG

gene  was  trafficked  to  the  phagolysosome,  whilst  the  wild-type  strain  was

localised  in  the  phagosome.  To  further  validate  these  findings,  they

overexpressed  M. tuberculosis pknG into non-pathogenic soil  mycobacteria  M.

smegmatis and repeated the experiment. The results proved the role of PknG in

survival when M. tuberculosis PknG was localized in the vacuole, while the wild

type  was  localized  in  the phagolysosome.  The task  now is  to  find the  exact

mechanism  of  survival  mediated  by  PknG,  by  identifying  host  substrates

phosphorylated by this kinase, since the function of kinases are dependent on

the substrates they phosphorylate. In culture, the known functions of PknG are
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biofilm  growth  regulation  through  phosphorylation  of  its  substrate  ribosomal

protein L13 64, as well as intrinsic resistance to first-line TB  drug Rifampicin 65.

Figure  1-2:  PknG  organisation  showing  the  750  residues  and  all  the  domains  with  different
functions
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1.5 Structural studies of PknG

Structural studies of these STPKs, which is the first step in understanding kinase

substrate relationships, have advanced rapidly in recent years. A few STPK x-ray

crystal  structures  have  been  resolved  61,62,66,67.  These  structural  studies  have

revealed  mechanisms of  kinase  activation  and substrate  specificity  for  these

kinases.  The  conversion  of  an  inactive  kinase  to  an  active  kinase  involves

conformational  changes  in  the  protein  that  lead to  the  correct  disposition of

substrate  binding  and  catalytic  groups  and  relief  of  steric  blocking  to  allow

access  of  substrates  to  the  catalytic  site68.  The  structures  of  active  kinases

display  a  similar  conformation  in  key  regions  involved  in  ATP  and  protein

substrate recognition, but the structures of inactive kinases show considerable

differences in their ATP binding sites. The activation segment, a region ranging

between 19 to 32 residues at the centre of the kinase domain, plays a crucial

role in activation of most kinases, in substrate recognition and in promoting the

correct environment for the catalytic residues69. 

Scherr and colleagues first resolved the structure of PknG in complex with a low

molecular weight inhibitor, AX20017, by x-ray crystallography (Figure 1.3). The

crystallized structure of  PknG revealed the deep kinase binding cleft that the

inhibitor  binds  to,  thereby  targeting  the  active  conformation  of  the  kinase

domain  61.  Lisa and colleagues’ work is interesting because they revealed the

mechanisms by which PknG binds to and phosphorylates its substrates 62. They

knocked  out  specific  regions  along  PknG  and  did  biochemical  assays  to

determine which region of the kinase confers its specificity,  using one of  the

accepted substrates GarA 70. They knocked out the first 45 amino acids, the TPR

region, which is speculated to be the site that the kinase uses to be secreted out

of the cytosol since it doesn’t have a membrane region 37. They determined that

it is the N-terminal region of the kinase that is required for substrate specificity,

and  furthermore,  that  the  kinase  is  more  specific  to  full  length  protein  as  a

substrate than to short peptide sequences. These studies served as important

stepping  stones in  the quest  to  try  to  understand the  physiological  role  this

regulatory protein.
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Figure 1-3: chemical structure of the inhibitor AX20017 bound to the kinase domain of 
PknG (Ribbon representation) resolved by X-ray crystallography Nicole Scherr et al. 
PNAS 2007;104:12151-12156
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1.6 Mass  spectrometry  as  a  platform  to  study

phosphorylation  and  identification  of  kinase

substrates

Protein phosphorylation is a critical step in the flow of information from outside

the  cell  to  the  cytosol,  so  the  cell  can  respond  appropriately  by  regulating

important  proteins,  whether  the  modified  protein’s  functions  are  influenced

positively or negatively depends on the environment the cell is in. The site of

phosphorylation on the substrates is very important, the phosphate group on a

particular protein has been shown to act as a potential protein-protein interaction

recognition site  71.  A single change from one phosphorylation site to the one

adjacent to it can change the effect of that phosphorylation on that substrate

significantly. The turn-over for phosphorylation is rapid, taking place in a matter

of  minutes,  since  the  cell  must  respond  to  constant  stimuli.  Thus,  efficient

platforms  available  currently  have  to  be  able  to  capture  snap-shots  of

phosphorylation at that moment. 

1.6.1 Top-down phosphoproteomics

Before  mass  spectrometry  became  the  platform  of  choice  to  study  PTM’s,

biochemical  assays were the only available option.  These approaches rely on

separation of proteins by two dimensional gels (2D gels) stained with radioactive

dyes and in vitro kinase assays 72–74.  However, as mass spectrometry methods

became more popular, there was a shift towards this superior technique.  Top-

down phosphoproteomics is an approach that identifies whole proteins separated

by 2D-gel electrophoresis. One assay that is well established and has been used

successfully  is  immunoprecipitation  (IP)  pull  down  75–77.  Antibodies  specific  to

phosphorylated tyrosine residues are immobilized and bind to phosphotyrosines

in  digested  lysates,  followed  by  analysis  on  the  mass  spectrometer.  Tyr

phosphorylation  is  different  from  Ser  and  Thr  due  to  the  placement  of  the

phosphate group on the O4 position on the amino acid residue 78. There are a few

pitfalls with this method, for example, it is essential to have prior knowledge of

which phosphosite to target, and to have antibodies against that particular site.

That  becomes  difficult  in  discovery  phosphoproteomics,  where  the

phosphoproteomic landscape at that time point is unknown. Another downfall is
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that the method is only specific for phosphorylation that occurs only on tyrosine

residues. Our work and that of others in mycobacteria has shown that tyrosine

phosphorylation  only  occurs  at  low  frequency,  less  than  4%  of  the  total

phosphoproteome  29–31.   When  it  comes  to  kinase  substrates  discovery,  this

method is not suitable since kinase-substrate interaction are transient, due to

the nature of the interaction. The negative charge that results from the gain of

the  phosphate  group  at  the  phosphorylated  residue,  repels  and  unbinds  the

kinase from the substrate, therefore, it is difficult to capture and purify the kinase

bound  to  its  substrate  with  this  method.  As  mentioned  earlier,  the  site  of

phosphorylation is the key to understand the underlying physiological regulation,

however,  this  platform  is  inadequate  in  site  specific  phosphorylation

determinations. These methods, however, are still invaluable when it comes to

validation of phosphorylation events identified by mass spectrometry techniques
79–81. 

1.6.2 Bottom-up phosphoproteomics

Advances in mass spectrometry field have greatly improved in the last 20 years

since  it  was  first  developed  over  100  years  ago  82.  Today,  with  improved

resolution and accuracy we can identify and characterize thousands of proteins

in a single experiment.  Fractionation decreases the complexity of  the protein

sample for better sensitivity and quantitation 83. Mass spectrometry is therefore

the  superior  platform  to  study  phosphorylation  and  other  post-translational

modifications.  The  work  presented  in  this  thesis  was  performed  on  the  Q-

Exactive  Orbitrap  mass  spectrometer  (Thermo  Fischer).   We  made  use  of  a

“bottom-up”  proteomics  approach,  whereby  peptide  information  is  correlated

back to the protein it was digested from. It is an unbiased way to survey deep

into  the  proteome  and  can  identify  different  isoforms  of  proteins  and

modifications  those  proteins  hold.  Bottom-up  proteomics  identifies  peptides

based on their mass to charge ratio (m/z), which makes it an attractive platform

since only one amino acid is modified in most PTMs, so data on a single peptide

can have significant biological implications. 
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High precision mass spectrometry identifies and quantifies peptides in the gas

phase created by the ion source, usually electron spray ionization (ESI), which

ionises peptides in the liquid phase, or matrix assisted laser desorption ionization

(MALDI),  which  ionizes  peptides  with  a  laser.   Typically,  cells  are  lysed  in

appropriate buffers and conditions depending on the cell type, as discussed in

detail  later.  Proteins are  then precipitated and digested into peptides,  mostly

tryptic,  that is,  using the protease enzymes like Trypsin to cut long chains of

amino acid into smaller peptides by cleaving them at carboxyl-terminus of the

Lysine and Arginine residues. Trypsin digests proteins into thousands of short

length amino acid peptides, generally around 300 to 3000 Daltons (Da). In this

work we also use LysC endoptidase, which cleaves denatured proteins only on

the carboxyl-terminus of Lysine residues, in combination with Trypisn to aid with

the digestion 84.  The combination of these two endopeptidases usually gives us

efficient cleavage, with on average 2% missed cleavages, which is imperative in

the  in  the  identification  of  phosphorylated  peptides  85,86.This  high  cleavage

efficiency, as good as it is, it gives arise to high numbers of peptides and that

have a negative influence on ionization and therefore lead to low identification

numbers. The solution to that is to separate peptides by polarity in the liquid

chromatography (LC) phase. 

MS  based  phosphoproteomics  still  has  many  challenges  to  get  unbiased

phosphopeptide identification. These are mostly due to the negatively charged,

hydrophilic nature of phosphopeptides. Firstly, they can be lost during loading

onto the reverse-phase analytical column, ie. less retention 87, there is also the

problem  of  selective  ionization  suppression  of  the  phosphopeptides  in  the

presence  of  unmodified  peptides  which  results  higher  peak  intensity  of

unmodified peptides, which can be partly circumvented by using new generation

MS that ionizes by electrospray dissociation 88.  Separation in the reverse phase

LC packed with lunar beads as solid phase, which binds to peptide species based

on polarity, takes advantage of the unique chemical properties of the negatively

charged phosphopeptides to bind.  The mobile phase used to elute peptides is

normally varying concentrations of Acetonitrile (ACN) acidified with Formic acid

(FA) and the solvents used will elute them directly, at a slow flow rate, into the

ion-trap tandem MS.  For positively charged peptide species, which is most of the
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non-modified peptides, they will  elute last.  The column length of  the LC also

affects separation and resolution of peptides, therefore, identification.

The peptide precursor ions then enter the gaseous phase, where high collision

dissociation  energy  (HCD),  usually  kinetic  energy,  or  collision  induced

dissociation (CID), where a neutral gas like Nitrogen, fragments the precursor

peptide backbone along the amide bonds, which results in b and y fragment ions

and neutral losses of ammonia and water, or in the case of phosphopeptides, the

loss of phosphoric acid 88,89. In this work, we employed HCD fragmentation, where

both the precursor and the resultant ions are analysed at high resolution and

mass  accuracy  in  the  Orbitrap.  HCD  fragmentation  is  superior  to  CID  in

phosphoproteomic studies due to the improved high resolution of fragmentation

spectra  and  easily  distinguished  charged  states,  an  important  feature  that

improves phosphosite localization score  90. Although CID has been successfully

used in short peptide chains, there are pitfalls in CID fragmentation: it’s affinity

to the lower charge state of the precursor ion influences its effectiveness and it

introduces biases especially in phosphorylated peptides, that are characterized

by a higher charge state, leading to the loss of the labile phosphate group during

fragmentation 91. Another fragmentation strategy of new generation MS like the

Orbitrap  Fusion  is  via  electron  transfer  dissociation  (ETD),  a  more  attractive

method  for  identifying  and  correctly  localizing  post-translationally  modified

peptides since it keeps the modification intact during fragmentation 92. ETD uses

low electron binding energy anion donor to collide with the precursor ion and

cleave the disulphide and N-Cα bonds at multiple sites on its peptide backbone to

give rise to c and z fragment ions 93. This allows for multiply charged precursor

ions to be fragmented and sequenced  94.  In the past decade, researchers has

found that a combination of different fragmentation methods in MS instruments

like  the  Orbitrap  resulted  in  improved  identifications  of  different  species  of

peptides 95,96. Collins and colleagues presented a strategy which combined both

ETD and CID for improved phosphopeptide fragmentation, they coined it the data

dependent neutral loss triggered-ETD (DDNL). This method fragments precursor

ion  by  CID  first  and  if  the  characteristic  neutral  loss  of  phosphoric  acid  is

observed, it is then subjected to ETD fragmentation. The authors reasoned that

only those peptides that are  bona fide phosphopeptides will be fragmented by
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the time consuming, more sensitive ETD method  97. They tested this approach

and it yielded confident phosphopeptide identification and localization.

The detector coupled to the mass analyser generates the structure information

of  fragmented ions   given as  raw files containing the spectral  library.  Mass

spectra are then searched and mapped to a proteome database obtained from a

six-frame translation of a genome using a search engine. There are a few wildly

used and trusted search engines.  98–105. All of them uses a False Discovery Rate

(FDR), usually by reversing the database used to identify the spectra submitted,

to give the confidence levels for false-positives of the acquired data. Posterior

error  probability  (PEP)  is  the  negative  probability  that  the  peptide  spectra

matched to the database is true. It is usually set at <0.01.

Liquid  Chromatography  (LC)  coupled  to  mass  spectrometry-based

phosphoproteomics offers the ability to identify novel phosphorylated sites with

high confidence site localization. When a residue is phosphorylated, the resultant

mass shift of the peptide and the added phosphate group (PO4) is then used to

determine the exact residue that is phosphorylated.  Phosphosite localization and

specificity  is  hampered  by  stoichiometry,  since  only  a  fraction  of  the  total

proteome  is  phosphorylated,  therefore,  improved  protocols,  from  sample

handling and preparation to phosphopeptide enrichment increases the rate of

isolation  and  identification  of  phosphorylated  peptides.  Another  factor

influencing a successful phosphoproteomic experiment is the labile nature of the

phospho peptide, therefore, careful measures that have to be thought of and

implemented in the process.  Post-translational  modifications of  proteins’  turn-

over time is very rapid, changing the phosphoproteome landscape of the same

system within  seconds due to external  environmental  stimuli  and signals  are

transmitted into the cell to respond accordingly. In comparison to the protein turn

over, phosphorylation is orders of magnitude more rapid, with a half-life of a few

seconds  106. This is the reason why sample handling and enrichment protocols

must be improved all the time.
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1.6.3 Phosphopeptide enrichment techniques

As  mentioned  earlier,  the  sub-stoichiometry  nature  of  phosphopeptides  is  a

challenging  step  in  phosphoproteomic  experiments.  Enrichment  strategies

revolutionized  and  improved  identification  and  quantification  of

phosphopeptides. Ideally, one would fractionate the peptide mixture to decrease

sample  complexity  before  enriching  for  phosphopeptides.  Strong  Cationic

Exchange (SCX) is a peptide fractionation method that takes advantage of the

polarity of peptides.  The principle is that under strong acidic chromatography

conditions,  the  N-terminus  of  tryptic  peptides  becomes  positively  charged

through protonation and whilst  the C-terminus will  become neutrally charged.

The difference in the charge state of peptide species will bind to the negatively

charged chromatography resins.  The bound peptides are then eluted from the

SCX  column  using  different  salt  gradients.  This  method  of  fractionation  and

enrichment has been widely applied in phosphoproteomics studies 107–111, where

unenriched  peptide  mixtures  are  fractionated  and  then  enriched  for

phosphopeptides by methods described in the next section. The combination of

SCX  and  other  enrichment  strategies  improved  the  number  of  p-sites  per

experiment 112. The downside of this method is that it takes a lot of MS time since

each fraction has to be enriched and run as an independent sample on the MS. In

a  resource  limited  setting,  that  can  sometimes  not  be  the  most  feasible

approach.

Immobilized Metal Affinity Chromatography (IMAC) 

IMAC is one of the efficient protocols to enrich for S/T/Y phosphopeptides that

was developed by Andersson and colleagues in 1986 113. Since then, the protocol

has been optimized and improved and it is still one of the popular methods for

phosphopeptide  enrichment.  It  has  high  affinity  and  selectivity  to  multiply

phosphorylated peptides in most lysis buffers,  which is  easily overcome by a

buffer exchange during peptide clean up just before data acquisition on the LC-

MS/MS.  The  procedure  uses  tri-valent  metals,  which  has  high  affinity  to

phosphates, to bind the negatively charged peptides. These metals, mostly Fe3+,

Ga3+, Ti4+ or Zr4+, immobilized in a column packed with porous material, forms

complex  with  the  phosphate  group.  The  specificity  of  the  metals  varies
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depending  on  the  chemistry  of  the  organic  solvent  used  in  the  protocol,  for

example, Ga3+ has optimal selectivity when iminodiacetate columns were used
114.  Although  IMAC  has  been  used  to  study  the  phosphoproteome,  like  most

phosphopeptide enrichment strategies, they must be continuously improved as

technologies improve. McNulty and colleagues used a multidimensional strategy

combing IMAC with hydrophilic Interaction Chromatography (HILIC) 115 separation

to decrease complexity of the protein mixture before phosphopeptide enrichment
116. In this system, there’s better retention of hydrophilic peptides introduced by

the phosphate group on the HILIC column as compared to the reverse phase

column, resulting in better selectivity and fractionation of phosphopeptides and

therefore  identification.  One  of  the  latest  development  in  improving  this

technique is by the use of nanomaterials to produce Fe4+ IMAC, for example:

Fe3O4@SiO2@PEG-Ti4+-IMAC nanoparticle has a high phosphopeptide recovery

(over 70%) and low limit of detection117,118. This is due to the combination of the

hydrophilic surface and the high binding capacity of the grafted PEG brushes that

have a high chelating capacity of titanium ions119. 

Titanium Dioxide (TiO2) enrichment for phosphopeptides

Titanium  Dioxide-based  solid  phase  material  was  first  proven  effective  in

capturing phosphate group on a peptide by Pinkse and colleagues 120. They made

an  on-line  two-column  system  where  the  TiO2 column  firstly  trapped  the

phosphopeptides and the unmodified peptides flowed through and were captured

on a reverse phase column. Phosphopeptides were then eluted from the TiO2

under  strong alkaline  conditions  before  LC-MS/MS.  The  same year,  Sano and

colleagues used “column switching” to capture phosphopeptides by HPLC. The

pre-column contained TiO2 and an anion exchange analytical column coupled to a

UV detector before MS analysis  121.  The principle of this workflow is that TiO2

binds to organic phosphate under acidic conditions and its amphoteric chemical

stability makes it a suitable metal of choice 122. The method has been improved

over the years, for example: the addition of 2.5 di-hydroxybenzoic acid (DHB)

reduces non-specific biding of peptides with acidic residues to the TiO2 column,

while retaining high specificity for phosphopeptides 123.  DHB is a MALDI matrix, it

comes with caveats during an MS run because it binds to the column leading to
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MS  instability  and  overheating  of  capillaries.  Another  improvement  to  the

workflow was  coating  magnetic  nano-particles  with  TiO2 which  increased  the

surface  area,  therefore  more  binding  capacity  and  deeper  phosphoproteome

identification. Due to their magnetic properties, the TiO2 coated nano-particles

bound to phosphopeptides could be readily separated using a magnetic field.

This method, however is not compatible with ESI MS since bound peptides are

not eluted from the nano-particles but are instead used as a matrix and analysed

on  a  MALDI  124.   As  discussed  earlier,  IMAC  has  proven  efficient  in

phosphopeptide  enrichment,  however,  due  to  its  electivity  for  multiply

phosphorylated  peptides  125,  a  new method  was  proposed by  Thingholm and

colleagues where they used IMAC coupled with TiO2 to capture both singly and

multiply phosphorylated peptides. They coined it SIMAC, but it is not a popular

choice of phospho-enrichment due to its low recovery that has been attributed to

the use of two different chromatography columns 126. 

1.6.4 Database  search  engines  and  Quantification  of

phosphopeptides

CID fragmentation results in spectra that is dominated by large peaks of neutral

loss of the phosphate group plus water, if the peptide harbours a modification

compared to their unmodified counterparts. ETD, on the other hand, preserves

the modification on the peptide and its becoming a popular choice for not only

phosphorylation,  but  other  PTM  studies  too.  Computational  analysis  of  raw

spectra  is  influenced  by  the  type  of  fragmentation  method  used.  Additional

processing might be required before the spectra is matched to the database of

interest, and the downfall is that there is an increased search space that could

lead  to  false  identifications.  For  example,  modified  peptides  are  complex  by

nature,  when we consider other variable modifications that  can occur  on the

same  peptide,  like  variable  modifications  that  are  purely  due  to  sample

processing protocols, eg oxidation of a Methionine and cabarmidation of cysteins,

the  search  space  becomes  compounded.  Another  layer  of  complexity  is  the

increase  missed  cleavages  if  the  modification  occurs  after  either  Lysine  or

Arginine, the two tryptic cleavage sites. The current peptide spectrum matching
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(PSM) softwares take into account these complexities and have been improved

over the past few years to be able to process, search and score the database for

phosphopeptide identification 100–102,104,105,127,128.

Computational  platforms  for  Phospho-site  localization  and

occupancy

Data  processing  after  LC-MS/MS  is  the  bottle  neck  of  phosphoproteomics.

Phosphorylation  can  occur  on  a  few  residues  in  a  peptide.  If  a  peptide  has

several phosphorylatable residues, it is of great importance to correctly localize

the exact site of phosphorylation. The mass shift after neutral loss of phosphoric

acid of a peptide is evidence that that peptide was modified, however, if that

peptide has more than one Ser/Thr/Tyr residues, the software should be able to

correctly determine which residue out of all possible ones was phosphorylated.

The site of phosphorylation has very significant impact on the functionality of the

protein. That is the reason why the importance of accurate identification of the

site  of  phosphorylation  cannot  be  over-stated  for  downstream  biological

interpretation. Current software used for phosphoproteomic analysis  estimates

the error of falsely localization of phosphorylation based on the presence and

intensity of the fragmentation ion and gives a localization probability score 98,129–

133.  In  this  work,  in  addition,  we  manually  validated  the  phosphorylation

localization by interrogating the fragmentation spectra for each phosphopeptide.

Phosphorylation stoichiometry is the fraction of phosphorylated proteins in any

given state. Knowledge of the changes in phosphorylation stoichiometry between

different  disease  and/or  biological  states  is  not  sufficient,  but  the  actual

phosphorylation site stoichiometry is crucial, and to date it is rarely quantified,

highlighting the need for data driven site-specific phosphorylation stoichiometry

workflows.  It has been argued that the functional relevance of a phosphorylation

site  is  dependent  on  that  site’s  phosphorylation  stoichiometry,  that  is,

biologically  relevant  (functional)  phosphorylation  have  high  phosphorylation

stoichiometry  134.  However,  some  counter-argued  that  non-functional

phosphorylation does not exist,  it  just hasn’t  been functionally described yet,

20
Kehilwe C Nakedi – June 2018



Comprehensive definition of Ser/Thr/Tyr phosphorylation in mycobacteria: towards understanding reprogramming of normal macrophage functions by
pathogenic mycobacteria

using the yeast’s ATP Citrate Lysate (S454) as an example, which was thought to

be a non-functional phosphorylation until its function was deciphered 135. These

conflicting  arguments  from  researchers  only  highlights  the  importance  of

studying phosphorylation as a major part of systems biology.

When an increase in phosphorylation at a particular site is observed, there is a

possibility that the observed upregulation is due to changes in abundance of that

phosphoprotein and not due to regulation at the post-translational level. There

are a few ways to correct for that.  In a typical phosphoproteomic experiment, an

unenriched sample is analysed concurrently with the enriched one and used to

correct for the uncertainty of the level of regulation. Biochemical approaches as

well  as  chemical  labelling have been utilized in literature.  Olsen  et al,  2010,

published their  work where they quantitated p-site occupancy (stoichiometry)

using  SILAC  labelling  approach  and  found  that  most  phosphorylation  events

occur  at  less  than  10% occupancy  during  mammalian  cell  cycle  112.  Isobaric

tagging like tandem mass tag (TMT) and Isobaric Tags for Relative and Absolute

Quantification (iTRAQ) that incorporates labelled tags on the peptides before MS

analysis  are  best  for  relative  quantitation  and  therefore  stoichiometry  of

phosphopeptides, however, they are not an option in resource limited settings 136–

140.

Most recently, Sharma and colleagues came up with a strategy for calculating

site occupancy from label-free phosphoproteomics data. Their approach uses a

“reference sample’ that the Maxquant software algorithm selects from each site

per sample, based on its probability to give the lowest error. This sample is then

use to obtain ratios of modified peptides and their unmodified counterparts, that

is, the proportion of identified phosphopeptides in relation to the protein ratio of

the experiment, and the resultant values are then used to give a score, anything

less than one is considered as a measure of occupancy reliability 80.

1.7 Statistical analysis of phosphoproteomic data

Mass  Spectrometry  based discovery  phosphoproteomics  can  identify  novel  p-

sites, however, before biological interpretation, statistical analysis on the data

must be done first. That brings its own set of challenges. Data analysis is done at

the  peptide  level  instead  of  the  proteome level  in  discovery  proteomics.  We
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discussed earlier the enrichment techniques that improves p-sites identification,

these techniques, however invaluable, introduces a lot of noise from non-specific

binding and variation between replicates,  therefore careful  statistical  analysis

and, in kinase substrate identification, validation steps are imperative.  

Missing  values  in  label-free  phosphoproteomics  occur  due  to  losses  during

sample preparation and poor MS/MS identification scores for those peptides just

above or below the limit of detection of the instrument. As a result, Label free

phosphoproteomic data are sparse and with significant data gaps. There have

been a few methods proposed to deal with these missing data 141. The first is to

increase  the  number  of  both  biological  and  technical  replicates  to  minimise

under sampling and give statistical validation. The second way is to not include

in the analysis all those peptides that are only identified in one replicate and not

the others, which mostly happens if the peptide is present but is below the limit

of detection of the mass spectrometer. If two or more replicates have intensity

values, then an appropriate, yet controversial way of dealing with those few data

gaps  is  through  missing  value  imputation  that  was  initially  developed  for

microarray data  142,143.  It has been argued that since imputing gives values to

unknown peptide information, it can be misleading 141. The principle of imputing

missing values with the lowest value from the normal distribution with means

and variance estimated from the observed data is the most widely accepted and

easily implemented method of dealing with data gaps. 

A proposed method by Wang and colleagues 144 for normalizing proteomics data

with missing values is through rescaling the data and using a  probability model

to  investigate  the  intensity-dependent  missing  values  and  provide  possible

substitution. Rescaling involves using information from peptides with values in

both replicates to work out the scale difference of the overall experiment and

using that information to estimate intensities of peptides with missing values.

The assumptions made by this workflow is that in any MS based experiment, the

number  of  features  that  change between samples  is  fewer  compared to  the

overall  features and that  sample intensities are  related by a constant  factor,

therefore  the  distribution  of  the  measurements  of  all  features  across  all

experiments should roughly be the same. Proteomic data is usually logarithmical

to give a normal distribution before any downstream statistics can be performed
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to obtain statistically significant results. A recently published method specific for

normalization  of  phosphoproteomic  data  is  by  Kauko and colleagues  that  we

have used in this work. They termed it the “Median pairwise normalization”. The

principle is that since the phosphopeptide enrichment introduces variability, to

overcome this is to normalize the enriched peptides by adjusting their intensity

values with those that are identified in an unenriched sample 145.

The steps discussed above has enabled us and other researchers to interrogate

the  global phosphoproteome  and  perform  accurate  quantitative  analysis  of

protein  events  at  the  phosphopeptide  level  11,12,17,48,80,109,110,146,147. In  addition,

several studies using quantitative phosphoproteomics have identified hundreds

of kinase substrates in varying eukaryotic systems 79,108,145,148,149. More recently, a

similar quantitative phosphoproteomic analyses have been successfully applied

to  identify  novel  substrates  Bacillus  subtilis  of  the  Ser/Thr  kinase  PrkC  and

phosphatase PrpC 110 and of the MAPK Hog1 in yeast 150 and in human cells 79.

1.8 Targeted mass spectrometry in phosphoproteomics

Label free quantitative discovery proteomics is semi-quantitative, and hypothesis

generation requires several assumptions to be made, which mandate validation.

Furthermore, the complexity of the protein sample can affect which proteins are

observed, thus limiting the suitability of discovery proteomics for low-abundance

proteins. Western blots have been the gold standard in validating hypotheses

derived  from  discovery  mass  spectrometry  experiments.  In  this  era  of  high

throughput data science, western-blots may be inadequate to validate data from

omics  experiments.  An  interesting,  recently  developed  platform that  has  the

potential to quantify proteotypic phosphopeptides with high precision is targeted

mass  spectrometry,  which  is  a  peptide-centric  approach.  This  platform takes

advantage  of  the  information  gained  from discovery  ‘data  dependent’  (DDA)

untargeted proteomic experiments to generate targeted assays for identification

and  quantitation  of  peptides  of  interest  based  on  their  known  properties

(precursor ion mass to charge ratio (m/z) and retention time).  By monitoring

only specific ions and their fragment ions, peptides of interest can be accurately

and  sensitively  identified  and  quantified.   Targeted  proteomics  allows  for
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quantification  of  low-abundance  peptides  in  complex  mixtures,  which  has

exciting applications in the high-throughput validation of phosphosites.  

There are several targeted MS approaches, depending on the type of instrument

used and/or parameters. The first, and most widely used, is so-called ‘multiple

reaction  monitoring’  (MRM),  sometimes  referred  to  as  selected  reaction

monitoring (SRM) or parallel reaction monitoring (PRM).  In an MRM workflow,

protein abundances are calculated from the summed intensity of precursor and

fragment ion pairs (‘transitions’) for each peptide, typically in a triple quadrupole

MS instrument. The first quadrupole filters the precursor ions based on their m/z

values,  selecting  only  the  target  precursor  m/z.  These  precursors  are  then

fragmented in the second quadruple through interaction with a collision gas to

produce fragment ions (Figure 1.4). In the third quadrupole, the fragment ions

are again filtered to select only the target fragment ion m/z, and the combination

of  precursor  and  fragment  ion  contributes  to  the  specificity  of  the  peptide

identification  and  quantitation.  The  monitoring  of  transitions  at  a  defined

retention time, known as ‘scheduling’, allows for multiplexed identification and

quantitation of up to 200 transitions in a single run. In contrast, a PRM workflow

is applied in hybrid Orbitrap instruments, such as the QExactive (Thermo). The

major difference between MRM and PRM is that all possible fragment ions can be

are monitored in PRM, due to the high speed and accuracy of the hybrid Orbitrap

mass analyser. A scheduled PRM is capable of monitoring up to 100 peptides in a

single run  151.  Recent studies, including the present study, have been able to

exploit this platform as a means of validating  peptides of interest from discovery

experiments 152–154.

The second type of targeted assay is the so called ‘data independent acquisition’

(DIA),  which  is  rapidly  growing  in  popularity.  Popular  DIA  methods  include

SWATH, which promises accurate identification of a large number of proteins in

even the most complex of samples 155. While the application of DIA is still being

explored in phosphoproteomics, this technology is anticipated to revolutionise

the field of quantitative proteomics. 
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Figure 1-4: Schematic diagram of an analyte going through a triple quadruple instrument. (Lange
et al., 2008). Ions are separated based on their polarity and stability and travel through the quads
via a voltage. Selection of different radio frequency (RF) voltages allows for separation of ions with
m/z compatible to that voltage to travel through Q1, that way one can choose a voltage that will
scan  the  peptides  of  interest  in  an  MRM run.  Q2  acts  as  a  collision  cell  by  fragmenting  the
precursor ion with a gas, and the resultant fragment ion is selected in Q3 where is converted into a
mass spectrum
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1.9 Objectives of the thesis

Research in signalling pathways involving mycobacterial kinases that can explain

the mechanisms this bacterium uses to establish latency and evade the immune

system is limited because of the rate limiting steps, ie. knowing the role these

signalling proteins  play.  The functions  of  these kinases  solely  depend on the

substrates they phosphorylate in changing environments.

Until recently, only a few papers have been published on the phosphoproteomic

landscape of mycobacteria in actively growing culture  32,152,156. The first aim of

this work was to identify a network of proteins phosphorylated, and therefore

increasing the catalogue of STPK’s substrates, in actively growing cultures of two

mycobacterium species: the fast-growing M. smegmatis and the slow growing M.

bovis BCG.

The second objective of thesis was to identify new physiological substrates of the

M.bovis BCG PknG in vivo, which is structurally and functionally similar to that of

M. tuberculosis. We also aimed to validate the identified candidate substrates by

downstream in silico analysis.

The  third  objective  was  to  identify  the  host  proteins  that  are  differentially

phosphorylated in the presence of PknG and the pathways disrupted that could

explain the observed phenotype, ie. blocking of phagosome-lysosome fusion in

pathogenic mycobacteria infected macrophages.

Overall, this thesis aims to unpack the way PknG works to be able to play such

an important role, and furthering the reasons why this kinase is a potential drug

target to finally eradicate tuberculosis.
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2.MATERIALS AND METHODS

2.1 Bacterial strains 

Bacterial  strains  used  in  this  thesis  were  kindly  donated  by  Professor  Jean

Pieters, University of Basel, Switzerland. The mutants (M. bovis  BCGΔpknG and

M.  smegmatis mc2155  expressing  M.  tuberculosis pknG)  were  generated  as

described in Walburger et. al. 2004 36. 

2.1.1 Culture conditions of bacterial strains

Wild type and mutant strains of M. smegmatis mc2155 and M. bovis BCG Pasteur

strain  1173P2  were  grown  in  7H9  Middlebrook  (BD,  Maryland,  USA)  broth

supplemented  with  0.05%  Tween  80,  OADC  (Becton  Dickinson)  and  0.2  %

glycerol (v/v).  To make bacterial stocks for future use, cultures were plated on

7H10 media containing glycerol and 10% OADC and left to grow at 37°C until

colonies formed. They were then scraped and stored in 0.05% glycerol at -80,

likewise for liquid cultures, OD was measured and 1mL aliquots of the culture

was kept  in  a  cryogenic  screw cap  and stored  at  -80°C.  Frozen  stocks  were

defrosted and inoculated into 10mL of 7H11 media to make inoculum which was

added at 1% to make the main culture for all the experiments.  The cells were

grown at 37 ⁰C with continuous agitation (120 rpm). Growth was monitored daily

for  M.bovis  BCG and every four hours for  M. smegmatis by measuring optical

Density (OD600) and growth curves plotted. 

2.1.2 Harvesting of bacterial strains

Cells were harvested during the exponential phase (OD600 ~1.2 and 0.6 for  M.

smegmatis and M. bovis BCG, respectively) by centrifugation at 4 000 g for 15
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min at 4⁰C, washed twice with Phosphate Buffered Saline pH 7.5 (PBS). Cells

were snap frozen in liquid nitrogen and stored at -80⁰C until needed.

2.1.3 Bacterial lysis

Frozen  pellets  were  suspended  in  800µl  lysis  buffer  (Appendix  I).  Cells  were

disrupted by sonication at maximum power for 6 cycles of 30 sec, with 1 min

cooling on ice between cycles. Cellular debris was removed by centrifugation at

4 000 g for 10 min and the lysate filtered through 20 µm pore size low-protein

binding filters (Merck, New Jersey, USA). Lysates were stored at -20 until needed.

2.2 Eukaryotic cells culture

Murine macrophage cell line RAW 247.6 were used to study the host-pathogen

interactions in this study.  Murine macrophages have been used as a successful

model to study host-pathogen interaction in M. tuberculosis studies. Our stocks

were kindly donated by one of our collaborators from University of Stellenbosch.

To prepare frozen stocks of the cell  lines, they we grown (details below) until

desired density.  Cells when then aliquoted in freezing media (Appendix II) in 1mL

aliquots and transferred into “Mr Frosty” (ThermoFischer Scientific), ie. a plastic

container with cold isopropanol (4°C), to ensure that cells freeze at a slow rate to

minimize cell death before being transferred to -80°C for long term storage. 

2.2.1 Culture conditions of RAW 247.6 macrophages

Frozen stocks of the cell lines were defrosted in the water bath set to 37°C. Then

cells in suspension were pelleted by centrifugation for 3 min at 800xg. The cell

pellets were washed twice with pre-warmed PBS and pelleted. The pellets were

re-suspended in five millilitres of  Dulbecco’s modified Eagle’s medium (DMEM)

(Difco), supplemented with pyruvate and glutamine (Difco) and 10% (v/v) heat-

inactivated foetal calf serum (FCS) (Sigma-Aldrich) (D10). And seeded into T25

Tissue culture flasks (Lasec,  South Africa)  at  30% confluence and grown in a

humidified (95%) incubator at 37°C with 5% C02.
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2.2.2 Splitting of macrophages

After three days of incubation, once the cells had reached 90% confluency, with

microscopically  checking  the  cells  every  day,  the  media  used  to  grow  RAW

macrophage monolayer was pipetted out. The monolayers were washed twice

with warmed PBS. Fresh D10 was added to the monolayer and gently scraped

with a plastic cell scraper until they were in suspension and were counted. For

cell counting, equal amounts of cells and tryphan blue (0.4% Sigma) were mixed

and 20µl was pipetted into a cell counter chamber (Bio-rad) and viable cells were

counted  microscopically.   Tryphan  blue  is  a  dye  that  penetrates  dead  cell

because of the weakened membrane 157, therefore the viable cells will not appear

blue under the microscope and those were the only ones counted. Cells were

counted on five squares of the cell counter and the cells/mL was calculated as

the number of cells per number of squares counter, multiplied by the dilution

factor and x104. The cells were then transferred into new flasks and incubated

until needed.

2.2.3 Checking for mycoplasma infection of macrophages

RAW macrophage cell lines are prone to contamination by mycoplasma. To test

that our cells were free of infection, the Mycoalert kit (Cambrex) was used as per

manufacturer’s instructions. 

2.2.4 Infection of Macrophages with M. bovis BCG 

Three days before infection, macrophage cell lines were seeded at the desired

number depending on the tissue culture flask used and incubated at 37°C with

5% CO2. An extra flask was prepared for counting after before infection. On the

day of infection, bacterial cells, at the desired OD based on the multiplicity of

infection (MOI) were washed twice with PBS and D10 was added to cell pellet. To

remove clumps, bacterial cells were sonicated in a water bath sonicator for 10

minutes and passed through a needle 10x and gently centrifuged (1000g for 5

min) to sediment clumps. 
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Macrophage media was removed and washed twice with pre-warmed PBS and

replaced with bacteria in D10 at MOI:4 for M. bovis BCG. Cells were incubated for

30 minutes uptake and washed five times with PBS. Fresh D10 was then added

and incubated until harvesting.

2.2.5 Harvesting and lysis of eukaryotic cells

At each time point, cells were taken out of the incubator and washed three times

with PBS. Modified RIPA buffer (Appendix III) was added to the cells and agitated

for  5  minutes  on  ice.  Lysis  was  confirmed  microscopically  and  1µl  of

endonuclease benzonase (Sigma) was added to break down cellular DNA and

incubated while shaking for 1 hour at 4°C. Internalized bacteria were pelleted by

centrifugation at 14 000xg for 30 min and filtered. The supernatant containing

eukaryotic cells was stored at -20°C until needed.

2.3 Biochemical methods

2.3.1 Chloroform-methanol precipitation

Bacterial and eukaryotic lysates were precipitated by the chloroform methanol

precipitation  method  as  previously  described  158.  Equal  amounts  chloroform

(Sigma) was added to the lysate and two thirds methanol in  a glass tube to

prevent the strong organic solvents from leeching the plastic. The sample was

then  inverted  a  few  times  to  mix  the  layers  and  centrifuged  at  4000xg  to

separate the protein from the lipid layer and the nucleic acids. The top layer

consisting of mostly lipids was then pipetted out and equal amounts of methanol

added  to  the  sample  and  centrifuged  for  2  minutes  at  4000g  to  pellet  the

precipitated proteins. The pellet was re-suspended in urea buffer (6M urea, 2M

thiourea and 10mM Tris-HCl, (pH 8) and kept at -20.

2.3.2 Protein quantification
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Modified  Bradford  method  for  protein  quantification  was  used  to  determine

protein concentrations of the precipitated samples 159.  The high concentration of

Urea in the denaturation buffer used to get proteins in solution interferes with

the basic Bradford protocol to give accurate protein yields160.  The addition of

Hydrochloric acid (HCL) (0.012M), normalizes the effects of the interference from

the urea buffer.  A standard curve was created from known concentrations of

Bovine Serum Albumin (BSA) (Sigma) (0, 0.25, 0.5,1,2 and 4 mg/ml) in triplicate

(10µL) in a flat bottom 96 well plates (BD). 90µl of the HCl dilution was then

added to the wells. The samples with unknown yield were diluted 1 in 10, also in

triplicate. The reaction was left on a shaker for 5 min. 150µl of the Bradford

reagent (Bio-Rad) was added and incubated in the dark for a further 5 minutes.

Absorbance values were then read at 595nm with a path length correction of

250µl  using  a  Bio-Rad  iMarkTM microplate  reader.  The  concentrations  were

calculated based on the standard curve.

2.3.3 In-solution digestion

In-solution  digestion  was  carried  out  on  varying  amounts  of  total  protein

depending on the experiment. For discovery proteomics, 50µg of proteins were

digested whilst for the TiO2 phospho enrichment protocol required 2.5mg or 500

µg of proteins, for prokaryotic and eukaryotic cells respectively, to be digested

per experiment. Proteins re-suspended in Urea buffer were denatured with 1 mM

dithiothreitol (DTT) for 1 hour at room temperature while slightly shaking. This

step  removes  the  thiols  on  the  secondary  structure  of  proteins  leaving  the

cysteines  free  of  the  hydrogen  bonds  that  forms  the  disulphide  bridge.  The

reduced  samples  were  then  alkylated  for  1  hour  in  the  dark  with  5.5  mM

iodoacetamide (IAA) which binds to the cysteines (carboamidomethylation) after

the disulphide bonds are broken to prevent the now available cysteines to reform

the  disulphide  bonds  which  will  interfere  with  proteolysis.  Proteins  were  pre-

digested with Lys-C endopeptidase (Wako) for 3 hours before being diluted four

times with HPLC grade water to a final concentration of 2 M Urea. The diluted

sample was then digested overnight with trypsin (NIB) (1:100 ratio) and digestion

quenched with Triflouroacetic acid (TFA) (Sigma Aldrich) and pH checked, ideally

2-3.
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2.3.4 Peptide clean-up

Digested peptides (10µg) were desalted and cleaned up of the contaminating

solvents  used  in  the  protolysis  step,  using  in-house  reverse-phase  C18

chromatography (Millipore) in preparation for MS analysis.  Firstly,  C18 column

were equilibrated with Solvent B, consisting of 80% acetonitrile (ACN) (Sigma)

and 0.1% formic acid (FA), added at 100µl and centrifuged at 3000xg for 30 secs,

twice, making sure that the membrane doesn’t dry up. A wash step twice with

Solvent A (2% ACN and 0.1%FA) then followed before the sample was added was

added to the column. After washing twice with Solvent A, peptides were eluted

with Solvent C (60% ACN and 0.1% FA) and dried down at room temperature in a

SpeedyVac (Savant). Before samples were loaded onto the mass spec they were

resuspended in Solvent A to make a final concentration of 200ng/µl.

2.3.5  Phosphopeptide enrichment

A total of 2.5 mg digested prokaryotic peptides were subjected to three rounds of

phosphopeptide  enrichment  by  titanium  (TiO2)  chromatography  as  we  have

previously described 30.  Briefly, Acetonitrile (ACN) (Sigma Aldrich, St Louis, USA)

was added to the peptide mixture at a final concentration of 30%. Titasphere

TiO2 beads (MZ Analysentechnik,  Mainz, Germany) in loading buffer (30 mg/ml

2,5-dihydrobenzoic acid (Sigma Aldrich, St Louis, USA), 80% ACN) were added to

the sample and incubated at room temperature with rotation for one hour. The

beads were pelleted and the decanted supernatant was further incubated with a

fresh batch of  5 mg of beads for 30 minutes,  and repeated once more.  TiO 2

beads were washed sequentially with 1 mL of wash buffer 1 (30% acetonitrile,

3%  trifluoroacetic  acid)  followed  by  buffer  2  (80%  acetonitrile,  0.1%

trifluoroacetic acid). TiO2 bound phosphopeptides were transferred onto the in-

house C8 tips and subsequently eluted three times with 50µl Elution buffer (40%

Mass-spec  grade  NH4OH  [aq,  25%  NH3;  Sigma  Aldrich,  St  Louis,  USA],  60%

acetonitrile)  and  dried  in  a  speed  drying  vacuum  at  room  temperature.

Phosphopeptides were resuspended in 20 µl  Solvent A (2% ACN, 0.1% formic

acid) before desalting.

For  eukaryotic  cells,  TiO2  phosphopeptide  enrichment  kit  (ThermoFischer

Scientific) was used as per manufacturer’s instructions. Firstly, the TiO2 column

was  prepared  by  the  addition  of  20µl  of  wash  buffer  and  20µl
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equilibration/binding buffer, with a 2 min centrifuge step in between the buffer

exchange.  The  dried,  cleaned-up  sample  was  resuspended  in  150µl  of

Binding/Equilibration buffer and transferred onto the prepared TiO2 spin column

and  centrifuged  for  5  min  at  x1000g.  The  flow  through  was  collected  and

reapplied onto the spin tip and centrifuged for a further 5min at x1000g. The

column with  bound  phosphopeptides  was  washed  twice,  alternating  between

20µl wash buffer and equilibration/binding buffers, with a final wash step using

20µl HPLC grade water. Phosphopeptides were eluted from the spin tip with 50µl

elution buffer into a glass insert to minimize polymer contamination and dried

immediately  in  a  speed  vacuum  concentrator.  Dried  phosphopeptides  were

resuspended in 20µl of Solvent A before LC-MS/MS.

2.3.6  LC-MS/MS

Cleaned-up phosphopeptides were resuspended in 15 µl of solvent A, of which

5µl were loaded on to the LC-MS/MS system, ie. HPLC chromatograpy (Dionex

Ultimate  3500 RSLC Nano System (Thermo Fisher  Scientific))  coupled to a Q

Exactive mass spectrometer (Thermo Fisher Scientific). The LC delivered a flow

rate of 0.4µl/min to an in-house built 40 cm column (75 μm internal diameter,

packed with 3.6 μm particle Aeris C18 beads; Phenomenex) and maintained at

40°C. Solvent A was 0.1% Formic Acid in HPLC grade water and solvent B was

0.1% Formic  Acid  in  Acetonitrile.  Gradient  consisted  of  1% solvent  B  for  10

minutes, then increasing to 6% B over 2 minutes, and followed by increasing to

35% B over 118 minutes; washing with 80% B followed. 

For both proteome and phosphopeptide data acquisition, the mass spectrometer

acquired spectra in top 10 data-dependent acquisition mode, with precursor ions

fragmented  by  higher-energy  collision-induced  dissociation  (HCD)  with  a

normalized collision energy of  27 and at a resolution of 70 000 with a target

value (ACG) of 3e6 ions and a maximum integration time of 250 ms. MS2 scans

were acquired at a resolution on 17 500, an isolation window of two hours and

scan range of 200 to 2000 m/z. ACG value was set at 1e5 ions and maximum fill

time was 80 ms. 
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2.3.7  Targeted Mass Spectrometry (PRM)

Identified PknG substrates were validated by targeted mass spectrometry. The

discovery phosphoproteomic data was used to identify peptides with confidently

localised phosphosites (phospho probability of >0.75) that were present in the

M.bovis BCG Wt and absent in the PknG knock-out mutant. A spectral library was

generated  using  the  discovery  phosphoproteomic  data  in  Skyline  (version

3.6.0.10162), with the best representative spectrum for each identified peptide

and phosphopeptide.  Retention times were calculated based on the average

retention time observed in the discovery phosphoproteomic analysis. An isolation

list  was  generated  with  a  10-minute  retention  time  window  around  each

peptide’s calculated retention time. This isolation list was used to carry out a 2-

plex scheduled PRM analysis with 100 ms injection time and a total cycle time of

2  seconds  on  a  Q-Exactive  hybrid  Orbitrap  MS.  The  AGC  target  was  set  to

maximum, and a 2 m/z mass error window was allowed. Targeted MS2 data was

acquired at a resolution of 35000. The chromatography setup was identical to

that of the discovery phosphoproteomic analysis.  The resulting PRM data was

analysed in Skyline with the background M. bovis BCG or Mus musculus database

obtained  from Uniprot  (www.uniprot.com)  for  each  experiment  requirement.

The spectral library was used to confirm the identity of the targeted peptides

2.3.8 Kinase-substrate interactions

To  understand  the  kinase–substrate  interaction  of  the  target  peptides,  a

structure-based  modelling  study  was  undertaken.  The  target  peptides  were

modelled and docked into an existing ADP-bound PknG structure (PDB id 4Y0X)

using  CABS-dock  web  server  (http://biocomp.chem.uw.edu.pl/CABSdock)  to

identify each peptide’s binding site.  The server performed a simulation search

(using a set of 10,000 models) for the binding site, allowing for full flexibility of

the peptide.  A small  fluctuation of the receptor backbone during binding was

allowed.  A  final  model  was  selected  using  a  two-step  procedure  of  (i)  initial

filtering of lowest binding energy model and (ii) k-medoids clustering. The best

peptide binding was chosen from the lowest binding energy which is the sum of

Lenard-Jones and Coulombic potential functions from popularly used force fields
161,162. Figures were generated using PyMol (www.pymol.org).
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3. COMPARATIVE SER/THR/TYR 

PHOSPHOPROTEOMICS BETWEEN TWO 
MYCOBACTERIAL SPECIES: THE FAST-GROWING 
MYCOBACTERIUM SMEGMATIS AND THE SLOW 
GROWING MYCOBACTERIUM BOVIS BCG.

(Based on Nakedi et. al, 2015)

Summary

Ser/Thr/Tyr  protein  phosphorylation  plays  a  critical  role  in  regulating

mycobacterial  growth  and  development.  Understanding  the  mechanistic  link

between protein  phosphorylation  signaling network and mycobacterial  growth

rate requires a global view of the phosphorylation events taking place at a given

time under defined conditions. In the past, the use of mycobacterial strains such

as  M.  smegmatis and  M.  bovis BCG  as  model  organisms  have  significantly

contributed  to  our  current  understanding  of  M.  tuberculosis biology  and

environmental  adaptation.  In  this  chapter,  we  qualitatively  compared  the

phosphoproteomic  landscape  of  actively  growing  two  mycobacterial  model

organisms:  the fast-growing  Mycobacterium smegmatis and the slow growing

Mycobacterium  bovis BCG.  Our  workflow  included  three  rounds  of  TiO2

chromatography  to  enrich  phosphorylated  peptides,  followed  by  subsequent

analysis  of  phosphorylation-events  using  liquid  chromatography  coupled  with

state-of-the-art high resolution tandem mass spectrometry (LC/MS/MS), in order

to compare the phosphoproteomes of these two model mycobacterium species

during  exponential  growth. We  detected  a  total  of  185  phospho-sites  in  M.

smegmatis, of which 106 were confidently localized (localization probability (LP)

≥0.75; PEP≤0.01). In  M. bovis BCG, however, the phosphoproteome comprised

442  identified  phospho-sites,  of  which  289  were  confidently  localized.  The

percentage distribution of Ser/Thr/Tyr phosphorylation was 39.47, 57.02 and 3.51
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% for M. smegmatis and 35, 61.6 and 3.1% for M. bovis BCG. The results of this

study  revealed  a  number  of  conserved  Ser/Thr  phosphorylated  sites  and

conserved  Tyr  phosphorylated  sites  across  different  mycobacterial  species.

Overall  a  qualitative  comparison  of  the  fast  and  slow  growing  mycobacteria

suggests that the phosphoproteome of M. smegmatis is a simpler version of that

of M. bovis BCG. In particular,  M. bovis BCG exponential cells exhibited a much

more  complex  and  sophisticated  protein  phosphorylation  network  regulating

important cellular cycle events such as cell  wall  biosynthesis,  elongation, cell

division including immediately  response to  stress.  The differences in  the two

phosphoproteomes are discussed in light of different mycobacterial growth rates.

37
Kehilwe C Nakedi – June 2018



Comprehensive definition of Ser/Thr/Tyr phosphorylation in mycobacteria: towards understanding reprogramming of normal macrophage functions by
pathogenic mycobacteria

3.1 Introduction

The ability of mycobacteria to adapt to, and overcome, hostile environmental

conditions  in  order  to  survive  within  host  cells  depends  on a  fine-tuned and

orchestrated  series  of  events  (e.g. response  to  stress;  metabolic  remodeling;

changes in growth rate) that will  ultimately define the success of establishing

and  maintaining  long  term infection  163,164.   M.  tuberculosis  infection  is  often

described by two distinct phases: an active phase, in which the microorganism is

thought to be growing at or close to its maximum rate; and latent infection, in

which the bacilli are thought to persist in a viable but perhaps more dormant-like

state with lower or non-existent growth rate.

Alongside the increasing number of new TB infections there is the emergence

and spread of multi- and extensively drug resistant M. tuberculosis strains. Here,

unique growth related mechanisms of  mycobacteria which facilitate adaptation

to different adverse micro-environments are thought to play an important role in

the mechanisms of drug tolerance and acquired resistance that are observed

during infection 165,166. For instance, a recent study showed that diverse growth-

limiting  stresses  trigger  a  common  signal  transduction  pathway  in  M.

tuberculosis that induces triglyceride synthesis, which is associated with slowing

down  of  growth  and  reduced  antibiotic  efficacy  167.  Therefore,  further

investigation of the signaling pathways which regulate mycobacterial growth rate

might reveal important information regarding the capacity of  M. tuberculosis to

adapt to its environment and in particular how this relates to drug tolerance and

to the ability to establish infection.
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In  M.  tuberculosis,  Ser/Thr  phosphorylation  is  essential  for  growth  and

environmental adaptation (as reviewed by  168. For instance, the Ser/Thr protein

kinases (STPKs) PknA and PknB are essential  for growth of  M. tuberculosis in

culture, indicating that phosphorylation plays a pivotal role in the survival of this

bacterium  16,31,40,169,170 These STPKs are encoded by an operon which regulates

genes involved in cell shape determination, cell wall synthesis and cell division
21,31,40. In addition to PknA and PknB, another group of STPKs comprised of PknG,

PknL and PknF appear  to  be  involved  in  different  aspects  of  M.  tuberculosis

growth regulation 10,21,37. In support of the likely important role played by STPKs in

M. tuberculosis, a mass spectrometry-based phosphoproteomic study identified

more than 500 Ser/Thr phosphorylation sites on 300 proteins in M. tuberculosis 29

and,  more  recently,  a  complementary  study  detected  a  number  of  Tyr

phosphorylated proteins in  M. tuberculosis 31. Notably though, the physiological

significance of these findings remains largely unexplored. STPKs are not evenly

distributed  among  different  mycobacteria  and  closely  related  actinomycetes,

their distribution is also uneven in other bacteria phyla  156. The pathogenic  M.

smegmatis encodes for all  the Mtb STPKs except for PknI  (www.uniprot.com),

whilst the genome of M. bovis BCG encodes for all 11 STPKs. The deleted region

of M. bovis BCG does not encode for any of these kinases171.

In the past years, the use of mycobacterial models such as M. smegmatis and M.

bovis BCG  have  significantly  contributed  to  our  current  understanding  of  M.

tuberculosis biology  and  environmental  adaptation  (as  reviewed  by  Shilooh

2010).  M. bovis BCG is an attenuated bovine tuberculosis bacillus by a serial

passage in the laboratory  172 .  This mycobacterium is a particular convenient

model  in  part  due  to  it  slow  growth  rate  similar  to  that  observed  in  M.

tuberculosis. On the other hand,  M smegmatis is a fast growing mycobacterial

species (with a doubling time of approximately four hours) that has been widely

used to investigate different aspects of mycobacterial physiology 173–175. As part

of  a concerted program to associate protein phosphorylation in mycobacteria

with  subsequent  macromolecular  events  which  determine  growth  rate  and

eventual  environmental  adaption,  we  have  carried  out  a  phosphopeptide

enrichment and high throughput mass spectrometry-based study to investigate

and compare the phosphoproteome of two actively growing model mycobacterial

organisms - the fast-growing M. smegmatis and the slow growing M. bovis BCG.
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3.2 Aims:

To  elucidate  the  phosphorylation  events  and  subsequent  signal  transduction

pathways coordinating differential mycobacterial growth rates, which may in due

course lead to important insights into  M. tuberculosis physiology during active

and  latent  infection  -  including  aspects  of  slow  growth  associated  drug

resistance.

3.3  Results: 

3.3.1  Data quality

Three  biological  replicates  were  used  per  experiment  in  both  mycobacterial

strains  to  ensure  statistically  significant  results.   MS1  and  MS2  spectra  was

acquired using parameters detailed in Chapter 2. To be able to confidently infer

that the observed differences at the phosphopeptide level are due to biological

differences  instead  of  sample  loading  variability,  we  optimised  the  amount

peptides loaded onto the LS/MS/MS by ensuring that all the samples had Total Ion

Chromatogram (TIC) in the same range as illustrated in figure 3.1. Data quality

was assessed by running an in-house R-script to generate a PDF showing data

summary. Firstly, protease digestion efficiency was determined by the number of

missed cleavages in an experiment as shown in figure 3.2 and absolute mass

error across all samples was low as indicated in  figure 3.3. We considered all

phosphorylation-events that were detected in all  the biological replicates, and

only confidently localized phospho-sites (p-sites), with a localization probability

of >0.75 and manually validated by observing the fragmentation spectra using
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the Maxquant “Viewer “option as demonstrated in  figure 3.4 were considered

for qualitative comparative analysis and further discussion.

 

Figure  3-5:  Sample  loading  volumes optimised  to  yield  TIC  comparable  between  samples.  All
samples  were  piloted  and  the  volume  needed  to  achieve  a  desired  TIC  in  each  sample  was
calculated from the initial volume that obtained the TIC and reloaded onto the LC/MS/MS with the
new volume using the formula: sample volume = volume loaded x TIC obtained/TIC desired.
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Figure 3-6: Digestion efficiency monitored by the number of missed
cleavages (mc) per experiment.
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Figure  3-7:   Data  quality:  Mass  error  across  samples  in  both  M.smegmatis  and  M.bovis  BCG
phospho experiments
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Figure 3-8: Manual validation of phosphopeptides with Maxquant “Viewer”. Phosphorylation of M.
bovis BCG Cell division FtsQ (Thr24) and probable conserved protein membrane mmpS3 (Tyr70.
Top:  Fragmentation  spectra  for  modified  peptide  bearing  the  phosphorylated  Thr24.  Bottom:
Fragmentation spectra for modified peptide bearing the phosphorylated Tyr70.

In the three M. bovis BCG replicates, we detected a total of 442 p-sites of which

289 were confidently localized (Localization probability (LP)  ≥0.75;  PEP≤0.01)

and 169 of  the  289 had a  LP  ≥ 0.99.   We identified  88,822 MS/MS spectra

corresponding  to  7,784  non-redundant  peptide  sequences  and  1,765  protein

groups (402 were identified by a single peptide). The estimated false discovery

rate (FDR) was 0.32 at the peptide level, 0.30 at the modification level and 1.03

at  the  protein  level.  Our  initial  analysis  of  two  biological  replicates  of  M.

smegmatis revealed considerable differences in the number of identified p-sites

between the two Mycobacterial species, 77 p-sites for  M. smegmatis compared

to  289  for  M.  bovis BCG.  To  verify  that  these  differences  observed  were

biological,  we  further  analysed  three  additional  biological  replicates  for  M.

smegmatis.  Phosphoproteomic  analysis  of  five  biological  replicates  of  M.

smegmatis protein extracts resulted in identification of 180, 396 MS/MS spectra,

corresponding to  16, 185 non-redundant peptide sequences and 2, 462 protein

groups (464 were identified by a single peptide). The estimated false discovery
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rate (FDR) was 0.22 at the peptide level, 0.21 at the modification level and 0.98

at  the  protein  group  level. We  detected  a  total  of  185  phospho-sites  in  M.

smegmatis, of which 106 were confidently localized (LP ≥0.75; PEP≤0.01) and

64/106 had a LP≥0.99.  

3.3.2 Phosphorylation  frequency  between  two

mycobacterial species

In  detail,  for  M.  bovis BCG,  we detected  289 p-sites  on 203 phoshoproteins:

35.3% on serine (pSer), 61.6% on threonine (pThr) and 3.1% tyrosine (pTyr).  For

M. smegmatis we detected 106 p-sites on 76 phosphoproteins: 39.47% on serine

(pSer), 57.02% on threonine (pThr) and 3.51% on tyrosine (pTyr) (Figure 3.5 A

and B). Both phosphoproteomes were biased toward Thr compared with Ser (57-

61%; 41-35%), which agrees with previous reports on M. tuberculosis H37Rv 29. 

Figure  3-9:  Distribution  of  identified  phosphosites  after  applying  filters  in  both  species  of
mycobacteria.  M.  smegmatis  has  a  third  of  phosphorylated  residues  compared  to  pathogenic
mycobacteria in actively growing cultures (A). M. bovis BCG’s phosphorylation landscape (B) is
comparable to that of M. tuberculosis. 
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3.3.3 Tyrosine phosphorylation in mycobacteria

Although it had previously been suggested that Tyr phosphorylation was non-

existent  within  mycobacterial  species,  it  was  recently  confirmed  that  Tyr

phosphorylation  does  in  fact  occur  on  a  number  of  diverse  M.  tuberculosis

proteins 31. Here, we have confidently identified nine Tyr p-sites in eight proteins

in M. bovis BCG and four in M. smegmatis (Table 3.1), of which four were also

found to be phosphorylated in M. tuberculosis 31: FHA-domain-containing protein

(Tyr215 and Tyr232), 60 kDa chaperonin 1 (Tyr358) and conserved membrane protein

mmpS3 (Tyr70). These results supports earlier suggestions that phosphorylation

on  Tyr  residues  occur  in  different  mycobacterial  species  31.  The  number  of

phosphorylated  peptides  varied  significantly  between  the  two  species.

Importantly, the percentage of Tyr phosphorylation in M. bovis BCG was closer to

that reported in M. tuberculosis 31. 

Our data included tyrosine phosphorylated FHA-domain-containing protein, which

is a substrate of numerous STPKs, including PknB. Phosphorylation of FHA by

PnkB  has  implication  in  cell  wall  synthesis  with  a  possible  involvement  in

mycobacterial  virulence  176.  Likewise  both  60  kDa Chaperonin  and conserved

membrane protein mmpS3 have been implicated in mycobacterial virulence 177.

Based on our  data,  we searched for  possible  conservation of  these peptides

across other bacterial species. For identification of tyrosine-phosphorylation site

motifs , we used the Motif-X algorithm 178. We defined a sequence window of +/-

10 amino acids on each side of the tyrosine site and generated the sequence

logo  by Phosphosite  logo generator  using the algorithm PSP production (Cell

signalling Technology).  A sequence motif derived from 60 kDa Chaperonin Tyr358

(RQEIENSDSDYDREKLQERLA)  using Seq2Logo revealed an overrepresentation

of    Tyr358 (Figure 3.6).  A  conserved Tyr360 residue  on  apparently  conserved

peptide (SDSDYDREKL) was found in three Gram negative pathogenic species,

specifically Shigella spp, Klebsiella spp and Salmonella spp, suggesting that this
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conserved Tyr  phosphorylation  site  warrants  further  investigation  for  possible

roles in bacterial pathogenesis.

Table  3-1:  List  of  Tyrosine  phosphorylated  proteins/sites  identified  in  M.  bovis  BCG  and
M.smegmatis

ACc.number a) Protein description Phosphorylated  peptide  sequence  and
phosphorylated site

Position  of  the
phosphorylated Tyr

A1KEI8
Uncharacterized
protein  FHA  domain-
containing protein 

HPGQGDYPEQIGY(1)b)PDQGGYPEQR 215*

GGYPPETGGYPPQPGY(1)PRPR 232*

A1KFR2 60kDa chaperonin 1 VAQIRQEIENSDSDY(0.919)DREK 358*

A1KFP3

Uncharacterized
protein

Hydrolase  domain-
containing protein

GLAEGPLIAGGHSY(1)GGR 99

A1KI63 Uncharacterized
protein

SAY(0.913)PDGIADHDRPLAPR 8

A1KKP0 Probable  isocitrate
lyase aceA

MGIEAIY(0.998)LGGWATSAK 104

A1KKP0 Probable  conserved
membrane  protein
mmpS3

AYSAPESEHVTGGPY(1)VPADLR 70*

A1KKR9 Uncharacterized
protein  CYTH-like
domain  containing
protein

Y(0.847)TAATGADNVSQEAK 428

A1KPH7 Conserved
hypothetical  mce
associated protein

RDCASVMVY(0.973)LNRTVTDK 122

^A0QWX0 Carbohydrate  kinase
FGGY

Y(1)NYDTLAGR 1

^A0QQ14 Carbohydrate  kinase
FGG

ISAWY(0.968)VER 5

^ A0QSS3 10 kDa chaperonin Y(1)GGTEIK 1
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^A0QQU5 60 kDa chaperonin 1 AEIENSDSDY(0.915)DREK 10

(*) Tyr phosphorylated sites that were previously identified in M. tuberculosis H37Rv (Kusebauch 2013)

(^) Tyr phosphorylated sites in M.smegmatis

a) Uniprot protein accession number

b) Phosphorylated Tyr (Y) and respective Localization probability

Figure  3-10:  Seq2Logo  alignment  analysis  derived  from  60  kDa  chaperonin  revealed  an
overrepresentation of Tyr358. Seq2Logo analysis indicate that a conserved Tyr358-360 is found in
additional three pathogenic species, specifically Shigella spp, Klebsiella spp and Salmonella spp

3.3.4 Functional  characterization  and  localization  of

phosphoproteins 

To understand how mycobacterial phosphoproteins are organized within a cell -

which  provides  physiological  context  to  their  function  -  we  predicted  the

subcellular localization of all the phosphorylated proteins corresponding to the

identified phosphopeptides (Table 3.2) using the TBpred webserver that predicts
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mycobacterial  proteins  based  on  their  subcellular  localization  (available  at

http://www.imtech.res.in/raghava/tbpred/).   Predicted  Gene  Ontology  (GO)

cellular functions of identified phosphoproteins with high confidence from two

mycobacterium strains were obtained from DAVID (The Database for Annotation,

Visualization  and Integrated  Discovery  (DAVID)  v6.7)  and  were  grouped  into

functional categories. To compare the identified phosphoproteomes of these two

mycobacterial  species,  we  identified  homologues  of  the  M.  smegmatis

phosphorylated proteins in  M. bovis BCG using the University of Cape Town’s

Computational  Biology  online  bioinformatics  tool  found  at  http://galaxy-

fen.uct.ac.za/root.  Gene ontology (GO) terms revealed that in both  M. bovis

BCG  and  M.  smegmatis,  the  phosphoproteins/phosphosites  were  functionally

enriched in nine distinct groups, (e.g.  ATP binding, translation, kinase activity,

cell division). Of interest, a great deal of phosphorylated proteins in M. bovis BCG

was  clustered  into  the  Transmembrane  group  (Figure  3.7).  This  included  a

considerable  number  of  multiple  phosphorylated  proteins  and  some

phosphorylated  in  internal  as  well  as  external  regions,  like  BCG_3967,  it  is  a

probable trans-membrane protein  and we found it  to  be phosphorylated four

times, at position 10, which like on the flagellin domain and position 801 and

801, the kinase domain. This suggests that there are transmembrane proteins

with a potential role in signal transduction.  Additionally, it was visible that  M

bovis BCG  phosphoproteome  comprised  a  notable  group  of  phosphoproteins

involved in cell division, possible implications of this is discussed later.

Table 3-2: Summary of the phosphorylated sites found in more than one Mycobacterial species

ACc.number a) Protein description M. bovis BCG M. smegmatis Mtb H37Rv*

P65727
Ser/Thr-protein  kinase
PknA

Ser309
b) Ser310 Ser309

Ser316 Thr316 -

Ser299; Thr301;Thr302 - Ambiguous
Residues 299-302

Thr224 Thr224
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P0A5S5 Ser/Thr-protein  kinase
PknB

Thr173 Thr173 Thr173

Thr171 Thr171 -

Q02251 Mycocerosic acid synthase Ser2111 - Ser2111

Q7TVL9 Possible acyltransferase Ser230 - Ser230

P64169 Cell division protein FtsQ Thr24 - Thr24

Q7TY31 Conserved  alanine  and
glycine and valine rich

Thr232 - Thr232

Q7U2K5
Possible  conserved
transmembrane  transport
protein MMPL3

Thr910 - Thr910

Thr893 - Thr893

Q7U2N3 Probable  conserved  MCE
associated  membrane
protein

Thr16 - Thr16

Q7VEQ4 L-aspargine permease 1 Thr474 - Thr474

Q7U280 Isoniazid  inductible  gene
protein

Ser62 - Ser62

P65379
Putative membrane protein
mmpS3

Ser58 - Ambiguous
residues 58-66

Thr66 - Thr66

Thr47 - Thr47

Thr50 - Thr50

P0A515 Guanylate Kinase Thr9 - Thr9

Q7TXB8
Phosphoglucomutase
PGMA

Ser147 Ser147 Ser147

- Ser142 Ambiguous
residues 135-152

P0A521 60 kDa chaperonin 2 Thr146 - Thr146

P45811 30S ribosomal protein S4 Thr147 - Thr147

Q7U046 Probable lipase LIPH Ser165 - Ser165

Q7TXZ1 Cell  division
transmembrane  protein
FTSK

Thr642 - Thr642

P66947 Probable  acetolactate
synthase

Thr5 - Thr5

P66843 Signal  recognition  particle
receptor FtsY

Thr72 - Thr72

P66890 Sec-independent  protein
translocase TatA

Thr60 - Thr60

Thr78 - Thr78

P0A549 Chaperone protein DnaJ1 Thr120 - Thr120

Q7TVL6 Possible
phosphotransferase

Ser250 - Ser250

P6387 Chaperone protein ClpB Thr79 - Thr79

P63857 Cytochrome  c  oxidase Thr7 - Ambiguous
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subunit 3

residues 2-14

Thr13 Thr13 Ambiguous
residues 2-14

Q7TYA1 Export  membrane  protein
SecF

Ser396 - Ambiguous
residues 372-407

Q7U241 Probale
Phosphoribosylglycinamid
e

Thr206 - Thr206

Q7TVC7 Probable  peptidoglycan
hydrolase

Thr43 - Thr43

Q7TTR2 Long-chain-fatty-acid-
AMP FadD32

Thr552 - Thr552

Figure  3-11:  A  histogram  showing  the  GO  molecular  functions  of  identified  proteins  and
phosphoproteins as predicted from their respective genome annotations

.
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3.3.5 Sequence  alignment  of  all  identified

phosphopeptides

The  differences  between  the  compared  phosphoproteomes  compelled  us  to

investigate whether some of these dissimilarities could be explained by genomic

events rather than post-translational control. We aligned genomic sequences of

both  strains  using  the  online  tool,  obtained  from

http://www.ebi.ac.uk/Tools/msa/clustalw2/ and  respective  fasta  files  were

obtained  from Uniprot. The  multiple  sequence  alignment  of  130  selected  M.

bovis BCG  phosphoproteins  with  their  respective  M.  smegmatis orthologues

(Data  available  as supplementary  Figure  S3A,  Nakedi  et,  al  2015)

revealed that from 197  M. bovis BCG Ser/Thr/Tyr phosphorylated sites: 12 are

conserved  across  the  two  mycobacterial  species  and  were  found  to  be

phosphorylated in both species, while 94 conserved Ser/Thr/Tyr residues were

found to be phosphorylated in  M. bovis BCG only. Furthermore, whereas 91  M.

bovis BCG  phosphorylated  residues  were  aligned  with  a  different  non-

phosphorylated  M. smegmatis residue,  72 of  these were aligned with  a  non-

phosphorylated  amino  acid  and  19  were  aligned  with  different  non-

phosphorylated Ser/Thr/Tyr residue. Conversely, the multiple sequence alignment

of  64  M.  smegmatis phosphoproteins  with  their  respective  M.  bovis BCG

orthologues  showed  that  besides  the  12  conserved  Ser/Thr/Tyr  residues

phosphorylated  in  both  species,  31  conserved  residues  were  found  to  be
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phosphorylated  in  M.  smegmatis only.  In  this  case,  while  43  M.  smegmatis

phosphorylated residues were aligned with a different  non-phosphorylated  M.

bovis BCG amino-acid,  36  of  these were aligned with  a  non-  phosphorylated

amino  acid  residue  and  7  were  aligned  with  different  non-  phosphorylated

Ser/Thr/Tyr residue.

3.4 Discussion

Phosphoproteomic  Analysis  Reveals  Conserved

Ser/Thr/Tyr  Phosphorylated  Sites  Across  Mycobacterial

Species.

Macek et al. 2008 reported evidence of a possible high degree of conservation

within potential bacterial phospho-sites although, as noted by those authors, the

conservation  of  residues  does  not  mean  that  they  are  phosphorylated  in  all

species. In fact, as the number of bacterial phosphoproteomic studies increases,

it  is  becoming  clearer  that  the  degree  of  conserved  phospho-sites  among

bacterial  species  is  rather  limited  and  certainly  lower  than  reported  within

eukaryotic  phosphoproteomes  (e.g.  179).  Here,  a  comparison  between  the  M.

smegmatis, M.  bovis BCG and  M.  tuberculosis  H37Rv  29,31 phosphoproteomes
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revealed that these three mycobacterial species share a number of conserved

phosphorylated sites (Table 3.2). Interestingly, we found that M. bovis BCG and

M. tuberculosis H37Rv phosphoproteomes share at least 32 Ser/Thr conserved

phospho-sites on 27 proteins, of which three were conserved in all three species

(Table 3.2). As pointed out by Freschi and colleagues 179, phosphorylation sites

that are phosphorylated in different species are more likely to be functional and

this conservation criterion could be used to prioritize phosphorylation events for

additional characterization.

In the present study we have focused in particular on the STPKs PknB and PknA

that have known or predicted functions in cell wall generation and growth in M.

smegmatis, M.  bovis BCG  and  M.  tuberculosis 31,180.   We  found  PknB  to  be

phosphorylated in Thr173 in all three species and in Thr171 in M. smegmatis and M.

bovis BCG (Table 3.2). Previous  in vitro assays demonstrated that both Thr173

and Thr171 are conserved auto-phosphorylated residues that lie in the activation

loop of PknB  181. Additionally, a  M. tuberculosis double mutant Thr171/Thr173  was

300-fold  less  active  than  respective  wild-type  PnkB,  suggesting  a  combined

effect  of  both  Thr171  & Thr173 residues  on  kinase  activity.  Subsequent  studies

confirmed that the mutation of these residues had a strong effect not only on

PknB  kinase  activity  but  also  in  the  process  of  activation  loop-mediated

recruitment of its substrates 182. Here we have provided evidence that Thr173 and

Thr171 phosphorylation both occur in vivo during the exponential phase, at which

PknB is most abundant and is thought be at its maximum activity. Thus, our data

reinforces a previous hypothesis suggesting that in vivo this enzyme is regulated

through an auto-phosphorylation mechanism involving the phosphorylation state

of both Thr173 and Thr171. 

Another proposed mechanism of PknB regulation relates to the maintenance of

an inactive state via the interaction of the juxtamembrane region with the kinase

domain.  In  this  model,  the  auto-phosphorylation  of  specific  residues  in  the

juxtamembrane  sequences  releases  the  inhibition  by  making  the  sequence

available for further interactions with domains of target proteins  183.  However,

previously it was not clear whether Thr294 and/or Thr309  were the target residues

involved so it is notable that our data clearly demonstrate that PknB of M. bovis

BCG is in fact phosphorylated on Thr309.
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Our analyses indicate that  PknA is  phosphorylated in at  least  one conserved

residue, Ser309/Ser310 (Table 3.2).  Intriguingly, in this study M. bovis BCG PknA

was found to be phosphorylated on seven different residues (three Ser and four

Thr respectively), all located in the juxtamembrane region. Unlike PknB, in PknA

the juxtamembrane region, encompassing residue 269-338 is indispensable not

only for auto-phosphorylation of PknA but also for its substrate phosphorylation

ability 184. STPks exhibit a wide variety of mechanisms for their regulation. Taking

into account the degree of phosphorylation verified here in the juxtamembrane

region of M. bovis BCG PknA compared to that observed in M. smegmatis PknA, it

is tempting to speculate that this level of phosphorylation of the juxtamembrane

region could be in fact limiting the access of PknA to its substrates and this way

controlling the action of the enzyme. Importantly, whilst the structure and mode

of activation of PknB and PknA have been well established in vitro, the structure-

function relationships of the various domains have yet to be investigated in the

context of mycobacterial growth 185. Here through a MS based phosphoproteomic

approach we have established (at the phospho-site level) the phosphorylation

state  of  different  domains  for  both  PknA and PknB  in  vivo during  growth  at

exponential phase.

  

Sequence alignment of phosphorylated residues

The differences observed between the two phosphoproteomes can be explained

by the absence of the corresponding amino acid residue, indicating that during

exponential growth phase these two mycobacterial species present an inherently
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different sub-set of Ser/Thr/Tyr kinase substrates. Additionally,  there are some

interesting  examples  in  which  orthologous  proteins  were  phosphorylated  at

different p-sites. This suggests that kinase specificities for a substrate could be

intimately related with the actual site of phosphorylation.  Finally, it is notable

that  on  those  occasions  that  the  STY  residue  was  aligned  with  different

Ser/Thr/Tyr  residue  (in  most  cases  S  for  T  and  vice  versa)  in  some punctual

situation the respective residue was phosphorylated (eg PknB) but for most of

the cases these were aligned with non-phosphorylated Ser/Thr/Tyr residue.  This

intriguing observation leaves open the possibility that Ser/Thr exchange could be

a  result  of  an  evolutionary  processes/environmental  adaptation,  in  which  the

replacement  for  the  respective  residue  would  probably  favour  site

phosphorylation and therefore the gain of an additional mechanism of protein

functional regulation.   Although speculative, it would be interesting to explore

further in which conditions these subsets of Ser/Thr/Tyr sites are phosphorylated.

Finally,  the  number  of  phosphoproteins/sites  identified  in  M.  smegmatis is

comparable to those reported in other soil  bacteria,  e.g.  E. coli  12,186,  Bacillus

subtilis 147 and  Pseudomonas putida  19, as well as in some pathogenic bacteria

such as Pseudomonas aeruginosa 19,  Streptococcus pneumonia 187,  Helicobacter

pylori 7 and  Klebsiella pneumonia 20.  Whereas,  the number of phosphorylated

Ser/Thr/Tyr detected in  M. bovis BCG phosphoproteome is comparable to that

described in M. tuberculosis H37Rv 29. It is of particular interest that the M. bovis

BCG  phosphoproteome  shows  a  number  of  phosphoproteins/sites  that  are

orthologous to those reported in M. tuberculosis H37Rv 29 but also a number that

are  not  conserved.   Recently  a  comparison  between  the  Ser/Thr/Tyr

phosphoproteomes  of  Acinetobacter  baumannii reference  strain  (ATCC17978)

and a highly invasive, multidrug resistant clone (AbH12O-A2) demonstrated that,

during  stationary  phase,  the  multidrug  isolate  showed  twice  as  many

phosphorylation-events  as  the  reference  strain  11.  In  contrast  to  reports  on

Pseudomonas species  19,  our  current  study supports  the  notion  that  bacteria

within the same genus/species may utilize differing numbers of phosphoproteins

Phosphorylation  Events  Observed  in  Proteins  that

Regulate Mechanisms of Growth and Cell Division.
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Both PknA and PknB are encoded by genes (pknA and pknB respectively) located

on the same operon as protein phosphatase PstP, RodA (implicated in cell shape

control) and PbpA (implicated in peptidoglycan synthesis) 27. This locus includes

also  two  FHA  (forkhead-associated)  domain-containing  proteins  and  in

mycobacteria is found near the origin of replication. In M. bovis BCG, all proteins

referred to above (except PbpA) were found phosphorylated at a total of 15 p-

sites: PknA 38; PknB 181; RodA 167; PstP 167 and FHA domain containing protein 181.

In M. smegmatis, however, only a few proteins were found phosphorylated at a

total  of  5  p-sites:  PknA;  PknB  and  FHA  domain  containing  protein.  These

observations suggest that the slow growth of M. bovis BCG preserves this central

set  of  cell  division  proteins  under  a  tight  regulatory  network  in  which  key

elements  are  intimately  inter-related  by  an  important  series  of  functional

(de)phosphorylation events.  For example, PknA and PknB are regulated by PstP-

mediated  phosphorylation  38,181;  additionally,  recently  it  has  been shown  that

both PknA and PknB phosphorylate PstP 188. 

  As discussed above, our results showed that both M. smegmatis and M. bovis

BCG PknB has conserved phosphorylation on Thr171 and Thr173 – both of which

sites are known to be substrates for PstP – thus suggesting that in both cases

PstP is at least partially inactive. This would make sense considering that during

exponential phase PknA and PknB are likely to be at their peak of activity. PstP

has been reported to be phosphorylated by PknB on Thr173,  Thr141,  Thr290 and

Thr137 in its cytosolic domain and on Thr174 by PknA 188. Curiously phosphorylated

PstP has been reported to be more active than its unphosphorylated form  188.

Here, our results indicate that PstP of M. bovis BCG is phosphorylated in vivo on

the high confidence p-site, Ser155. Interestingly, PstP contains three metal-binding

centres in its structure 189, sharing the fold and two-metal centre of human PP2Cα

whilst having a third Mn2+ in a site created by a large shift in a flap domain next

to the active site; this Mn2+ occurs at the position of Ser160 so it is plausible that

phosphorylation  of  Ser155 may  directly  interfere  with  PstP  activity,  thus

accounting for our deduction here of reduced PstP activity during exponential

phase growth. 
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Overall,  M. bovis BCG has 3 times more STPks and nearly 4 times respective p-

sites compared to M. smegmatis.  Apart from PknA and PknB, the M. bovis BCG

phosphoproteome is comprised of PknG (Thr95), PknH (Thr174), PknE (Ser304 and

Ser326)  PknF  (Thr287).  Some  of  these  enzymes  have  previously  been  directly

implicated in mycobacterial growth (e.g. PknG 9, PknH 55, PknE and PknF 190) and

it is therefore conceivable that some of the proteins comprising the M. bovis BCG

phosphoproteome are in fact substrate of some of these phosphorylated protein

kinases (vide infra). It is worth noting that our study has also identified several

Two Component sensory signal  transduction proteins as phosphoproteins (e.g.

Two  component  sensory  transduction  protein  regX3  (Thr151 &  Thr153),  Two

component sensor histidine kinase ppr (Ser446),  Two component transcriptional

regulatory  pprA  (Ser 20).  These  results  are  reminiscient  of  those  previously

described in B. subtilis 191 and suggest that in  M bovis BCG there may be cross

talk  between Ser/Thr/Tyr  phosphorylation and Two component  systems,  which

would  add  extra  complexity  to  the  overall  protein  phosphorylation  signal

transduction pathways regulating exponential growth of M. bovis BCG cells.

Phosphorylation  Events  Observed  in  Proteins  that

Regulates Mechanisms of Cell division and elongation

 In mycobacteria, cell elongation is regulated by a macro complex that regulates

peptidoglycan remodeling during growth by means of hydrolytic and synthetic

roles  (as  reviewed  by  168 ).   Our  data  indicate  that  in  M.  bovis  BCG, three

important  proteins  of  the  macromolecular  elongation  complex  are

phosphorylated during exponential growth, namely Wag31 (Ser245), CwsA (Thr77)

and a putative hydrolase (BCG_0021 involved in peptidoglycan catabolic process)

(Thr43). In mycobacteria, Wag31 is phosphorylated by PknA and is essential for

correct polar localization and biosynthesis  42,192; in addition, Wag31 is stabilized

by the cell  wall  protein CwsA. Wag31 is thought to be phosphorylated during

exponential phase and remains non- or lowly-phosphorylated during stationary

phase 39,40. Interestingly, Wag31, CwsA and the putative peptidoglycan hydrolase
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were  not  found  amongst  the  M.  smegmatis phosphorylated  proteins  in  the

present  study.   Whilst  we  cannot  rule  out  that  our  assay  did  not  isolate

phosphorylated M. smegmatis Wag31, it is perhaps more likely that in the fast-

growing  M. smegmatis the elongation complex is regulated by alternative non-

phosphorylated mechanism. 

Another  macromolecular  complex,  named  divisome,  is  responsible  for

mycobacterial  cell  division.  Assembly  and  disassembly  of  this  complex  is

regulated by protein phosphorylation 168.  According to our data, in M. bovis BCG

there are five divisome proteins which are phosphorylated, including cell division

FtsQ (Thr24),  FtsW-like protein (Thr29),  CwsA (Thr77)  as well  as other additional

phosphorylated  cell  division  proteins  such  as  RodA  (Thr463),  cell  division

transmembrane protein FtsK (Thr325; Thr642) and FtsY (Thr72), strongly suggesting

that divisome assembly and indeed cell division in M. bovis BCG is subject to a

high level of phosphorylation. 

Of  interest,  in  our  analysis  we have detected Hup,  a  conserved histidine-like

protein, phosphorylated on three different p-sites (Thr45, Thr65 and Ser90). In

Mycobacterium  sp.,  the  homologue  of  Hup  (Mhpl)  is  implicated  in  bacterial

adaptation  to  stress  response  conditions,  possible  inhibition  of  cellular

metabolism  and  reduction  of  bacterial  growth  rate  through  nucleoid

reorganization 193–195. Apparently, hup is expressed in exponentially growing cells

of  M.  tuberculosis H37Ra and it  is  shown to  be  maximally  expressed during

stationary phase, while Hup kinases (PknE, PknF and PknB) were found to be

constitutively expressed during exponential phase 190. It has been suggested that

the  phosphorylation  of  HupB  during  the  exponential  phase  by  the  referred

kinases would limit the interaction with DNA  190. In our  M. bovis BCG data we

have  identified  all  the  intervenient  proteins  involved  in  the  described

posttranslational  regulation  mechanism,  including  the  phosphorylation  of

phosphosite  Hup  Thr65.  It  is  therefore  appropriate  assume  that  the  same

mechanism takes place in M. bovis BCG exponential growing cells and although

under limited action it remains possible that the rate of unphosphorylated HupB

would have an impact on the overall growth rate. In contrast, we did not find any

evidences  indicating  that  similar  mechanism  operates  in  M.  smegmatis

exponential growing cell.   
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Stress Related Proteins

In  rich  broth  during  exponential  phase,  bacteria  experience  nearly  optimal

conditions of growth where there is excess nutrients and little accumulation of by

products, in addition to scarce competition between bacterial cells. Surprisingly,

under these conditions we observed an unexpected number of chaperones and

stress  related  proteins  in  the  M.  bovis BCG  phosphoproteome:  For  instance,

hyperosmotic and heat shock related proteins such as the chaperon protein DnaJ

(Thr120)  chaperon  protein  DnaK  (Ser558)  and  GrpE  (Ser12 and  Thr2),  multiply

phosphorylated  60  kDa  chaperonin,  ,10  kDa  chaperonin,  and  Copper-sensing

transcriptional repressor CsoR (Thr93). On the other hand, none of these stress

related  proteins  were  found  in  the  M.  smegmatis phosphoproteome,  which

suggests  that  even  under  optimal  environmental  conditions,  slow  growing

mycobacteria such as M. bovis BCG maintain a preventive basal level of stress-

related proteins that may act as frontline defence barrier to ensure adequate and

prompt response to any sudden change in local environmental conditions. In this

scenario  protein  phosphorylation  would  keep  most  of  these  proteins  in  an

inactive state, whereby dephosphorylation could then immediately recruit these

proteins when environmental conditions become unfavourable. A convenient and

versatile regulatory mechanism such as this could in fact be a determinant for

the survival and persistence of some bacteria.       

3.5 Conclusion and perspectives

This work demonstrated that there are major differences between a fast growing

and  a  slow  growing  mycobacterial  phosphoproteome.  The  M.  smegmatis

phosphoproteome observed here is in many aspects similar to those reported in

other  soil-dwelling  bacterial  models  and  can  be  viewed  as  a  minimalist

phosphoproteome  compared  to  that  of  M.  bovis BCG.  This  latter  organism

presents  a  much  more  complex  and  sophisticated  protein  phosphorylation

network, regulating important cellular cycle events such as cell wall biosynthesis,
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elongation, and cell division, as well as apparently being involved in regulating

response to stress, which over all would allow a quick cellular response to abrupt

environmental  changes.   However,  this  regulatory  advantage  might  be

associated with a cost, reflected by reduced metabolic fitness and slower growth

rate. 

The results of this section of the thesis demonstrates  M. bovis BCG is a good

model to study aspects of mycobacterial phospho-dependent signal transduction

pathways,  including those involved in  persistence and slow growth,  including

that  associated  with  drug  resistance.  By  contrast,  the  substantial  differences

reported  here  in  the  phosphoproteomes  of  M.  smegmatis and  M.  bovis BCG

suggest that  exponentially  growing  M. smegmatis cells  in  vitro are  of  limited

relevance  when  modelling  phosphorylation  networks  and  phospho-regulation

events likely to occur in M. tuberculosis at the site of disease during an infection.

4. IDENTIFICATION  OF  PHYSIOLOGICAL  SUBSTRATES  OF  M.
BOVIS BCG PROTEIN KINASE G (PKNG) IN ACTIVELY GROWING
CULTURE  BY  LABEL-FREE  MASS-SPECTROMETRY  BASED
PHOSPHOPROTEOMICS

     (Based on Nakedi et.al. 2018)

 Abstract

Mycobacterial  Ser/Thr  kinases  play  a  critical  role  in  bacterial  physiology  and

pathogenesis.  Linking  kinases  to  the  substrates  they  phosphorylate  in  vivo,

thereby elucidating their exact functions, is still a challenge. The aim of this work

was  to  associate  protein  phosphorylation  in  mycobacteria  with  important

subsequent macro cellular events by identifying the physiological substrates of

PknG in Mycobacterium bovis BCG.  The study compared the phosphoproteome

dynamics during the batch growth of  M. bovis BGC versus the respective PknG
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knock-out  mutant  (ΔPknG-BCG)  strains.  We  employed  TiO2 phosphopeptide

enrichment techniques combined with label-free quantitative phosphoproteomics

workflow on LC/MS/MS.  The comprehensive analysis of label-free data identified

603  phosphopeptides  on  307  phosphoproteins  with  high  confidence.  55

phosphopeptides were identified, 28 were differentially phosphorylated between

the two strains, whilst  23 phosphopeptides were phosphorylated in M. bovis BCG

wild-type  only  and  not  in  the  mutant.  These  were  further  validated  through

targeted  mass  spectrometry  assays  (PRMs).  Kinase-peptide  docking  studies

based on a published crystal structure of PknG in complex with GarA revealed

that the majority of identified phosphosites presented docking scores close to

that seen in previously described PknG substrates, GarA, and ribosomal protein

L13. Six out of the 23 phosphoproteins had higher docking scores than GarA,

consistent with the proteins identified here being true PknG substrates. Based on

protein  functional  analysis  of  the  PknG  substrates  identified,  this  chapter

confirms  that  PknG  plays  an  important  regulatory  role  in  mycobacterial

metabolism, through phosphorylation of ATP binding proteins and enzymes in the

TCA cycle. This work also reinforces PknG’s regulation of protein translation and

folding machinery. This chapter reveals a new set of protein targets that may

help  to  elucidate  the  exact  physiological  role  of  PknG  and  its  associated

phosphorylation  networks  during  adaptive  strategies  in  mycobacteria  to

changing environments.
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4.1 Introduction

In  bacteria,  protein  phosphorylation  is  a  central  mechanism  for  signal

transduction of important cellular events, as reviewed previously 2,6,196,197.  There

is  increasing  supportive  evidence  indicating  that  in  mycobacteria,  Ser/Thr

phosphorylation  plays  a  critical  role  both  in  the  physiology  as  well  as  the

virulence  of  this  intracellular  pathogen  18,36,53,67,170,198–200.  Interestingly,

mycobacteria  have  an  unusually  large  repertoire  of  kinases  for  a  bacterium,

including 11 two-component system and 11  Serine/Threonine protein kinases

(STPKs)  (PknA-PknL)  3,22,26,27.  Inference of the possible biological role of these

STPKs is critically dependent on knowledge of the substrates they phosphorylate

in vivo. Therefore, a detailed characterization of physiological STPK substrates is

essential to gain a better understanding of the mechanisms by which protein

phosphorylation regulates important biological responses in mycobacteria 28. 

Of all mycobacterial kinases, Protein Kinase G (PknG) is perhaps the best studied,

yet, remains the most intriguing.  Unlike the majority of other STPKs, PknG exists

as a dimer and since it has no membrane-bound domain, is found in the cytosol

of  mycobacteria  61,67,156.  This  protein  kinase  is  ubiquitously  present  in  the

Mycobacterium genus and it plays different roles in mycobacterial physiology as

well as in pathogenicity. For instance, PknG is known to phosphorylate in vivo the

mycobacterium fork-head associated protein (FHA) GarA 182, which is important in

glutamate metabolism 18,37,70. Additionally, PknG has been also implicated in the

regulation of other important physiological roles such as biofilm formation and

redox  homeostasis  64 and  intrinsic  resistance  to  antibiotics  65.   Importantly,

experimental evidence shows that, upon macrophage infection,  inactivation of

PknG, either by gene disruption or chemical inhibition, results in the intracellular

trafficking  and  localization  of  PknG-deficient  Mycobacterium  bovis Bacille

Calmette-Guérin  (M.  bovis BCG)  into  the  phagolysosome  and  ultimately  to

mycobacterial cell death  36,67. A recent study also demonstrated its role in the

survival of mycobacteria following in vitro induction of a non-replicating state 201.

Despite this suggested essential role of PknG in ensuring bacterial environmental

adaptation  and  survival,  GarA  has  until  recently  been  the  only  known  and

validated substrate for PknG 18,70,202 although  a recent study reported that PknG

also phosphorylates the 50S ribosomal protein L13 in vivo which is important in
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biofilm formation  and maintaining  redox  homeostasis  64.  However,  these  two

substrates alone seem insufficient to account for the phenotype of PknG knock-

out strain of M. tuberculosis. In addition, our previous work in this area strongly

suggests  that  each  Ser/Thr  kinases  in  M.  bovis  BCG  phosphorylates  multiple

substrates203.  Thus,  to  gain  new  insights  into  the  protein  phosphorylation

networks by which PknG mediates important physiological functions, it is crucial

that we identify a more comprehensive list of its verified substrates. 

Recent advances in mass spectrometry-based methods have revolutionized the

research field of phosphoproteomics by allowing global and accurate quantitative

analysis of protein events at the phosphopeptide level 11,12,17,30,32,48,80,109,110,146,147. In

addition, several studies using quantitative phosphoproteomics have identified

hundreds of kinase substrates in varying eukaryotic systems 79,108,145,148,149. More

recently,   similar  quantitative  phosphoproteomic  analyses  have  been

successfully applied to identify novel substrates of Bacillus subtilis Ser/Thr kinase

PrkC and phosphatase PrpC 110 as well as of the MAPK Hog1 in yeast  150 and in

human cells 79. 

4.2 Aims:

Despite  the  increasing  utility  of  large-scale  proteomics  for  the  in  vivo

identification of novel kinase substrates, to our knowledge, such an approach has

yet to be employed in the search for mycobacterial STKPs substrates. As a proof

of principle, we therefore aimed to present the first systematic application of

large-scale  phosphoproteomic  analysis  to  screen  for  and  verify  in  vivo novel

physiological substrates of mycobacterial STPKs. 
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4.3 Results

4.3.1 Growth monitoring of bacterial strains

M. bovis BCG Pasteur 1172 reference strain and M. bovis BCG ΔPknG knock-out

mutant were grown in nutrient rich 7H9 broth media and growth rates compared.

Figure 4.1(a) shows  growth  curves  monitored  by  measuring  optical  density

(OD600) of the culture over time. The PknG knock-out mutant grew at the same

rate as  the wild-type strain, in line with previous studies 67,200. We then validated

that  the  knock-out  mutant  was  indeed  lacking  PknG  by  targeted  mass

spectrometry (PRM). PknG peptides identified by discovery mass spectrometry

were quantified by PRM in both strains as illustrated in  Figure 4.1(b).  PknG

peptides were unambiguously identified in the wild type reference strain but not

in the ΔPknG knock-out mutant
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Figure 4-12: (A) Growth curves measured by OD600 of the M.bovis BCG strains used in this study
in nutrient rich 7H9 media. Both the Wt and the PknG knock-out mutants had comparable growth
rates.  This  is  in  line  with  what  has  been  previously  observed  in  literature.  (B)  PknG peptide
(INSFGYLYG) identified exclusively in the wild type M.bovis BCG and unambiguously absent in the
PknG knock-out mutant by PRM analysis
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4.3.2 Identification of physiological substrates for PknG

We  employed  large-scale  label-free  quantitative  phosphoproteomics  to  study

global  phosphorylation  dynamics  associated  with  M.  bovis BCG  PknG  and  to

identify  in  vivo physiological  substrates  for  this  kinase  in  actively  growing

bacterial  cells in rich media, to try to understand the regulatory role it  plays

whilst in the cytosol. We compared the phosphoproteome of wild-type and PknG

knock-out  strains  of  M.bovis  BCG,  in  biological  triplicate.  The  experimental

workflow is shown in Figure 4.2. The rationale is that peptides phosphorylated

in the presence of PknG and not in the mutant strain would be considered as

possible substrates of PknG.  Peak height intensities for each phosphopeptide

were used to assess phosphorylation. Phosphopeptides with intensity values in

all three replicates in the wild type M.bovis BCG and not in the mutant lacking

PknG were considered as candidate physiological  substrates of  mycobacterial

PknG. 
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A  total  of  829  phosphosites  (p-sites)  were  identified.  After  removing  known

contaminants and applying filters  80 (localization probability ≥0.75, PEP <0.01,

FDR <0.05, Score >40, Delta Score >8), 603 highly confident phosphopeptides

were  identified  on  307  phosphoproteins  and  were  further  analysed.

Phosphorylated  residues  were  also  manually  validated  by  looking  at  the

fragmentation spectra using the Maxquant feature “Viewer” as shown in figure

4.3.  Approximately 93% of phosphopeptides were singly phosphorylated, while

7% were multiply phosphorylated. The majority of these phosphopeptides were

phosphorylated on Thr (64.5%) and Ser (32.84 %) and only a small percentage

on  Tyr  (2.65%).  These  distributions  of  p-sites  are  in  line  with  what  we  had

previously published for the phosphoproteome of  M. bovis BCG 30, even though

we have increased the phosphoproteome coverage by 100% from 442 to 829 p-

sites.

Figure  4-14:  Fragmentation  spectra  of  the phosphopeptide showing both  b-  and y-ions of  the
phosphorylated peptide from one of the candidate substrate Chaperone protein ClpB
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4.3.3 Global  phosphorylation  changes  resulting  from

PknG gene knock-out

To correlate the global changes at the phosphorylation level as a consequence of

PknG gene knock-out,  we performed label-free quantitative phosphoproteomic

analysis, where we only considered phosphopeptides that were identified in at

least two replicates per experiment. Due to the variability introduced by the TiO2

enrichment step, we normalized the phosphopeptides from the enriched samples

by  those  that  could  be  detected  in  the  unenriched  samples  according  to  a

previously  published workflow named pairwise normalization  145.  The pairwise

normalization takes median of the abundance ratios (Normalization factor) of all

the phosphopeptides identified in an unenriched sample. After median centering

the  enriched  phosphopeptides,  they  are  then  adjusted  by  the  normalization

factor  of  the  unenriched  phosphopeptides.  The  principle  is  that  all  the

phosphopeptides in the unenriched sample are not influenced by the enrichment

step  which  introduces  bias,  therefore  it  argues  that  they  can  be  used  to

normalize  the  abundance  of  phosphopeptides  after  enrichment.  Figure  4.4

shows our data before and after normalization.
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Figure 4-15: A profile plot of the data overview before and after pairwise normalization. The top
panel shows the high variability of phosphopeptides between samples and the bottom panel shows
the  data  after  rescaling  using  the  median  of  the  phosphopeptides  in  an  unenriched  sample
unaffected by the enrichment technique.

After normalization and filtering, the differential phosphorylation was determined

by a two-sample student’s t-test with a significance cut-off  p-value of 0.05.  A

total of 31 phosphopeptides were significantly differentially regulated between

the wild-type and ΔPknG M. bovis BCG strains (Table 1). Functional analyses of

these differentially phosphorylated proteins showed that they were associated

with the biosynthesis of macromolecules, two component system proteins and

protein  kinase  A.  For  candidate  substrates  of  PknG,  we  considered  those

phosphopeptides that were detected in all replicates of the wild-type  M. bovis

BCG but that were not detected in all the replicates of M. bovis BCG PknG knock-
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out  mutant.  The  23  p-sites  on  22  proteins  identified  as  bona-fide candidate

substrates of M. bovis BCG PknG are summarised in Table 2. 

Quantification of phosphorylated proteins is important to our understanding of

the resultant biological effects. Phosphorylated peptides have an unpredictable

ionization when compared to their unmodified pairs,  therefore, to ensure that

these significantly dysregulated phosphopeptides were not as a result of changes

at the proteome level, we performed a quantitative proteome analysis parallel to

the phosphoproteomic workflow. All proteomic analyses were done on Perseus

version 2.3.  We considered all  the proteins with intensity values on all  three

replicates in each experimental group. Logarithmic means (base 2) of the wild

type and knock-out mutants were compared using a student’s t-test with a cut-

off value of p=0.05, and with Benjamini-Hochberg multiple testing correction. Of

all the differentially regulated proteins, candidate substrates did not change at

the proteomic level, except two (MetE and ClpB, more abundant in the wild-type

strain).  The  lack  of  change  at  the  protein  level  is  a  strong  indicator  that

regulation is at the phosphorylation level and not due to expression levels of the

phosphorylated proteins. 
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Table 4-3:Differentially phosphorylated proteins between Wt M.bovis BCC and PknG knock-out mutant

Gene
name

Protein P-site Localization
probability

-Log  Student's
T-test p-value

mtrA Two  component  sensory  transduction
transcriptional regulatory protein

T213 1 1.97384

cfp29 29 kDa antigen T47 0.991988 2.08032
psk13 Polyketide synthase pks13 T569 1 1.85385
ctaE Probable cytochrome C oxidase (Subunit III) ctaE T7 0.993445 3.94207
PknA Transmembrane serine/threonine-protein kinase A T224 1 2.04384
BCG_1592 Pseudouridine synthase S56 1 1.41308
35kd_ag Conserved 35 kDa alanine rich protein S168 0.971359 1.92842
ansP1 Probable L-asparagine permease ansP1 T474 1 2.59646
rpsQ 30S ribosomal protein S17 T123 0.998357 1.60323
atpFH ATP synthase subunit b-delta T78 1 1.59266
BCG_0735 Probable membrane protein S74 1 1.99181
groL1 60 kDa chaperonin 1 T435 1 1.52333
BCG_134 Uncharacterized protein S107 0.999885 1.30694
moeW Possible molybdopterin biosynthesis protein moeW S107 1 1.48633
infC Translation initiation factor IF-3 T5 0.932525 1.69633
rpsD 30S ribosomal protein S4 T147 0.999988 1.49155
BCG_0330 Probable conserved transmembrane protein T4 0.887233 1.64658
BCG_1746 Probable conserved transmembrane protein T394 0.967662 1.67599
BCG_1664 Probable  two-component  system  transcriptional

regulator
S146 0.983817 1.92198

tatA Sec-independent protein translocase protein TatA T60 0.999904 1.69263
BCG_1812
C

Hypothetical integral membrane protein T481 0.854165 1.68682

tatA Sec-independent protein translocase protein TatA T58 0.999999 1.70645
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BCG_2246 Uncharacterized protein T153 0.984392 1.72215
BCG_0215 Probable  conserved  MCE  associated  membrane

protein
T62 0.997238 1.4332

BCG_0421
c

Possible conserved secreted protein T210 1 1.31913

PknA Transmembrane serine/threonine-protein kinase A
pknA

S299 1 1.59262

BCG_0194 Probable  transcriptional  regulatory  protein  (Possibly
tetR-family)

T5 0.983476 1.55204

leuA 2-isopropylmalate synthase T595 0.999649 1.37648
BCG_0875
c

Uncharacterized protein S82 1 1.94697

metE 5-methyltetrahydropteroyltriglutamate--
homocysteine methyltransferase

S95 0.999759 1.3025

mas Probable  multifunctional  mycocerosic  acid
synthase membrane-associated mas

S2111 1 2.70602
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Table  4-4: Candidate substrates of PknG only phosphorylated in Wt M.bovis BCG. Known PknG substrates GarA and L13 were not identified in this
chapter, however, were included in the analysis for comparison purposes.

Protein Name Uniprot ID P-site Localization
Probability

Subcellular
Localization

Free  Binding
Energy

50S ribosomal protein L2 A1KGI5 S32 1 Cytoplasmic -2915.29
Chaperone protein ClpB A0A0H3M7W9 T79 0.89 Cytoplasmic -2708.49
Probable  conserved
membrane protein 

A0A0H3M0X2 S19 0.99 Cytoplasmic -2704.67

Uncharacterized protein A0A0H3M8P9 T12 0.93 Cytoplasmic -2448.17
Antitoxin A0A0H3M1S6 T15

2
1 Cytoplasmic -2401.27

GarA -2321.83
Uncharacterized protein A0A0H3M6A1 S2 0.99 Cytoplasmic -2250.28
L13 -2226.24
Uncharacterized protein A0A0H3M4P0 S11 0.99 Integral membrane -2209.59
metE A1KHS4 S71

3
0.99 Cytoplasmic -2022.95

ATP synthase subunit beta A1KI98 S16 0.79 Cytoplasmic -1856.33
Uncharacterized protein A0A0H3M751 Y38

2
0.99 Cytoplasmic -1829.71

ispG A1KML3 S38
7

0.97 Cytoplasmic -1795.16

Uncharacterized protein A0A0H3MC79 S27
7

0.78 Cytoplasmic -1767.57

30S ribosomal protein S16 A1KMQ3 S16
2

0.99 Cytoplasmic -1735.73

proline  and  threonine  rich A0A0H3MAA7 S40 0.98 Integral membrane -1674.22
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protein 3
Uncharacterized protein A0A0H3M751 T37

1
0.99 Cytoplasmic -1577.51

DNA gyrase subunit A A0A0G2Q9F8 S26
3

1 Cytoplasmic -1425.1

Uncharacterized protein A0A0H3M7J9 T7 0.99 Cytoplasmic -1359.11
Antitoxin A0A0H3MAL0 T10

9
0.95 Attached  to

membrane 
-1350.54

Uncharacterized protein A1KI28 S11
7

0.83 Integral  membrane
protein

-1301.16

Uncharacterized protein A0A0H3M2H1 T25 0.77 Cytoplasmic -1247.69
RNA  polymerase-binding
protein RbpA 

A0A0H3M6B6 T18 0.95 Cytoplasmic -1170.72

Malate dehydrogenase A1KI28 S23
8

0.92 Integral  membrane
Protein

-1064.63

Chaperone protein DnaK A1KFH2 T39
1

0.99 Integral  membrane
Protein

-725.77
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4.3.4 Validation  of  candidate  substrates  by  Targeted

Mass Spectrometry

To further validate the candidate substrates identified by this phosphoproteomic

workflow, we employed targeted mass spectrometry (PRMs). An isolation list for

all the peptides that were detected in the wild-type but not in the mutant was

created. We selected six of the candidate substrates to be validated by PRMs

(Uniprot  IDs:  A0A0H3M7J9,  A1KML3,  A1KI28,  A0A0H3M0X2  ,  A1KMQ3,

A0A0H3M751),  and  Figure  4.5 shows  that  these  phosphopeptides  were

unambiguously verified to be absent in the PknG mutant but present in the wild-

type (Figure 4.5 (A-C). In the remaining cases, we observed a decrease in the

amount of the phosphorylated peptide in the PknG knock-out mutant compared

to the wild type  (Figure 4.5 (D-F).  We designed PRM assays to detect both

modified (phospho Ser/Thr/Tyr) and unmodified versions of each peptide in the

isolation  list.   We  observed  a  substantial  shift  in  retention  during  these

experiments, which in itself is a technical issue and resulted in the truncation of

some extracted PRM chromatograms, so some candidate substrates could not be

confidently and unambiguously validated by this targeted approach. 
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Figure  4-16:  Validation of  identified phosphopeptides by targeted PRM’s.  The Top figures (A-C)
shows phosphopeptides that were exclusively identified in the Wild type M.bovis BCG and not in
the  PknG  knock-out  mutant  (A:  A0A0H3M7J9  B:  A1KML3  C:  A1KI28),  whilst  figure  D-F  shows
differential  phosphorylation  of  the  substrates  of  PknG  (D:  A0A0H3M0X2  E:  A1KMQ3  F:
A0A0H3M751).

4.3.5 Kinase-substrate Interactions

To determine if there are any preferential motifs for PknG substrate specificity,

we used iceLogo (www.weblogo.berkely.edu) to visualise overrepresented amino

acids flanking the phosphorylation sites of  candidate  substrates  that  indicate

interaction  with  this  kinase  (Figure  4.6).  This  sequence  alignment  shows  a

major  feature  around  the  (Ser/Thr)  phosphorylation  site,  specifically  an  over-

representation of  glycine (G) at  position +1 and alanine (A) or  proline (P)  at

position +2. There is also a strong selection of hydrophobic amino acids at these

positions adjacent the phosphorylation site.  Enrichment for glutamic acid (E),

occurred at positions -3 and -5.
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Figure  4-17:  Phosphorylation  site  motif  analysis  generated  using  IceLogo.  Showing
overrepresented amino acids around the phosphorylation site.

The lack of specific motif  characteristic of eukaryotic kinases prompted us to

investigate the structural  basis  for the kinase-substrate interaction,  using the

CABS  dock  software  to  simulate  interactions  of  candidate  peptides  into  the

catalytic groove of the protein kinase, and with an energy-based optimization

that allows for flexibility. Visual analysis was carried out using PyMol version 1.3

software.  The crystal structure of PknG in complex with ADP 62 was used as a

reference  to  model  the  kinase-substrate  interactions  (PDB ID:  4Y0X).  Figure

4.7(A) shows the modelling simulation of the validated substrate of PknG GarA

kinase-substrates  complexes;  the  highly  confident  candidate  substrates

identified in this study interacting with PknG are shown in  Figure 4.7 (B-F).

Visualization of  the interactions shows a unique hydrogen bond between the

carboxyl group of Asp211 of the catalytic side of PknG and the - hydroxyl group

of phosphorylated residues in the candidate substrates. The distance between

the  hydrogen  bonds  was  within  the  acceptable  distance  for  protein-peptide

interactions, ranging from 2.9 Å for 50S Ribosomal Protein L2, 4.3 Å for Chaperon

Protein  ClpB,  and  3.9  Å  for  a  probable  conserved  membrane  protein
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(A0A0H3M0X2). These results suggest a similar substrate/kinase interaction to

that observed for the GarA interaction with PknG, as well  as for the recently

proposed substrate of PknG  64, ribosomal L13.  The Gibbs free binding energies

were  predicted  and  compared  to  GarA,  a  previously  identified  and  validated

substrate  of  PknG,  as a measure of  confidence for  binding specificity  (Table

4.2).  From the  23  candidate  substrates,  five  had lower  (better)  free  binding

energy than GarA (-2.3Kcal.mol-1), ranging between -2.4Kcal.mol-1 for Antitoxin

protein and -2.9Kcal.mol-1 for 50S Ribosomal Protein L2, suggesting that these

peptides are true interactors of PknG.

Figure 4-18: (A) PknG binding with (PDB ID: 4Y0X) with GarA.  PknG chain in gray colour and GarA
peptide in pink. The threonine residue near to the catalytic residues shown as ball and stick model.
The - hydroxyl group is within hydrogen bonding distance of hydrogen distance of carboxyl group
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of Asp211. (B-E) shows the interaction of the high confidence substrates with the catalytic core of
PknG.

4.3.6 Functional  and  spatial  relationships  of  candidate

substrates 

Identified  candidate  substrates  of  PknG  were  involved  in  diverse  cellular

functions.  We  used  the  Uniprot  online  database  to  classify  the  functional

categories for each substrate. Figure 4.8 shows a plot of all the major functional

groups represented in the discovery MS analysis. PknG thus appear to regulate a

wide  variety  of  biological  processes  including  transcription  regulation,  metal

binding and DNA binding. The most overrepresented categories were ATP binding

and ATP synthesis, strongly suggesting that PknG plays an important role in ATP

regulation.  M.  bovis BCG  has  a  significant  number  of  proteins  that  are

uncharacterized, and  in our data, 8 of the PknG substrates were of unknown

function,  although  a  sequence  alignment  showed  that  one  of  these  proteins

(UniProt ID: A0A0H3M751) is an FHA domain containing protein which has been

shown to bind phosphopeptides 204. As GarA also contains the FHA domain, PknG,

like other kinases, has an affinity for FHA domain containing proteins. Another

domain enriched among these uncharacterized proteins was the ATPase domain

(UniProt  ID:  A0A0H3MC79).   PknG  is  a  cytosolic  kinase  and  it  has  been

experimentally shown that these kinases phosphorylate substrates in the same

subcellular sites they are found in vivo 205. With this in mind, we used the TB-pred

online  tool  (www.tbpred.com)  to  identify  the  subcellular  locations  of  the

candidate substrates, as shown in  Table 4.2.  These co-localization data show
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that the majority of the candidate substrates are cytosolic, which adds another

layer of confidence that these are indeed bona fide substrates of PknG in actively

growing cultures.

Figure 4-19:Functional categories of all identified candidate substrates of M.bovis BCG PknG. The
most represented functional categories are Translation, ATP Binding, Biosynthesis and Antitoxin.
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4.4 Discussion

Large scale LC-MS/MS is applicable to search for STPK in

vivo substrates

A number of previous studies have examined phosphorylation by mycobacterial

STPKs in vitro and have identified a considerable number of putative substrates

based on these assays  10,40,55,182,188,206–208. However, a recognized limitation of  in

vitro assays is the high enzyme: substrate ratios (up to 1:1) required to detect

phosphorylation  18,202.  This  means  that,  in  many  cases,  the  kinase  biological

selectivity is most probably lost in in vitro assays. Thus, the principal conundrum

lies  in  reconstructing  accurate  in  vivo phosphorylation  networks,  linking  the

kinases to their physiological substrates. 

There has been some controversy around the role of PknG during growth in liquid

culture.  The essential  role of PknG in culture is evident based on the growth

defects of the  M. tuberculosis ΔPknG knock-out mutant when compared to the

wild-type  in  nutrient-rich  media  37,209.  These  studies  found  that  the  M.

tuberculosis mutant lacking the PknG gene had significant growth defect when

cultured in different growth media. It is still unclear why these growth defects are

evident in  M. tuberculosis but not in  M. bovis BCG  36,67,200 as confirmed in the

present work.  The lack of obvious growth phenotypic differences in M. bovis BCG

encouraged  us  to  investigate  the  underlying  phosphoproteomic  changes

regulated by PknG to determine if the kinase plays a redundant role or would still

target  a  specific  group  of  proteins.  As  proof  of  principle,  the  current  study

presents  the  first  systematic  application  of  large-scale  phosphoproteomic

analysis to screen for in vivo novel mycobacterial STPK physiological substrates.
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Previous mass  spectrometry-based phosphoproteomics  studies  have identified

several  hundred  phosphopeptides/proteins  in  different  mycobacterial  species

including  M. bovis BCG (17,29,30,32. Nevertheless, the physiological significance of

these findings remains unclear,  especially given the suspected promiscuity of

STPKs towards different substrates  210. In the present analysis, more than 600

phosphorylation events were quantified and of these, <15% showed a differential

phosphorylation between wild type  M. bovis BCG vs ΔPknG. This indicates that

under  the  studied  conditions  there  is  a  reduced  subset  of  proteins  that  are

potentially  regulated  by  PknG,  pointing  towards  kinase/substrate  selectivity,

rather than kinase promiscuity.  Furthermore,  our results  clearly identified two

categories of differentially regulated phosphopeptides: those that appeared with

higher phosphorylation levels in wild type M. bovis BCG than in ΔPknG strain and

those phosphopeptides that were detected exclusively in wild type (both through

discovery and PRM analysis) but not in the ΔPknG strain with high reproducibility.

In the first category, it could be argued that those proteins may not be directly

phosphorylated by PknG, but instead by other protein kinase(s) whose activity

was itself  affected by the absence of PknG (for example PknA that appeared

among those being differentially phosphorylated). However, the second category

of differential phosphorylation events seems more likely to depend entirely on

the presence of PknG, although even here, the possibility that these proteins are

phosphorylated  by  other  STPKs  cannot  be  completely  ruled  out.  This  second

category of phosphoproteins can thus be initially considered as potential direct

PknG substrates for further validation. 

The utilization of targeted MS to follow up phosphorylation events in this study

increases  the  precision  and  accuracy  of  the  identification  of  site-specific

phosphorylation  and  proves  that  targeted  mass  spectrometry  is  valuable  in

phosphoproteomic studies especially where antibodies are not a viable option to

validate individual phosphorylation events. We have previously applied  PRM to

validate  phosphopeptides  identified  by  DDA  152 and  we  used  the  same

methodology  in  this  work  validate  the  identity  and  localization  of  candidate

substrates. SRMs and MRMs have been previously used to validate phosphosites

in mass-spectrometry-based phosphoproteomic datasets  211–215. By selecting the

Ser/Thr/Tyr  residue(s)  for  monitoring  it  is  possible  to  directly  assess  the

localization of the phosphorylation event. Usefully, PRM differs from SRM in that
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all  generated  fragment  ions  are  monitored  simultaneously  and  so  a  more

confident assignment is possible in label-free PRM p-site validation than in SRM

Importantly,  the  quantitative  mass  spectrometry-based  phosphoproteomic

strategy utilized here allows for confident identification and localization of the

phosphorylated  sites.  This  information  then  allows  further  analysis  to

predict/assess  the  probability  of  the  identified  phosphoproteins  being

phosphorylated  by  protein  kinase  in  question.  As  discussed  below,  here

employed  in  silico analysis  to  further  narrow  down  the  initial  list  of

phosphoproteins to a confident list of potential PknG substrates.

PknG protein-peptide docking interactions suggest the

basis of specificity

Identification  of  targeted  proteins  and  the  precise  phosphorylated  peptides

provides  a  unique  opportunity  to  extend  our  understanding  of  molecular

interactions between kinases and their substrates. Both known PknG substrates

GarA  and  ribosomal  L13  have  a  non-polar  amino  acid  two  position  before

phosphorylatable  Thr  (Val19  and Gly10  respectively).  Similarly,  in  this  study,

PknG in vitro phosphorylated sites that have non-polar amino acids two positions

before the phosphorylatable Thr. This common feature at the -2 peptide residue

is suggested to be stabilized by van der Waals interactions within a small pocket

comprising hydrophobic groups  62. Interestingly, the sequence alignment of the

candidate  substrates  presented  a  predominant  presence  of  non-polar  amino

acids at +1 and +2 residues from the phosphorylation site.   This configuration

resembles the mode of the binding of substrates to eukaryotic protein kinases, in

which  the  position  of  phosphorylation  is  secured  by  +  a  1  loop  that

accommodates  the  neighbouring  (P+1)  residue.  Lee  and  colleagues  found,

through  sequence  alignment  and  site-specific  mutagenesis,  that  the  tyrosine

phosphatase Src kinase (CSK) has a high affinity for binding substrates with non-

polar residues immediately following the binding site 216.  Our results are thereby
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in line with the reported extensive non-polar and polar interactions between the

AX20017  inhibitor  and  PknG,  where  the  inhibitor  is  bound  deep  within  a

hydrophobic PknG binding pocket 61,67. Finally, the alignment indicated a selection

for glutamic acid (E) at positions -3 and -5. Prisic and co-workers demonstrated

that acidic residues from -2 to -5 increased the susceptibility for phosphorylation

of proteins by most of the M. tuberculosis STPKs and that there is an apparent

preference for Glu or Asp at this position among the STPKs 29.  In agreement with

Prisic’s work, our results clearly indicate that PknG shows selectivity for Glu at

those positions, however, the molecular role of this residue in phosphorylation by

PknG requires further study. 

The patterns observed in the peptide sequences are possibly indicative of the

low specificity yet high affinity of PknG to its substrates. This  supports earlier

suggestions  that  STPKs  substrates  could  be  better  identified  as  interacting

partners rather than a consensus sequencing surrounding the phosphorylation

site  62.  Furthermore, our docking analysis showed that from the 23 candidate

substrates, five had lower (better) free binding energy than GarA (-2.3 Kcal.mol -

1), ranging between -2.4Kcal mol-1 for Antitoxin protein and -2.9 Kcal.mol-1 for 50S

Ribosomal  Protein L2,  supporting the notion that these peptides interact with

PknG. Visualization of the interactions shows a unique hydrogen bond between

the carboxyl group of Asp211 of the catalytic side of PknG and the  - hydroxyl

group  of  phosphorylated  residues  in  the  candidate  substrates.  The  distance

between the hydrogen bonds were in the acceptable distance for protein-peptide

interactions, ranging from 2.9 Å for 50S Ribosomal Protein L2, 4.3 Å for Chaperon

Protein  ClpB,  and  3.9  Å  for  a  probable  conserved  membrane  protein

(A0A0H3M0X2). These results suggest a similar substrate/kinase interaction as

the GarA interaction with PknG, as well  as the recently proposed substrate of

PknG 64, ribosomal L13. Of note the five more stable phosphopeptides contain a

Pro in position +2 or +3 from the phosphorylation site, suggesting that these

positions could be stabilized by van der Waals interactions within a hydrophobic

PknG  binding  pocket.  This  would  imply  that  in  such  cases  the  substrate

interaction with the PknG catalytic site occurs in an opposite orientation from

that observed in GarA in which -2 or -3 positions are the suggested stabilizing

positions. 
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This  chapter  has  demonstrated  the  utility  of  mass-spectrometry-based

phosphoproteomics in the screening for STPK substrates by comparing the global

phosphoproteome of an  in vivo system with and without PknG. The consistent

detection of specific phosphopeptides in all three biological replicates of the wild

type  and their  respective  absence  from ΔPknG samples  argues  that  at  least

these peptides are likely to be specifically targeted by PknG with a biological

purpose.  It can, therefore, be reasoned that the list of potential PknG substrates

identified  here  are  preferentially  phosphorylated  by  PknG  and  the  extent  of

substrate phosphorylation would then drive a resultant cellular response. 

Our protein-functional analysis revealed a number of potential PknG substrates

related to protein translation (Figure 4.7).  Noteworthy amongst these is  the

presence  of  two ribosomal  proteins,  including 50S ribosomal  protein  L2,  that

presented maximum localization probability value (1.0) and which had the lowest

free binding energy in docking models. This indicates 50S ribosomal protein L2

as a strong candidate substrate of PknG and it is in line with  earlier reports that

identified ribosomal proteins as substrates of PknG 64.  Interesting proteins that

are  involved  in  protein  translation  included  two  antitoxin  proteins:  RelB-like

antitoxin protein and VapB. Toxin-antitoxin (TA) modules have been described as

potential regulators of growth in M. tuberculosis and other bacteria, as reviewed

by Page and Peti  217. RelB-like and VapB are part of type II toxin-antitoxin family

in which the toxin normally inhibits cell growth, whereas the antitoxin neutralizes

the activity of toxin by forming a tight TA complex 218. Toxin-antitoxin systems are

often described as stress response mechanisms and during batch cell  culture

might be expected to act later in the growth curve when cells transition into a

stationery phase of growth. However, our observation indicates that antitoxins

are actually present in exponentially growing mycobacteria cells. It is therefore

tempting to picture a scenario where phosphorylation of antitoxins by PknG is

part of surveillance mechanism that regulates binding of these antitoxins to their

cognate toxins. This suggests in turn that PknG kinase activity may play a role in

coordinating  mycobacterial  adaptation  to  changing  environmental  conditions,

including dormancy 201.
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Finally,  GarA and ribosomal  protein L13 previously identified as substrates of

PknG were not detected in our assay. This apparent contradictory result can be

easily  explained  by  the  fact  that  here  the  cells  were  harvested  during

exponential phase, whereas previously both GarA and ribosomal proteins were

seen  to  be  phosphorylated  by  PknG  in  cells  under  stressed  and/or  nutrient

limiting conditions,  as well  as high kinase:  substrate ratios in  in-vitro assays.
64,70,202. It would therefore be interesting to extend our search for PknG substrates

to include conditions that limit cell division and growth. 

4.5 Conclusions

We  have  carried  out  a  high  throughput  mass  spectrometry-based

phosphoproteomics analysis to characterize substrates of mycobacterial PknG in

actively growing M.bovis BCG cells.  Our results were further validated by in silico

docking experiments as well as by targeted mass spectrometry. This described

here  workflow is  robust  and  should  represent  a  valuable  resource  to  further

characterize STPK’s substrates in different growth conditions in order to enhance

to  our  understanding  of  these  important  regulatory  proteins.  Future  studies

would  include  biochemical  kinase-substrate  experiments  to  verify  that  these

identified candidate substrates are phosphorylated by PknG.
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5. IDENTIFICATION  OF  THE  HOST  MACROPHAGE
SUBSTRATES  PHOSPHORYLATED  BY  M.  BOVIS BCG
PROTEIN  KINASE  G  (PKNG):  REPROGRAMMING
NORMAL MACROPHAGE FUNCTIONS.  

Summary

Macrophages  and  other  immune  cells  control  pathogenic  infection  by  their

protein expression levels, PTM’s, as well as proteins' intracellular localization and

secretion.  Pathogenic  bacteria  like  Mycobacterium  tuberculosis  modulate  the

host immune system to evade killing and ultimately survive long-term, resulting

in Latent TB Infection. Understanding the mechanisms pathogenic bacteria uses

to evade the killing by the host’s immune system is critical to better understand

the molecular mechanisms of mycobacterial infection. Protein kinase G (PknG) in

pathogenic  mycobacteria  has  been  shown  to  play  a  critical  role  in  avoiding

clearance  of  mycobacteria  by  the  host's  macrophages  through  blocking

phagosome-lysosome fusion, however, the exact mechanism is not understood.

Here, RAW 246.72 macrophage cell lines were infected with M. bovis BCG wild-

type and PknG knock-out mutants and lysed. After proteolysis, phosphopeptides

were  enriched  with  TiO2 and  subjected  to  LC-MS/MS  to  identify  peptides

phosphorylated  in  the  wild-type  infected  macrophages  and  not  in  the  PknG

mutant. A total of 3600 phosphopeptides were identified per experiment. After

applying  filters  and  data  cleaning,  1600  highly  confident  peptides  with  a

localization  probability  of  ≥0.75  were  then  used  for  downstream  statistical

analysis. A total of 67 phosphopeptides were identified exclusively in the wild-

type infected RAW264.7 macrophages and not in the PknG knock-out mutant.

These  phosphopeptides  are  considered  preliminary  candidate  substrates  of

PknG.  Functional  analysis  of  our  data  revealed that  PknG reprograms normal

macrophage function through interfering with the actin cytoskeleton.  Proteins

phosphorylated were involved in signalling pathways that were integral to actin

polymerization and actin cytoskeleton rearrangement. Our results indicate the

possible mechanisms that PknG uses to block phagosome-lysosome fusion.
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5.1 Introduction

Initial  events  following  phagocytosis  of  the  pathogen  by  immune  cells  like

dendritic cells, macrophages and natural killer cells are critical in determining

whether  the  pathogen  will  be  eliminated  or  survive.  Macrophages  play  an

important role in phagocytosis and clearance of microbes.  They have pathogen

recognition  receptors  on  the  cell  surface,  which  recognises  a  variety  of

mycobacterial  ligands,  ie.  Pathogen-associated  molecular  patterns  (PAMP).

These surface receptors, reviewed by Stamm and colleagues  219, are the ones

that  interact  with  the  bacillus  initially.  These  family  of  receptors,  eg,  Toll-like

receptors  (TLR),  recognises  microbial  PAMP  and  triggers  an  intracellular

signalling  cascade  that  ends  up  with  the  microbe  being  engulfed  into  an

organelle  called  the  phagosome.  This  engulfment  induces  the  classical  M1

activation  of  the  macrophage,  the  protective  immunity  against  intracellular

pathogens. The M1 activation is an innate immune response and stimulates the

release of pro-inflammatory cytokines like Interferon Gamma (IFN-γ) and Tumour

Necrosis  Factor  (TNF)  by neighbouring T-cells  and NK cells  thereby activating

macrophages 220.  

The macrophages’  first  defence against  the bacteria  is  the multistep process

termed phagosome maturation whereby phagosomes first acidify and then fuse

with  proteolytic  lysosomes  to  form  a  highly  potent  organelle  called  the

phagolysosome in a process regulated by Rab 5 protein 221,222.  The potency of the

phagolysosome is mostly due to the production of  toxic reactive oxygen and

nitrogen species (ROS & NOS), microbicidal peptides and lysosomal hydrolases
223. The phagolysosome also has limited carbon and nitrogen sources that are

central  to  the  survival  of  bacterial  pathogens224,225.  These  strategies  work  at

clearing  infection  with  other  bacteria,  however,  M.  tuberculosis has  evolved

strategies  to  circumvent  that.  It  has  dedicated  a  substantial  portion  of  its

genome for the purposes of survival within host cells. After phagocytosis,  the

bacilli sense the macrophagic environment and has a well-orchestrated sequence
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of  events  to  overcome  the  host  induced  stresses  in  order  to  survive.  This

highlights  the  need  to  continuously  improve  our  knowledge  of  the  interplay

between host and pathogen during this crucial time that can determine whether

the microbe will be cleared by the macrophage or survives and ultimately cause

active disease.  

Adaptation  and survival  of  M. tuberculosis within  the  host  is  critical  and  the

bacillus has strategies it employs to overcome the host macrophages, including

secretion of proteins that modulate the host’s proteins.  These proteins play a

pivotal  role  in  the  process  of  pathogenesis  and  ultimately,  escape  to

neighbouring cells and disease progression. Taking a closer look at the biology of

the  intracellular  M.  tuberculosis inside  the  host  vacuole  has  the  potential  to

unlock  the  mechanisms  that  this  pathogen  employs  in  order  to  survive  and

replicate 226 during latent TB infection until it escapes and disseminate to cause

active disease. Intracellular life of a pathogen inside a vacuole is an interesting

field  of  study,  the  more  we  know  the  exact  mechanisms  pathogens  use  to

survive, the better strategies of eradication can be devised. Secreted proteins

with varying functions are the key to unlock how pathogens fight for survival. 

PknG is a secreted kinase, via the secA2 secretory system  63,  and its role in

survival in the vacuole was eloquently described by Walburger and colleagues 36.

They infected macrophages with M.bovis BCG wild-type and a mutant lacking the

pknG gene  strains.  They  found,  using  confocal  microscopy,  that  the  mutant

lacking the pknG gene was trafficked to the phagolysosome, whilst the wild-type

strain was localised in the phagosome. To further validate these findings, they

overexpressed  M. tuberculosis pknG into non-pathogenic soil  mycobacteria  M.

smegmatis and repeated the experiment. The results proved the role of PknG in

survival when the M.smegmatis mutant harbouring the M. tuberculosis PknG was

localized in the vacuole and the Wt in the phagolysosome. The task now is to find

the exact mechanism of survival mediated by PknG by mass spectrometry based

phosphoproteomics to  identify  host  substrates phosphorylated by this  kinase,

since  the  function  of  kinases  are  dependent  on  the  substrates  they

phosphorylate.
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Hypothesis:

Upon  phagocytosis  of  pathogenic  mycobacteria  by  macrophages,  PknG  is

secreted  into  the  macrophagic  cytosol  and  phosphorylates  host’s  proteins,

thereby  modulating  signalling  and  ultimately  reprogramming  normal

macrophage function to mediate mycobacterial survival in macrophages.

5.2 Aims:

The  aims  of  this  chapter  were  to  identify  host’s  substrates  that  are

phosphorylated by PknG to reprogram normal macrophage function in order to

block  phagosome-lysosome  fusion,  an  important  defence  mechanism  that

mycobacteria utilize to escape killing within the macrophage.

5.3  Results:

5.3.1 Experimental design

Initial events during infection of host cells by pathogens can guide the overall

course of  infection and determine its  eventual  outcome.  To  understand host-

pathogen interactions during that crucial time in the course of infection between

the  host  and  pathogenic  mycobacteria  at  the  post-translational  level,  we

analysed changes in the global phosphoproteome of RAW264.7 macrophage cells

after  infection  with  M.  bovis BCG wild-type  compared  to  those  infected  with

M.bovis PknG knock-out mutant. This workflow enabled us to shed new light on

the mechanisms by which the kinase reprograms normal macrophage functions

to  inhibit  phagosome-lysosome  fusion.  We  employed  label-free  quantitative

phosphoproteomics to study the dynamics between host macrophages and the

mycobacteria. RAW264.7 cell lines were infected with M. bovis BCG wild-type and

PknG knock-out mutant. Uptake was allowed for 30 min followed by another 30

min  chase,  the  logic  being  that  PknG will  be  secreted  into  the  macrophagic

cytosol  earlier  on  during  infection  and  phosphorylate  the  host’s  substrates

thereby regulating them for eventual reprogramming. We designed our sample
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preparation  to  ensure  that  the  internalized  bacilli  remained  intact,  through

‘gentle lysis’ of eukaryotic cells as described in chapter two and harvesting of

mycobacteria through high speed centrifugation. After cell lysis and proteolysis,

phosphopeptides were enriched by TiO2 and subjected to LC-MS/MS. We included

both murine and M. bovis BCG databases in the Maxquant search, expecting to

identify only murine proteins.  Our search identified a few mycobacterial proteins

that were membrane proteins (data not shown), adding a layer of confidence

that the internalized mycobacteria were not lysed during sample preparation. 

Statistical considerations

Four  biological  replicates  per  experiment  were  analysed  to  increase  the

phosphoproteome  coverage  and  to  give  statistically  significant  results.  We

considered  proteins  phosphorylated  in  at  least  two  of  the  four  macrophage

replicates infected with the wild-type strain and not phosphorylated in any of

those infected with the knock-out mutant as host proteins phosphorylated by

PknG. After filtering low-quality data points, we had a subset of high confidently

localized phosphopeptides that were taken for downstream bioinformatics and

systems analysis. 

Justification  of  time-point  to  study  phosphorylation

dynamics between host and microbe

We based our study design on the reference paper, Walburger et al 2004 36. In

their  work,  they  monitored  survival  dynamics  of  M.  bovis BCG  wild  type

compared to the PknG mutant, judged by measuring CFUs at five-hour interval

post infection (Figure 5.1). They also observed through microscopy that M. bovis

BCG wild type was localized in the phagosome two hours post-infection whilst the

PknG knock-out mutant was localized in the phagolysosome at that time point

(Figure 5.1).  With that  in  mind,  we rationalized that  the ideal  time point  to

study the phosphorylation events that lead to their observed phenotype would

be 30 min post infection, the earliest time-point where mycobacteria would be

localized in the phagosome. We infected RAW264.7 cells in a T75 tissue culture

flask. Cells were seeded 7e5 and after three days of incubation, cells were at
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about 80% confluency with counts of 2e6 total cells. We infected at an MOI of 4,

ie.  8e6  bacterial  cells  were  added  to  the  eukaryotic  cells  and  incubated  as

described in detail in chapter 2.

Figure  5-20 Walburger  results  of  intracellular  survival  dynamics  of  M.  bovis  BCG  wild  type
compared  to  the  PknG  knock-out  mutant.  Electron  microscopy  localization  of  macrophage
harbouring  both  strains  of  M.  bovis  BCG  two  hours  post-infection.  Anne  Walburger  et  al.
Science 2004;304:1800-1804 36.

5.3.2  Phosphoproteomic  changes  in  the  host’s

macrophages mediated by PknG

Four independent biological replicates of RAW264.7 cells infected with  M. bovis

BCG wild-type and PknG knock out were lysed and phosphopeptides enriched for

using TiO2 after proteolysis and peptide clean-up. The LC-MS/MS parameters are

explained in detail in chapter 2. We normalized the sample loading volumes by

max  TIC  as  shown  in  Figure  5.2  (A-B).  Raw  data  were  processed,  and

identifications  matched  to  the  Murine  database  downloaded  from  UniprotKB

(www.uniprot.com),  using Maxquant  software version 1.5.3.12.  Of  the spectra

submitted, 8 % of those were identified with 15% missed cleavages. This is a

relatively  lower  identification  rate.  The  experiment  identified  3  164
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phosphopeptides of which, after filtering low-quality data as per Sharma et al

2014, 1 630 were high confident identifications with a localization probability of

≥0.75.  PEP  <  0.01  (Table  5.1)  (Figure  5.3  (A-B).  Missing  values  is

characteristic  of  label-free  phosphoproteomics  data.  To  this  effect,  we  only

analysed those phosphopeptides identified in at least two of the four biological

replicates per experiment.  We selected all phosphorylated peptides present in

the wild-type strain and not the PknG knock out mutant.  This present/absent

analysis isolated 69 candidate substrates of PknG in the host and these were

then  taken  further  for  an  in-depth  systems  analysis  (Table  5.2).  Interesting

substrates that stand out from Table 5.2 that possibly explain the consequences

of these phosphorylations that result in the observed phenotype, ie. phagosome

maturation  arrest  of  macrophages  harbouring  pathogenic  mycobacteria,  are

involved  in  actin  polymerization  signalling  pathways.  Our  data  also  shows

phosphorylation of regulators of integrins adhesion to the cytoskeleton, which is

invaluable in organelle fusion and supports the proposed mechanism that PknG

blocks phagosome-lysosome fusion as discussed in detail later.

Table 5-5:A summary overview of data quality

DATA  QUALITY

SUMARY
Spectra Submitted 330687
Spectra Identified 23551
Protein Groups 1 540
Missed Cleavages (1) 15.2%
Phosphosites
Identified

3 164

Localized
Phosphosites

1 630
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Figure 5-21: Data quality:  Sample loading volumes normalized to obtain TIC (Total Ion Chromatograms) for each replicate on the MS.
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Figure 5-22: Distributions of localization probability and PEP values of highly confident phosphopeptides identifications. The majority of phosphopeptides 
had a localization probability of > 0.75 and PEP values of <0.01
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Table 5-6:List of host’s substrates phosphorylated by M. bovis BCG PknG as determined by label-free phosphoproteomics

Gene
Name

UniProt ID Descriptive protein name Localization
Probability

P-site

Sept7 Q5DTS3_MOUSE MKIAA4020 protein 1 S1

Rps27 A0A0G2JDW7_MOUSE 40S Ribosomal Protein S27 1 S6

Spag7 SPAG7_MOUSE Sperm-associated Antigen 1 S1

Srrm2 SRRM2_MOUSE Serine/arginine  Repetitive  Matrix
Protein2

1 S12

          Gol
m1

Q4KMM5_MOUSE Golgi Membrane Protein 1 S7

Eif2s2 Q3ULL5_MOUSE Eif2s2 Protein 1 S3

Arhgdia GDIR1_MOUSE RhoGDP-dissociation inhibitor1 1 S1

Nsfl1c Q3KQQ1_MOUSE Nsfl1cprotein 1 S1

Nsfl1c Q3KQQ1_MOUSE Nsfl1cprotein 1 S3

Eaf1 EAF1_MOUSE ELL-associated Factor1 1 S4

Akap8 Q059U9_ MOUSE A kinase (PRKA) Anchor Protein8 1 S1

Ppp1r12a MYPT1_MOUSE Protein Phosphatase1 Regulatory Subunit
12A

1 S3

Acss2 D6RHA7_MOUSE Acetyl-coenzyme  A  Synthetase,
Cytoplasmic

1 S3

Ncaph CND2_MOUSE Condensin Complex Subunit2 1 T1

Tjap1 TJAP1_MOUSE Tight-junction-associated Protein1 0.753644 S3

Clip1 D3Z3M7_MOUSE CAP-Glydomain-containing linker Protein1 0.773912 S3
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Ptpn12 PTN12_MOUSE Tyrosine-protein  Phosphatase  non-
receptor type12

0.788012 S14

Efhd2 Q8C845_MOUSE EF-hand-domain-containing Protein D2 0.800535 S10

Mindy1 B7ZMR0_MOUSE Fam63a Protein 0.803674 S16

Ppp1r12a MYPT1_MOUSE Proteinphosphatase1 Regulatory  subunit
12A

0.806299 S3

Wiz G5E8J8_MOUSE MOUSEMCG 14253, isoform CRA_a 0.826384 S7

Srrm2 SRRM2_MOUSE Serine/arginine  Repetitive  Matrix
Protein2

0.84041 S3

Cdc25b Q9DBN8_MOUSE Cdc25b Protein 0.852478 S1

A0A068F1
26

A0A068F126_MOUSE Glyco-gag Polyprotein 0.85941 S9

Creb1 Q62347_MOUSE CyclicAMP-responsive  element-binding
Protein1

0.862448 S6

Ptpn6 Q3UB72_MOUSE Tyrosine-protein  Phosphatase  non-
receptor-type

0.868047 Y6

Srrm2 Q8BTI8|SRRM2_MOUSE Serine/arginine  Repetitive  M  matrix
Protein2

0.882714 S5

Chchd3 S4R238_MOUSE MICOS Complex Subunit 0.88571 S3

Ncaph CND2_MOUSE Condensin Complex Subunit2 0.897706 S8

Snw1 Q3TM37_MOUSE Uncharacterized Protein(Fragment) 0.904588 S12

Ndrg1 Q545R3_MOUSE N-myc downstream Regulated gene1 0.905592 S6

Fam53b Q3U0R8_MOUSE Protein FAM53B 0.9343 S3
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Nmd3 NMD3_MOUSE 60S Ribosomal Export Protein NMD3 0.96726 S8

Vim Q5FWJ3_MOUSE Vimentin 0.969501 S1

Snap23 B0R030_MOUSE Synaptosomal-associated Protein 0.970374 S10

Bin2 S4R2J8_MOUSE Bridging Integrator2 0.973343 S4

Nop14 Q8C539_MOUSE Uncharacterized Protein 0.9759 S9

p16 Q62019_MOUSE 16kDa Protein 0.977789 S6

Irf3 A0A140LHE6_MOUSE Interferon Regulatory factor3 0.980915 S8

Rbm8a RBM8A_MOUSE RNA-binding Protein8A 0.981752 S7

Arhgap18 RHG18_MOUSE RhoGTPase-activating Protein18 0.984893 S9

Pnpla7 PLPL7_MOUSE Patatin-like  phospholipase  domain-
containing protein7

0.988611 S3

Scaf11 Q9CSS1_MOUSE Uncharacterized Protein(Fragment) 0.990928 S3

Snx17 SNX17_MOUSE Sorting nexin-17 0.993464 S7

Ccdc6 F7B4D5_MOUSE Coiled-coil  domain-containing
Protein6(Fragment)

0.995051 S3

Arhgap6 RHG06_MOUSE Rho GTPase-activating Protein6 0.995535 S4

Tns3 TENS3_MOUSE Tensin-3 0.997022 S11

Ncor2 E9PY55_MOUSE Nuclear Receptor Corepressor2 0.997284 S1

Ccdc88b B2RXR1_MOUSE Coiled-coil domain containing88BOS 0.997664 S1

Lmna LMNA_MOUSE Prelamin-A/COS 0.997727 S6

Nelfe G3UY39_MOUSE Negative Elongation Factor E (Fragment) 0.998301 S3

98
Kehilwe C Nakedi – June 2018



Comprehensive definition of Ser/Thr/Tyr phosphorylation in mycobacteria: towards understanding reprogramming of normal macrophage functions by pathogenic mycobacteria

Bnip3 A0A1B0GT26_MOUSE BCL2/adenovirusE1B  19kDaprotein-
interacting protein3

0.99841 S5

Spen Q3UV27_MOUSE Uncharacterized Protein(Fragment) 0.99842 T1

Gpatch2 Q9D3E7_MOUSE Uncharacterized Protein 0.998451 S7

Pdha1 Q3UFJ3_MOUSE PyruvatedehydrogenaseE1  Component
subunit alpha

0.99886 S12

Rps3a1 Q9D1S3_MOUSE 40S ribosomal Protein S3a 0.999641 S11

Rrp9 U3IP2_MOUSE U3  small  nucleolar  RNA-interacting
Protein2

0.999803 S5

Srsf10 tr|Q3TFP0|Q3TFP0_MOUSE Serine/arginine-rich-splicing Factor10 0.999819 S3

Zfp655 A0A0G2JE56_MOUSE Zinc Finger Protein 655 0.999832 S12

Raly Q3U3F6_MOUSE HnRNP-associated  with  lethal  yellow,
isoform CRA_f

0.999879 T8

Dlgap5 Q3UGF9_MOUSE Uncharacterized Protein 0.999907 S13

Mdn1 A2ANY6_MOUSE Midasin 0.999936 S9

Flna B9EKP5_MOUSE Filamin, alpha 0.99996 S7

Srsf10 Q3TFP0_MOUSE Serine/arginine-rich-splicingfactor10OS 0.999976 S1

Ripk1 F7D1J2_MOUSE Receptor-interacting  serine/threonine-
protein kinase1

0.999994 S6

Cdc42ep4 BORG4_MOUSE Cdc42effectorprotein4 0.999998 S5

Eif2b5 EI2BE_MOUSE Translation Initiation FactoreIF-2B subunit
epsilon

1 S3

Tpx2 Q9CT36_MOUSE Uncharacterized Protein 1 S1
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Snw1 Q3TM37_MOUSE Uncharacterized Protein 1 S4
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5.3.3  Functional annotation of host’s proteins under the

regulation of PknG

To  gain  insights  and  to  infer  biological  significance  of  our  data,  an  online

PANTHER  online  Bioinformatics  Resources  (http://www.pantherdb.org)  was

utilized  to  analyse  Gene  Ontology  (GO)  biological  terms  that  are  over-

represented associated with candidate substrates phosphorylated by PknG. The

tool compares the statistically significant frequency of candidate substrates to

the reference list, which the PANTHER tool set as the mouse proteome. GO terms

with at least four phosphopeptides per term with a cut-off of Bonferonni adjusted

p-value of 0.1 were included in the analysis. GO Biological Process annotation

(redundant terms grouped) of candidate substrates of PknG are shown in Figure

5.4.  The most  interesting terms that  were enriched were cellular  component

organization  or  biogenesis  (GO:0071840)  and  cellular  process  (GO:0009987).

These GO processes result in reassembly, rearrangement of cellular components

and organelles.
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Figure  5-23:  GO-term enrichment analysis  of  candidate macrophagic substrates of  PknG using
PANTHER online bioinformatic tool highlights PknG’s ability to phosphorylate key cellular functions
including organelle migration and localization

5.3.4  Network  analysis  and  visualization  of  candidate

substrates of PknG

Protein-protein interaction network of our candidate substrates were analysed

and visualized using the STRING database (https://string-db.org) 227. These data

(Figure 5.5) show that PknG regulate a network of substrates that are involved

in interlinked multiple and diverse cellular processes. There is a clear network of

13 nodes interconnected of phosphoproteins phosphorylated by PknG. Of the 67

host  substrates  phosphorylated  by PknG.  25 where  annotated  to  the  cellular

organization term. The two major regulators of Rho GTPases were also identified.

Proteins  involved  in  integrin  recycling  and  activation  were  also  amongst  the

substrates that  are under the regulation of  PknG in  the host’s  macrophages.

These  host  substrates  of  PknG  strongly  suggests  that  disruption  of  key

cytoskeletal regulators is the mechanism that pathogenic mycobacteria employs

to block phagosome-lysosome fusion as discussed in detail in the next section.
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5.3.5 Consensus sequences (Motifs) of candidate 

substrates

To determine if  there are any preferential  motifs  for PknG host substrate,  we

used  iceLogo  (www.weblogo.berkely.edu)  to  visualise  overrepresented  amino

acids flanking the phosphorylation sites of  candidate  substrates  that  indicate

interaction  with  this  kinase  (Figure  5.6).  This  sequence  alignment  shows  a

preference for Proline at position +1 after Ser phosphorylation. These data are

consistent  with  what  we  have  already  demonstrated  with  PknG physiological

substrates in the previous chapter, where there were no significant preferential

motifs. It is interesting to note that the lack of specific motifs characteristic of

eukaryotic kinases doesn’t affect the specificity of the substrates phosphorylated

by PknG. This is supported by the enriched GO terms explained above, where

these  substrates  are  not  phosphorylated  at  random  but  are  inter-connected

biologically.
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Figure  5-24:Network  interaction  analysis  from  STRING  database.  The  nodes  represent
phosphorylated proteins,  the edges  represent  connections.  The  red  and blue colour  represent
proteins involved in cellular organization GO biological term.

Figure 5-25: Weblogo of identified PknG substrates.
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5.4  Discussion

Macrophages are able to change their phenotype and physiology in response to

stimuli in order to clear the invading pathogen. Pathogenic mycobacteria have

evolved strategies that enable them to evade the hostility of the host's immune

response and therefore survive inside macrophages sometimes for a lifetime.

Protein Kinase G plays an important role in reprogramming macrophage function

to aid in the survival  of  the pathogen.  It  has been shown that  macrophages

harbouring M. bovis BCC strains failed to be translocated to the phagolysosome

while  the  mutant  lacking  PknG  was  easily  cleared  by  the  macrophage.  This

impressive discovery propelled us to try and decipher the mechanisms that PknG

uses to block phagosome-lysosome fusion. The logical experiment would be one

that identified those proteins phosphorylated by PknG after mycobacteria have

been phagocytosed. To this end, we carried out a label-free phosphoproteomic

approach that  we and others  have shown to be high throughput  platform to

identify substrates of  kinases.  The functions of  the identified substrates shed

new light on the possible mechanisms that PknG uses to regulate and reprogram

macrophage's  signalling  pathways  that  enable  the  bacterium's  survival,  as

discussed below and summarised in Figure 5.7.

Intracellular trafficking via the actin cytoskeleton

Figure 5.4 shows the Gene Ontology terms that were enriched in this data and

a closer look at the pathways that these substrates are involved in, even though

there were no significantly enriched pathways, start to add missing links and fill

gaps  on  how  pathogenic  mycobacteria  survive  inside  the  host  macrophages

through the regulation of actin cytoskeleton in the presence of PknG. The idea

that pathogenic mycobacteria can manipulate the host's cytoskeleton through,

until now, unknown mechanisms was first described by Gue´rin and colleagues

where  they  noticed  that  pathogenic  mycobacteria  caused  a  marked

disorganization of the F-actin network 228.
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The  cytoskeleton  plays  an  important  role  in  phagosome  maturation  and

membrane  trafficking  events.  Actin  cytoskeleton  reorganization  is  needed  by

eukaryotic  cells  to  change  shape,  divide,  move,  and  take  up  nutrients  for

survival. For any type of cell to migrate, the cell membrane has to protrude first.

Protrusions are made up of lamellipodia and filopodia which binds to the actin

cytoskeleton and strengthened by adhesins 229,230. This causes traction forces that

allow the cell to migrate on the cytoskeleton with adhesins being detached as

the  cell  migrates.  Cytoskeletal  polymers  like  actin  and  tubulin,  need  to

polymerize to be active. Actin polymerization and assembly has been reported to

be able to stimulate or inhibit phagosome fusion with lysosomes 231.

Figure 5-26: A schematic figure showing substrates phosphorylated in the presence of PknG and a
summary of actin polymerization signalling pathways that the kinase may interfere.
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Cytoskeletal  disruption  through  the  Rho  signalling

pathway

The  Rac-Rho  signalling  pathway  is  one  of  the  best-studied  pathways  that

regulate the integrity of the actin cytoskeleton through regulation of Rho GTPase

activity.  The  Rho-family  guanosine  triphosphatases  (GTPases),  for  example,

RhoA, Rac1 and Cdc42, are the most important members of this family.  They

regulate crucial processes that are dependent on the actin cytoskeleton such as

cytokinesis, transcriptional activation, phagocytosis,  morphology and migration
232,233. They are also known to produce distinct changes to the actin cytoskeleton

when expressed in all eukaryotic cells, leading to important cellular functions like

phagocytosis and vesicular trafficking 234,235.

The  importance  of  these  Rho  GTPases  to  actin  cytoskeleton  dynamics  would

require not only one mechanism that regulates them to ensure that the cells

perform optimally in terms of motility and contractility. In a physiological state,

all  eukaryotic  cells  have  multiple  pathways  that  regulate  Rho  GTPases  by

switching their  activity on and off.  Rho-family GTPases homeostasis is strictly

regulated through several layers. Rho GTPases are regulated post-translationally

by  modifications  on  their  C-terminus,  and  that  enables  protein-protein

interactions with their effector to activate them 236.  Secondly, signalling events

induces their activation (GTP-bound) through the GDP/GTP exchange catalysed

by  GEFs  (guanine  nucleotide-exchange  factors) and  promotes  downstream

signalling 237. Thirdly, they are maintained in an inactive (GDP-bound) form and

protected  from  degradation  in  the  cytosol  by  Rho  GDP-dissociation  inhibitor

(RhoGDI), which we identified as a phosphorylated in the presence of PknG in

this work. The negative regulation of Rho GTPases by RhoGDI maintains their

homeostasis by preventing nucleotide exchange and membrane association and

solubilizing them in the cytosol  238. Gene knock-out studies of RhoGDI showed

decreased actin polymerization and disrupted actin cytoskeleton 239,240. 
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Two Rho GTPase activating proteins (RhoGAP), Arhgap18 and Arhgap6, are host

substrates phosphorylated in the presence of PknG, as determined by this study.

They regulate the GTP hydrolysis activity of RohA by switching it to its inactive

form  and  a  still  unclear  mechanism  236,241.  Activated  RhoA  regulates  the

cytoskeletal dynamics effectors such as Rho kinases/ROCKs.  Overexpression of

RhoGAP resulted in human osteosarcoma SaOS-2 cells resulted in a decreased

RhoA activation and disruption of actin stress fibres242, whilst gene knockdown of

Arhgap18  enhances focal adhesion and stress fibre formation 241. In addition to

its GAP specificity towards RohA, Arhgap6 also co-localizes with actin filaments

through an N-terminal domain and recruits F-actin to promote actin remodelling
243. These studies combined with our results lead to the hypothesis that PknG's

phosphorylation  of  RhoGAP may  increase  its  activity  to  block  the  activity  of

RhoA,  which  is  beneficial  to  the bacterium through disruption  of  actin  stress

fibres and thereby blocking phagosome migration. 

The Rho GTPase family member Cdc42 is a master regulator of actin nucleation

and cytoskeleton remodelling.  As like other Rho proteins, it is kept inactive by

association  with  RhoGDIs  238,239,244.  ARHGDIA  is  a  RhoGDI  that  we  identified

phosphorylated in the presence of PknG in this work. Mutations in ARHGDI leads

to  dissociation  from  and  activation  of  Cdc42  and  Rac  245,  whilst  knockdown

studies of ARHGDI resulted in hyperactivation of RhoA, Rac1, and Cdc42246. These

studies  and  our  results  together  show  one  of  the  possible  ways  PknG  may

maintain these Rho GTPases in an inactive form through phosphorylation and

regulation of RhoGDI, blocking downstream pathways that maintain the integrity

of the actin cytoskeleton.

Activation  of  Cdc42  leads  to  its  regulatory  function  through  a  conformation-

specific  interaction  with  target  (effector)  proteins  containing  a  Cdc42/Rac

interactive binding (CRIB) motif.  One such group of Cdc42 effectors belong to

the less studied Borg (binder of Rho GTPases) family of proteins. They have been

proposed to be negative regulators of GTP bound Cdc42  247,248.  In mammalian

breast cell lines, Borg protein Cdc42ep4 is a substrate of Protein Kinase C (PKC),

and the resultant phosphorylation diminishes its binding to Cdc42. Dissociation

of  Cdc42ep4  from  activated  Cdc42  allows  its  interaction  with  TEM4  thereby

promoting  Rac activation and filopodia formation249. We propose a model where
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pathogenic mycobacteria interferes with this signalling pathway through PknG

phosphorylation  of  Cdc42ep4,  that  increases  its  binding  affinity  to  activated

Cdc42, thereby negatively regulating the downstream functions of Cdc42 and

concurrently inhibiting Rac activation in actin polymerization and cytoskeleton

remodelling pathways.

Actin nucleation interference through the WASp-Arp2/3

complex 

Macrophages ability to control pathogens depends on its structural rigidity and

plasticity. Its architecture is mediated through the actin polymerization and Rho

GTPase activation  250.  The functional  effects of this structural  and mechanical

regulation  are  mobility  and  maturation  that  are  key  steps  in  pathogen

elimination. Like other cells of the monocytic lineage, macrophages have actin-

rich structures called podosomes that elongate and bind to the ECM through

integrins251.  De  novo  synthesis  of  new  actin  filaments  is  critical  to  actin

cytoskeleton reassembly and rearrangement. The actin-related protein (Arp) 2/3

complex is one of the conserved actin cytoskeletal nucleation mechanism that

assembles and polymerises actin filaments. It is a tightly regulated process that

requires  a  co-stimulatory  factor,  nucleation-promoting  factor  (NPF),  the  well-

studied being the proteins belonging to the WASp-like  family (Wiskott–Aldrich

syndrome  protein).  These  WASp-like  proteins  are  key  regulators  of  actin

polymerization, are scaffolds that link upstream signals to the activation of the

ARP2/3 complex. Activated Cdc42 regulates WASp by binding to GTPase-binding
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domain,  changing  its  conformation,  facilitating  the  interaction  of  WASp  and

Arp2/3 complex 252. WASp-like proteins have to be phosphorylated by a tyrosine

kinase at position Y291 253. Our data suggest that PknG may be regulator of actin

nucleation  through  regulating  the  phosphorylation  state  of  WASp,  since  two

substrates identified in this work as being phosphorylated in the presence of

PknG  (Upstream  inactivation  Cdc42  by  ARHGDI  and  Ptpn12)  are  known  key

regulators of Wasp.  Notably, Ptpn12 dephosphorylates WASp-like protein on Try

291,  making  it  susceptible  to  cytosolic  degradation.  These  data  collectively

suggest  that  PknG  may  block  phagosome-lysosome  fusion  by  negatively

affecting the activation of Cdc42 through phosphorylation of RhoGDI, making it

inaccessible to interact with WASp thereby blocking actin polymerization, and

through phosphorylation of Ptpn12 that leads to WASp degradation. 

Interference of Integrins adhesion to actin cytoskeleton

Macrophages  adhere  to  the  extracellular  matrix  (ECM)  by  using  specific  cell

surface adhesive structures. Integrins (α and β) are transmembrane proteins that

link the ECM to intracellular cytoskeletal and signalling networks that dictate a

cell's ability to adhere to, spread and migrate over distinct surfaces 254. Integrins

are regulated in terms of cell-surface delivery, internalization and recycling by

proteins  belonging  to  the  FERM-like  domain–containing  sorting  nexins  of  the

SNX17/SNX27/SNX31 family255, which were observed to be phosphorylated in this

work. In particular, we identified SNX-17 to be phosphorylated at Ser7. Sorting

nexin  protein  SNX-17 is  found in  early  endosomes and mediates  retrieval  of

transmembrane proteins from the lysosomal  pathway  255,256.  Its  FERM domain

binds to the NPxY motif of  β Integrins, triggering their recycling 257,258. It is well

established that mutations on the SNX-17 protein lead to lysosomal degradation

of  these  integrins.  SNX-17  has  a  pho  (PX)  domain  that  has  been  shown  to

interact with membranes containing phosphatidylinositol 3-phosphate (PtdIns(3P)
259,260, also known as PI3P and recruits them to specific membranes or vesicular

structures  within  cells.  PI3P  has  a  versatile  role  in  phagosome  maturation,

vesicular trafficking and ROS production 261–265. One of the interesting interactors

of SNX-17 through its FERM domain is Ras GTPase in a GTP dependent manner
266,  one  of  Rho  proteins  that  are  central  to  actin  cytoskeleton  remodelling.

Phosphorylation  of  SNX-17 in  the  presence  PknG gives  rise  to  an  interesting

hypothesis that one of the ways that pathogenic mycobacteria block phagosome
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maturation is by preventing membrane protein recycling and blocking vesicular

trafficking at the phagosome membrane through negative regulation of SNX-17,

whilst  at  the same time interfering with the Ras signalling pathway for actin

cytoskeleton remodelling. 

Tensins  are  a  family  of  cytoplasmic  phosphoproteins  that  are  localized  to

integrin-linked  focal  adhesions.  They  interact  with  the  cytoplasmic  tail  of  β-

Integrin  through  their phosphotyrosine-binding  domain  (PTB),  whilst  the  N-

terminal  region  binds  to  actin,  thereby  linking  the  actin  cytoskeleton  to  αβ

integrin receptors  267.  Tensin is  an important component  linking the ECM, the

actin  cytoskeleton,  and  signal  transduction.  Knock-out  studies  in  mice  have

demonstrated that lack of tensin leads to loss of cell migration 268,269.  Tensin -3

(Tns3) is a substrate that is regulated in the presence of PknG. This is another

evidence of the possible role PknG plays on the actin cytoskeleton and all its

associated proteins that result in the inability of the macrophage's phagosome to

migrate and fuse with the lysosome, resulting in the survival of mycobacteria.

Actin filaments are cross-linked to form its dynamic three-dimensional structure
270. This organization enables the F-actin flexibility and rigidity and is mediated

by filamins and other filament-forming proteins  271,272. The interaction between

filamins  and  actin  creates  the  mechanical  and  dynamical  properties  of  the

cytoskeleton 273. Filamin A is an actin-binding protein that plays a critical role in

cytoskeleton remodelling by cross-linking actin filaments and attaches them to

membrane  proteins  and  the  extracellular  matrix  through  adhesion  molecules

such as integrins  274.  Filamin A is a negative regulator of integrins activation,

through its binding to talin in response to mechanical force 275. Mutations in FLNa

and  FLNb  have  been  associated  with  several  developmental  malfunctions  in

human genetic disorders 276. The FLNa partner binding capabilities are regulated

by phosphorylation and mechanical stress. One of the host candidate substrates

we identified in the study is FNLa. This is another layer of evidence that identifies

a network of proteins that strongly suggest the role PknG play in interfering with

macrophagic cytoskeleton remodelling.

Interference of actin-myosin interactions 
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The crucial step in cell motility and adherence is the actomyosin cortex beneath

the  cell  membrane,  which  produces  contractile  forces  that  squeeze  the  cell

forward during migration or constrict it during division  277,278. A thin network of

actin-attached tightly to below the cell surface acts as the cell cortex and myosin

II motor proteins generate contractile forces which pull the actin filaments in the

presence  of  ATP  from  regions  of  relaxation  to  regions  of  contraction  279,280.

Actomyosin  contractility  is  required  for  the  translocation  of  integrins  in

specialized  cell-matrix  adhesions  along  actin  stress  fibres,  a  process  that

stretches  folded  fibronectin  dimers  to  facilitate  their  assembly281.   Cells  and

tissue  tension  is  generated  by  actin-myosin  interaction.   YAP  (Transcriptional

coactivator YAP1) has been shown to be important in regulating tissue tension in

human cells, acting through ARHGAP18 to regulate cortical actomyosin network

formation 282. This work, ARGAP18 was identified substrate phosphorylated in the

presence  of  PknG,  suggesting  that  F-actin  polymerization  suppression  and

downstream  actinomyosin  network  formation  through  YAP  is  one  of  the

mechanisms PknG could possibly employ to block membrane fusion between the

phagosome and lysosome.

Interference with microtubule dynamics

Microtubule (MT) stability is important for podosome formation in macrophages
283.  The  absence  of  podosome  is  associated  with  a  disturbed  microtubule

cytoskeleton,  both in its overall  shape and also on the level  of  orientation of

individual microtubules 283. Microtubules have minus and plus ends that binds to

the  microtubule  organizing  centre  (MTOC)  and  explore  the  cell  periphery

respectively. In this section of the thesis, we will discuss the evidence that directs

us to the possible role that PknG plays in destabilizing MT dynamics through

phosphorylation of different proteins that are involved in signalling pathways that

polymerizes MT.

MT cytoskeletal dynamics and their functionality in anchoring to other structures

are mediated by proteins that interact and bind to their growing ends called plus-

end tracking proteins (+TIPs) 284. CAP-Gly domain-containing linker protein 1 (also

known  as  Clip1  or  Clip-170)  belongs  to  a  family  cytoplasmic  linker  proteins

(CLIPs), that links organelles with microtubules 285,286. Clip-170 is localized at the

plus end of growing MT and is associated with MT assembly and growing length
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286,287.  Its  ability  to  bind  to  the  growing  ends  of  MT  is  regulated  post-

translationally through phosphorylation by PLK1 and CK2  288–290.  In yeast cells,

genetic analysis of the knock-out CLIP-170 homolog showed destabilization of MT

plus ends in all regions 291. CLIP-associating proteins (CLASPs) 1 and 2 attaches to

CLIP-170 to promote turnover of attached MTs and they are phosphorylated by

cyclin-dependent  protein  kinases  1  (Cdk1)  292.  This  phosphorylation  primes

CLASPs to associate and recruit PLK1 to the growing ends of MT to phosphorylate

and regulate Clip-170 in MT dynamics 292. It was interesting to note that Cdc25b

was  phosphorylated  in  this  work,  a  tyrosine  protein  phosphatase  that

dephosphophorytes Cdk1 and activates its kinase activity 293.  We also identified

Clip1 as one of the substrates that are phosphorylated in the presence of PknG in

this  work.  The  regulation  of  Clip1  directly  and  through  its  effectors  in  the

presence  of   PknG  suggests  negative  regulation  that  results  in  a  decreased

ability of Clip1 to effectively interact and bind to growing ends of MT, leading to

loss of MT organization and functions.

Ccdc88b,  Hook-related protein 3 (HkRP3) is a microtubule binding hook protein

that is localized at microtubule-organizing centre (MTOC) in macrophages 294. The

function  of  these  proteins  is  unclear,  but  they  seem  to  functionally  couple

elements of the cytoskeleton with different cellular processes, such as vesicular

transport  and  cell  movement.   In  studies  using  B  cells  and  T  cells,  HkRP3

interacts with DOCK-8294 (dedicator of cytokinesis 8), a protein that functions as

GEF  for  the  Rho  family  of  GTPase  Cdc42  295.  Individual  Guanine  nucleotide

exchange factors  (GEFs)  are  thought  to  help  recruit  specific  effectors  to  the

monomeric  GTPases  they  activate,  thereby  assembling  compartmentalized

signalling complexes. DOCK-8 has been shown to be involved in regulating F-

actin and integrin accumulation at the immune synapse and its loss leads to

halted macrophage migration296,297. We identified HkRP3 as one of the substrates

phosphorylated in the presence of PknG. In NK cells, the interaction of HkRP3

with DOCK-8 is essential for NK cell-mediated cytotoxicity through its effects on

lytic granule transport and MTOC polarization294,298. The regulation of HkRP3 in

the presence of   PknG,  presumably negatively,  demonstrate  that  PknG could

interfere  with  microtubule  stability  by  blocking  MTOC  polarization  through  a

pathway that involves Cdc42 GEF DOCK-8 299.
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Septins  are  GTP-binding,  filament-forming  proteins  that  have  been called  the

fourth component of the cytoskeleton 300. They have been shown to play a crucial

role in microtubule stability.  They form filament structures and associate with

other cytoskeletal components like actin filaments and microtubules. Their active

core is homologous to the Ras family of GTPases which play an integral role in

cytokinesis. The loss or inhibition of these septins leads to adverse effects on the

actin  cytoskeleton,  the  SNARE  complex  and  vesicle  trafficking  301.  Imaging

studies  have  shown  that  Sept7,  Sept9b,  and  Sept11  are  distributed  as  a

filamentous  pattern  along  actin  stress  fibres  in  an  actin  filament-dependent

manner; demonstrating  the  role  of  the  Sept  proteins  in  scaffolding  the  actin

filaments for the cytoskeletal organisation 302,303. We identified Sep7 as one of the

candidate  substrates  phosphorylated  in  the  presence  of  PknG,  at  Ser1.

Phosphorylation of  these integral  actin-binding proteins adds another layer of

proof  of  the  possible  role  that  PknG  may  play  in  disrupting  cytoskeletal

organisation.

Interference with intracellular protein trafficking

Eukaryotic  cells  are  highly  organised.  This  organisation  and tightly  regulated

signalling  events  are  part  of  the  cells  precise  mechanisms  to  maintain

functionality.  Trafficking of  intracellular  proteins is  one of  the ways that  cells

maintain  homeostasis  and  respond  to  signals  accordingly.  The  process  is

facilitated  by  vesicles  transport  or  sorting  proteins  called  SNARE  (soluble N-

ethylmaleimide-sensitive factor attachment protein receptor)304. SNARE complex

mediates  all  intracellular  membrane  fusion  trafficking  events  except  for  the

mitochondrial fusion  305,306. The hypothesis is that vesicle proteins that harbour

proteins on their cell surface (v-SNARE) recognise target interactor proteins on

the cell membrane (t-SNARE) that bind to the v-SNARE 307. This is followed by the

binding of SNAPs (soluble N-ethylmaleimide-sensitive factor attachment proteins)

and NSF (N-ethylmaleimide-sensitive factor), an ATPase that triggers the break-

up of the SNARE complex, leading to fusion of the two organelles 308. One of the

SNARE complexes that regulate macrophage adhesion, spreading and migration

on fibronectin is the Q-SNARE complex: VAMP3/Stx4/SNAP23 304. The presence of

PknG results phosphorylation of SNAP23, as identified in this work. VAMP3 is the

t-SNARE  that  must  bind  to  Stx4/SNAP23  v-SNARE  and  altered  levels  of  any

component  of  this  complex  have  previously  been  reported  to  disrupt  the

Kehilwe C Nakedi – June 2018



Comprehensive definition of Ser/Thr/Tyr phosphorylation in mycobacteria: towards understanding reprogramming of normal macrophage functions by
pathogenic mycobacteria

polarised localisation of podosome clusters  309. Our data further identified NSFL

cofactor p47 (Nsfl1c), an ATPase that dissociates the SNARE complex to facilitate

membrane fusion310, as also a possible substrate of PknG. Our results are further

confirmation  that  irregularities  in  the  components  of  the  SNARE  complex

VAMP3/Stx4/SNAP23 blocks phagosome-lysosome fusion and suggest that PknG

may play an important role in manipulating this well-organised host's system to

the mycobacteria's advantage.

Cytoskeleton disruption through inactivation of tyrosine

phosphatases

Tyrosine phosphorylation is at the centre of actin cytoskeletal organisation and

signalling.  SH (Src homology) domain-containing proteins at the cell membrane

are primed for downstream protein-protein interactions through phosphorylation

of  the  SH  domain  by  a  number  of  tyrosine  kinases  311.  Actin  polymerization

pathways  are  induced  by  stimulation  of  SH  proteins  that  gets  auto-

phosphorylated at specific tyrosine residues,  that acts as a molecular switch,

enabling  them to  undergo  further  tyrosine  phosphorylation  311.  The  resultant

tyrosine  phosphorylation  enables  protein-protein  interaction  with  cytoplasmic

interactors that are enzymes in a few pathways discussed in this section that

ends in actin polymerisation.

Tyrosine-protein phosphatase non-receptor type 12 (Ptpn12), also known as PTP-

PEST, is one of the substrates that are possibly under the regulation of PknG, as

determined  by  the  present  study.  It  plays  a  role  in  regulation  and

dephosphorylation of cell  adhesion tyrosine kinase  β like PTK2B/PYK2 and the

adaptor paxillin312,313.   The cytoplasmic proline-rich tyrosine kinase 2 (Pyk2) is

implicated in the regulation of actin cytoskeleton organization, in a process that

is  dependent  on  its  autophosphorylation.  Phosphorylated  (activated)  Pyk2

facilitates  tyrosine  phosphorylation  of  focal  adhesion  protein  (Crk  associated

protein) p130CAS314, priming it for protein-protein interactions with Crk, which is

required for further activation of the GTP-binding protein, Rac1, which promotes

actin cytoskeleton reorganisation  315.  The loss of Pyk2 activity leads to loss of

macrophage motility and dendritic cells migration  313,316. In this work, Pyk2 was

found  to  be  dephosphorylated,  suggesting  that  possible  PknG’s  upstream
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regulation of Ptpn12 results in dephosphorylation of Pyk2, therefore, restricting

macrophage motility and normal functions.

Another substrate of Ptpn12 is Focal Adhesion Protein (FAK). Its shares sequence

similarity to Pyk2, however, it is located at focal points with other cytoskeletal

proteins  like  paxillin  317.  The  close  proximity  of  FAK  and  Paxillin  has  been

suggested to mediate focal contact localization and activation of FAK 317. Through

its association with c-Src, it undergoes tyrosine phosphorylation, resulting in FAK

binding to Grb2, Sos, and Ras, leading to ERK1/2 pathway activation. Since we

have shown evidence  that Ptpn12 is probably regulated by PknG, it follows that

the  dephosphorylation  of  FAK  by  Ptpn12  may  block  the  ERK1/2  pathway  for

cytoskeletal  remodelling.  Furthermore,  the  special  localization  of  these

substrates of  PknG supports  our  hypothesis  that  PknG is  secreted out of  the

bacterium  in  response  to  the  phagosome  signals,  thereby  being  able  to

phosphorylate substrates at different subcellular locations.

Tyrosine-protein phosphatase non-receptor type 6 (SH-P1) is expressed mostly in

hematopoietic  cells. SH-P1  is  an  SH  domain  phosphatase  that  is  regulated

through  tyrosine  phosphorylation  by  Src kinase  and  elevated  intracellular

calcium levels. Much of the work on the activity of tyrosine phosphatase function

has been carried out in platelets  318. It  has been shown to be translocated into

the cytoskeleton,  where it  interacts  (through dephosphorylation) with adapter

protein Grb2  319.  Our data identified SH-P1 as one of  the substrates that are

phosphorylated  in  the  presence  of  PknG  to  facilitate  phagosome  maturation

arrest.  These  data  demonstrate  the  possible  mechanism  that  PknG

phosphorylates SH-P1, thereby inhibiting its activity and interaction with Grb2,

thereby  inhibiting  the  Ras signalling  pathway  for  actin  cytoskeleton

polymerization and lamellipodia formation.   SH-P1 also regulates macrophage

adhesion and motility mediated by integrins. Gene knock-out studies showed a

decreased attachment of αβ Integrins, which is linked to chronic inflammatory

diseases 320 and a decreased ability of immune cells to control bacterial infection
321.  SHP-1  activation  was  also  shown  to  be  important  for  downstream CD45

regulated adhesion of integrins and also regulates PIK3 mediated adhesion and

macrophage  spreading  320.  The  suggested  phosphorylation  of  SHP-1  by  PknG
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demonstrate  the  effect  of  phosphorylation  of  one  effector  that  have  severe

phenotypic consequences for the host but that is to the benefit of the bacteria. 

5.5  Conclusions and future perspectives

This chapter provided a high throughput identification of PknG kinase candidate

substrates and the consequences of the phosphorylation on the host’s ability to

control  mycobacterial  infection.  We  identified  a  network  of  phosphoproteins

phosphorylated  in  the  presence  of  PknG  that  are  involved  in  the  actin

cytoskeleton polymerization signalling pathways. We have described the possible

mechanisms that PknG may employ to reprogram the host’s signalling pathways

to be able to block phagosome-lysosome fusion during the early events leading

to latent TB infection.

The next planned experiments will  be the validation of these phosphorylation

events.  Firstly,  we  will  perform biochemical  kinase-substrate  assays  with  key

proteins  identified  as  phosphorylated  in  this  study  to  confirm  if  they  are

candidate substrates of PknG. Secondly, our data point towards remodelling of

the actin cytoskeleton, we plan to use state of the art microscopy to see any

irregularities in the structural integrity of the cytoskeleton. This will be an on-

going work that is beyond the scope of the present PhD thesis.
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6. THESIS SUMMARY AND GENERAL CONCLUSIONS

The biological functionality of protein expression of a given system in response to

stimuli  is  regulated through post-translational  modifications.  The regulation is

bidirectional, it can either be negative or positive regulation depending on what

the  cell  needs  in  response  to  stimuli.  The  study  of  post-translational

modifications  of  proteins  gives  us  an  in-depth  knowledge  of  the  complex

mechanisms governing molecular phenotypes of the cell. To this end, the aim of

this thesis was to uncover how mycobacterial proteins are regulated by studying

phosphorylation dynamics of mycobacteria in different environments, our goal

being to better understand their physiology and the functional consequences of

the phosphorylation in terms of survival and pathogenicity.

In the third chapter,  we explored how the phosphorylation landscape differed

between  mycobacterial  species.   Until  a  few  years  ago,  the  mycobacterial

phosphoproteome  literature  was  lacking  and  our  data  has  increased  that

catalogue. We compared two species of mycobacteria, focusing on growth rate.

The physiological state of actively growing bacterial cells is characterised by the

growth rate, and the expression and regulation of proteins in that state are often

growth rate dependant. Cell growth is an intricate phenomenon which involves a

well-orchestrated and carefully coordinated function of the cellular components

and  in  this  chapter,  we  aimed  to  correlate  the  differences  in  the  proteins

phosphorylated  between  the  fast-growing  and  slow-growing  mycobacterial

species  with  the  mechanisms  different  mycobacteria  regulate  growth.  We

observed phosphorylation events in proteins that that regulates mechanisms of

cell division and elongation, including Wag31 and well-studied proteins that form

divisome  complex.  The  phosphorylation  landscape  of  the  fast-growing  M.

smegmatis was less complex than that of the slow-growing  M. bovis BCG. It is

interesting to note that pathogenic mycobacteria at any given state requires and

regulates  through  phosphorylation  a  higher  number  of  proteins  that  enables

them  to  survive  and  to  cause  disease  compared  the  non-pathogenic  M.

smegmatis.  This  complex  and  sophisticated  protein  phosphorylation  network,

regulating  important  cellular  cycle  events  such  as  cell  wall  biosynthesis,
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elongation,  and cell  division,  as  well  response to stress,  would allow a quick

cellular  response to abrupt environmental  changes.   However,  this  regulatory

advantage  might  be  associated  with  a  cost,  reflected  by  reduced  metabolic

fitness and slower growth rate.

The last two chapters of this thesis focused solely on Protein Kinase G. We set

out to identify its regulatory role both in actively growing cultures and in the host

by identifying the substrates it phosphorylates in both systems. We employed

label-free quantitative phosphoproteomic workflow with subsequent MS based

and  in  silico validation  assays.  This  approach  and the  subsequent  validation

steps  proved  to  be  invaluable  when  it  comes  to  correctly  identifying  kinase

substrates and opens up the platform to study other mycobacterial kinases to

understand  their  functions.  Although  there  were  no  phenotypic  differences

observed in culture in the absence of  M. bovis BCG PknG, unlike the reported

growth defects in M. tuberculosis mutants lacking PknG, we identified substrates

that gave us clues into the functions of this kinase. In actively growing cultures,

there is a theme on the regulatory role of PknG to maintain the bacterial cell’s

homeostasis.  Our  results  showed that  PknG is  a  transcription and translation

regulator,  and  that  theme  also  extended  to  some  of  the  host  substrates

phosphorylated by PknG.

The most important role of PknG in respect to M. tuberculosis pathogenesis is its

ability  to  block  phagosome-lysosome  fusion,  thereby  mediating  survival  of

pathogenic  mycobacteria  in  macrophages.  We  set  out  to  describe  the

mechanisms PknG uses that results in the phenotype that has been associated

with latent TB infection. Since kinase functions depend solely on the substrates

they  phosphorylate,  we  started  this  work  by  hypothesising  that  PknG

phosphorylates  host  substrates,  thereby  reprogramming  normal  macrophage

functions. Our results revealed interesting host substrates that strongly indicate

that PknG interferes with the actin polymerization signalling and resulting in dire

consequences to the cytoskeleton integrity. It is well established in the literature

the different signalling cascades and their regulators that respond to stimuli by

polymerizing different cytoskeletal  polymers.  The cytoskeleton gives cells  and

organelles mobility to be able to migrate in response to signals.  Macrophages

ability to control pathogens depends on its structural rigidity and plasticity, that

is a function of the cytoskeleton integrity. We showed that the regulators of Rho
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GTPases (RhoGDI and GEF) are phosphorylated in the presence of PknG. These

Rho GTPases are central to actin signalling and the phosphorylation of RhoGDI

and GEF in the presence of  PknG strongly suggests that they are kept inactive

and  actin  polymerization  is  interrupted.  We  also  identified  candidate  host

substrates of PknG that are involved in organelle fusion. In this last chapter, we

therefore  identified  intricate  and  inter-linked  PknG  candidate  substrates  that

points  us  in  the  direction  to  be able  to  answer the questions  we set  out  to

elucidate  with  this  thesis,  namely  to  describe  the  mechanisms  that  PknG

employs  to  block  phagosome  maturation:   those  mechanisms  include

phosphorylating  and,  therefore,  interfering  with  key  regulators  of  proteins

involved  in  actin  polymerization,  integrins,  organelle  fusion,  actin-myosin

interactions and microtubule stability.
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8.APPENDICES 

Appendix I:

Bacterial Lysis buffer:

500mM Tris-HCl,

1% (w/v) SDS, 

0.15% sodium deoxycolate, 

1x protease inhibitor cocktail, 

1x phosphatase inhibitor cocktail (Roche, Mannheim Germany) 

 50µg/ml lysozyme 322.

Appendix II:

Eukaryotic freezing media:
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90% FCS/10% DMSO 1 ml per vial

Appendix III:

Eukaryotic lysis buffer:

 50 mM Tris-HCl pH 7.4

 150 mM NaCl

 1 mM EDTA, 

0.1% sodium deoxycholate.

1% (w/v) SDS

1x protease inhibitor cocktail, 

1x phosphatase inhibitor cocktail (Roche, Mannheim Germany) 
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