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Andrew Frando

Chair of the supervisory committee
Professor Christoph Grundner

Department of Pathobiology

Protein phosphorylation is a main mechanism for translating extracellular signals
into cellular adaptations. In bacteria, the two-component system has been the paradigm
of protein phosphorylation. Increasingly, however, protein serine/threonine and tyrosine
phosphorylation (O-phosphorylation) mediated by serine/threonine protein kinases
(STPKSs) is identified. Mycobacterium tuberculosis (Mtb) in particular has a larger
repertoire of both STPKs and O-phosphoproteins than most bacteria, suggesting a
more prevalent role of STPKs in Mtb. Many studies have identified individual STPK
functions and substrates, but a systems-level understanding and the full scope of O-
phosphorylation in bacteria in general and Mtb in particular remains unknown. In this
dissertation, we aimed to establish a systems-wide understanding of Mtb O-

phosphorylation. To this end, we combined kinase loss-of-function (LoF) and gain-of-



function (GoF) mutants with mass spectrometry (MS)-based phosphoproteomics. We
found that the Mtb phosphoproteome is 5x larger than was previously reported. By
identifying hypo-phosphorylated proteins in the LoF mutants and hyper-phosphorylated
protein in the GoF mutants, we comprehensively identified over 1,400 STPK-substrates
in the bacterium, assigning putative STPK substrates and functions. We showed that
the O-phosphoproteome is organized as a higher-order network of a complexity that has
previously only been associated with eukaryotes. Transcription factors (TFs) were
highly phosphorylated, suggesting a large functional interface between O-
phosphorylation and transcription. We further characterized this interface by using
transcriptomics and discovered large transcriptional effects of individual STPKs. We
used these data to predict functional phosphorylation events and validated these
predictions for the putative zinc regulator Zur. These data provide the deepest bacterial
O-phosphoproteome to date, identify a complex O-phosphorylation network, and
provide a resource to assign thousands of specific phosphorylation events to individual
STPKs and their transcriptional effects. Together, these data challenge the paradigm of
TCSs as the main bacterial phosphosignaling mechanism and suggest that Mtb

regulates a large swath of physiology through O-phosphorylation.
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CHAPTER 1: INTRODUCTION

Tuberculosis

Tuberculosis (TB) is a bacterial disease that usually infects the lungs and is caused by
the intracellular bacterium Mycobacterium tuberculosis. TB disease is characterized by
coughing, fever, night sweats, and weight loss (1). Globally, it is estimated that 2 billion
people are infected with Mtb, and 5-10% of these individuals will develop TB disease (2,
3). If left untreated, 50% of patients will succumb to TB. Mtb killed an estimated 1.5
million people in 2020, ranking as the 13" leading cause of death and the second

highest due to an infectious disease (3).

Tuberculosis treatment

Individuals infected with drug-susceptible TB are treated with a 6-month regimen of four
antibiotics consisting of isoniazid, rifampicin, ethambutol, and pyrazinamide (3).
However, the incidence of drug-resistant strains is increasing, including strains with
more than monoresistance: multi-drug resistant TB (MDR-TB) is characterized by
resistance to at least isoniazid and rifampicin, and extensively drug resistant TB (XDR-
TB) by resistance to isoniazid, rifampicin, any fluoroquinolone, and to at least one of the
injectable second-line drugs (1). Even more serious is the emergence of totally drug
resistant TB (TDR-TB) that is resistant to all antibiotics. Globally, it is estimated that 5%
of cases are multi-drug resistant TB (1). For individuals with multi-drug resistant TB,

treatment times are longer, treatment more expensive, and associated with severe side-
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effects. Despite having an effective drug regimen, the presence of drug-resistant

infections demands continuous improvements to drug development.

Mycobacterium tuberculosis and host defenses

TB is caused by Mycobacterium tuberculosis (Mtb), a slow-growing intracellular
bacterium that belongs to the Mycobacterium tuberculosis complex. One of the major
features of Mtb is its unique cell envelope that contributes to its virulence and low drug
permeability and is made up of the peptidoglycan layer, mycolic acid, and
arabinogalactan (4, 5). Mtb’s main virulence factors are its protein secretion systems,

ESX1-5, and allow for full virulence of Mtb (6-8).

During infection, Mtb encounters different host cells and thus defenses. Mtb initially
infects the airway epithelial cells and phagocytes (macrophages, neutrophils, and
dendritic cells). The infection progresses further as phagocytes are infected and the
bacterium gains access to the lung interstitium, leading to recruitment of immune cells
to the site of infection and forming the granuloma (1). During infection, the bacterium
encounters a variety of host defenses. In phagocytic cells, Mtb encounters acid,
oxidative, and nitric oxide stress (9, 10). However, Mtb counteracts these by blocking
phagosome maturation and by resisting both oxidative and nitric oxide stress (11-17).
Further host defenses include exposure to hypoxia, phosphate deprivation, and nutrient

starvation, all which Mtb has evolved to survive (18-22).
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Protein phosphorylation via two-component systems

Mitb is a successful pathogen in the face of many stresses and relies on sensing and
responding to its environment. Protein phosphorylation is one mechanism used by all
organisms to sense and respond to extracellular stress. The addition of a phosphate
group to a protein can have a range of effects, including regulation of catalytic activity,
affecting protein stability, changing protein-protein interactions, or changing sub-cellular
localization (23). In bacteria, there are two main types of protein phosphorylation: one

mediated by the two-component systems (TCSs) and the other by STPKs.

In bacteria, the two-component systems (TCSs) are the canonical protein kinase
signaling systems. The TCSs consist of two proteins: a histidine kinase (HK) and a
response regulator (RR). The former is a transmembrane protein kinase while the latter
is a cytosolic transcription factor. In response to various cues, the sensor domain of the
histidine kinase binds and “senses” specific signals, resulting in activation of the kinase
domain. The activated kinase transfers phosphate to the response regulator to activate
it, and the activated response regulator binds to DNA, typically to promote transcription
of a specific set of genes, termed the regulon, resulting in a specific response to the
stimulus. In Mtb, there are 12 complete pairs of TCSs, fewer TCSs compared to other
bacteria relative to genome size (24, 25). The environmental triggers and downstream
function of these TCSs have been studied extensively, including roles in nutrient
acquisition, cell wall maintenance, and host adaptation (26-38). The TCSs have
generally been the paradigm for protein phosphorylation systems regulating bacterial

growth and pathogenesis.
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Protein serine/threonine phosphorylation

Compared to the canonical bacterial TCSs, Ser/Thr /Tyr phosphorylation (O-
phosphorylation) in bacteria was long understudied while in eukaryotes, O-
phosphorylation have long been considered the mainstay of phosphosignaling.
Eukaryotic O-phosphorylation shows a higher level of organization compared to the
TCS that are typically linear and have one or few substrates (39). Importantly,
therapeutic interventions often target STPKs — specifically in cancer — and STPKs are
the second most targeted group among drug targets (40, 41). Altogether, O-

phosphorylation is important for eukaryotic signaling but its role in bacteria is less clear.

O-phosphorylation in bacteria was initially studied more systematically about two
decades ago. The first O-phosphoproteomes of various bacteria were probed and
identified a small number of phosphoproteins and -sites: 105 phosphosites in E coli, 105
phosphosites in B. subtilis, 163 phosphosites in S. pneumoniae, and 55 phosphosites in
P. aeruginosa (42-45). During this time, a pioneering study of the O-phosphoproteome
in Mtb found that Mtb appeared to have one of the largest bacterial phosphoproteomes
with over 500 phosphosites, which included sites only phosphorylated in different
growth conditions (46). This study demonstrated that Mtb may have more O-
phosphorylation compared to other bacteria and may rely more on O-phosphorylation
for regulation. Recently, work in other bacteria have advanced techniques and improved
conditions to detect more O-phosphorylated proteins, including one study in E. coli that
identified 2,446 phosphosites on 861 proteins (47). The steady increase in O-

phosphorylation identified in bacteria suggests that technical hurdles affected and may
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yet affect our ability to comprehensively measure the phosphoproteome, including that

of Mtb.

Serine/threonine protein kinases

Not only is bacterial protein O-phosphorylation less well defined than in eukaryotes, but
it was also previously thought to be exclusive to eukaryotes. The bacterial STPKs are
Hanks-type kinases with the 11 defining Hanks domains (48, 49) and were thus termed
“eukaryotic-like”. The number of STPKs encoded in bacteria varies widely: E. coli has 2
STPKs, B. subtilis has 4 STPKSs, H. pylorihas 1 STPK, and S. typhi has 3 STPKs (50),
but others can have hundreds, such as S. cellulosum (51). In fact, the Global Ocean
Sampling metagenomic study showed that at least in oceanic bacteria, the eukaryotic-
like protein kinases are just as prevalent as histidine kinases (52). Many studies have
shown a limited, but important role for STPKs in bacteria. Examples include regulation
of quorum sensing in Staphylococcus aureus (53), activation of genes for virulence
factors in Streptococcus pyogenes (54), and control of cell cycle and division in

Streptococcus pneumoniae (55).

In Mtb, there are 11 STPKs, which are named PknA-PknL (there is no PknC). All
STPKs, except PknG and PknK, are transmembrane proteins with an intracellular
kinase domain and an extracellular sensor domain. Several STPKs have been linked to
distinct environmental stresses, including PknB to low oxygen and PknD to osmotic

stress (56, 57).These examples illustrate that these STPKs have similar roles to TCSs
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as extracellular sensors. Interestingly, Mtb has an equal number of STPKs to TCSs and

encodes a higher number of STPKs compared to other pathogenic bacteria.

STPK substrates and function

STPK function is defined by the protein(s) it phosphorylates, or its substrates. STPK
substrates known in Mtb have been mostly identified by in vitro approaches. Most
methods identified STPK-substrate pairs by in vitro phosphorylation assays using
recombinant protein or peptides (46) Other studies relied on computational methods to
identify specific substrate motifs in the proteome (58). From these studies, a small
number of substrates for the Mtb STPKs were identified or predicted, and both have
significant limitations. An even smaller number of phosphosites was subsequently

shown to be functional in the bacterium (59-65).

A more faithful method to identify true cellular substrates is kinase perturbation in
combination with MS. Two studies characterized pathways of PknB and its substrates
CwlIM and Lsr2, with the former showing phosphoregulation of peptidoglycan synthesis
and the latter phosphoregulation of gene expression (66, 67). These examples illustrate
the functional roles of STPKs in Mtb, but so far, have only focused on a subset of the
STPKs. For a majority of the STPKs, there are no known cellular substrates or

functions, and the vast majority of STPK-substrate interactions likely remains unknown.
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Dissertation Aims

Our goal was to establish a systems-wide understanding of Mtb O-phosphorylation. We
began by exploring the true size of the phosphoproteome and its general
characteristics. In the deepest bacterial phosphoproteome to date, we show that Mtb
has >5 times more phosphosites than previously reported. We then defined STPK
function through the identification of substrates. Specifically, we used an approach that
combines STPK LoF and GoF in combination with mass spectrometry-based
phosphoproteomics to characterize Mtb O-phosphorylation. From these data, we
created a resource that links thousands of individual phosphosites with their cognate
STPK. With this resource, any Mtb STPK can now be linked to their ensemble of
substrates, and any phosphosite can be linked to its upstream STPK. From this kinome-
wide view emerged an STPK signaling system of a complexity that has previously only
been described in eukaryotes (Chapter 3). We then characterized the role of
phosphorylation in regulating transcription factors, the TCSs, and transcription itself. We
identified a large effect of STPKs on gene expression and predicted many functional
pathways from STPK to TF to gene. We validate one such pathway in detail (Chapter

4). Chapter 5 presents a summary of this dissertation and discusses future directions.
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CHAPTER 2: MATERIALS AND METHODS

Mutant Generation and Culture Conditions

Loss-of-function (LoF) mutants were constructed by recombineering. The
recombineering substrate was generated by amplifying 500 bp upstream and
downstream of each STPK’s coding sequence by PCR and cloning them 5" and 3' of a
hygromycin-resistance cassette, respectively. A linear recombineering substrate was
amplified by PCR, purified, and transformed into Mtb strain H37Rv carrying pNIT-ETc
(68). Successful integration was confirmed using DNA sequencing. Gain-of-function
(GoF) mutants were constructed using the episomal pDTCF plasmid encoding a
tetracycline-inducible promoter, C-terminal FLAG tag, and a hygromycin-selectable
marker. STPKs were amplified from Mitb strain H37Rv genomic DNA, cloned into the
pDTCF plasmid 5' of the FLAG tag using Gibson assembly cloning, and confirmed with
sequencing. Plasmids were transformed into Mtb, and expression was confirmed by
anti-FLAG Western blot. The pknB CRISPRIi-knockdown strain was constructed using a
pJRI65 plasmid encoding a tetracycline-inducible dCas9, a kanamycin-selectable
marker, and a tetracycline-inducible sgRNA targeting the 5’ coding sequence of pknB
(69). STPK LoF and GoF were confirmed by DNA sequencing and selected reaction

monitoring.

All strains were grown in Middlebrook 7H9 with 10% OADC and 0.2% glycerol at 37°C

in rolling culture. For experiments involving STPK GoF, cultures were grown in 50 pg/ml

hygromycin B. For experiments involving STPK CRISPRi knockdown, cultures were
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grown in 30 pg/ml kanamycin. WT and STPK LoF strains were grown until stationary
phase in triplicate. STPK GoF and CRISPRIi-knockdown strains were grown in triplicate

to ODsoo 0.4-0.6, 100 ng/ml anhydrotetracycline added, and grown to stationary phase.

Lysate Production

Mitb cultures were pelleted at 4,000 x g for 5 min at 4°C, washed with phosphate
buffered saline, and resuspended in lysis buffer (8 M Urea; 50 mM Tris pH 8.0; 75 mM
NaCl; cOmplete protease inhibitor cocktail (Sigma 5892791001); 10 mM sodium fluoride
(Sigma 919), 1 % phosphatase inhibitor cocktail 2 (Sigma, P 5726), 1% phosphatase
inhibitor cocktail 3 (Sigma, P 0044)). Lysates were generated by bead-beating three
times at 6 m/s for 30 sec with cooling on ice between steps. Samples were centrifuged
at 12,000 x g for 1 min, and the supernatant sterilized by filtration. Protein
concentrations were determined by Bradford assay and the lysates stored at -80°C until

further processing.

Proteomic and phosphoproteomic sample processing

1 mg of protein from each sample in 1 ml lysis buffer was incubated for 15 min at 4°C.
Protein concentrations were determined by BCA assay (ThermoFisher Scientific).
Proteins were reduced with 5 mM dithiothreitol for 1 h at 37 °C, and then alkylated with
10 mM iodoacetamide for 45 min at 25°C in the dark. Samples were diluted 4-fold with
50 mM Tris-HCI, pH 8.0 to bring the urea concentration below 2 M for Lys-C digestion
(Wako) at 1:50 enzyme-to-substrate ratio. After 2 hrs of Lys-C digestion at 25 °C,

sequencing grade modified trypsin (Promega, V5117) was added to the samples at a
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1:50 enzyme-to-substrate ratio, and incubated at 25°C for 14 hrs, and stopped by
adding formic acid (Sigma-Aldrich, St. Louis, MO) to a 1% final concentration. Acidified
samples were centrifuged for 15 min at 1,500 x g to remove precipitates, desalted on
200-mg tC18 SepPak (Waters, WAT054925) SPE, and concentrated down using a
Speed-Vac concentrator. Final peptide concentration was determined via BCA Assay.
Each sample was labeled with 10-plex tandem mass tags (TMT, ThermoFisher
Scientific). TMT channel 131 was used for a pooled peptide mixture from all samples to
normalize across experiments. Peptides (400 ug) were dissolved in 80 ul of 50 mM
HEPES, pH 8.5 solution, and mixed with 400 ug of TMT reagent freshly dissolved in 20
Ml anhydrous acetonitrile. 12 pL of 5% hydroxylamine was added to the samples and
incubated for 15 min at RT to quench the reaction. Differentially labeled peptides were
pooled, dried, reconstituted 3% acetonitrile, 0.1% formic acid solution, and desalted on

tC18 SepPak SPE columns.

3.5 mg of 10-plex TMT labeled sample was separated on a reversed-phase Agilent
Zorbax 300 Extend-C18 column (250 mm x 4.6 mm column containing 3.5-um particles)
using Agilent 1200 HPLC System. Solvent A was 4.5 mM ammonium formate, pH 10 in
2% acetonitrile and solvent B was 4.5 mM ammonium formate, pH 10 in 90%
acetonitrile. The flow rate was 1 mL/min, and the injection volume was 900 yL. The LC
gradient started with a linear increase of solvent B to 16% in 6 min, then linearly
increased to 40% B in 60 min, 44% B in 4 min, 60% B in 5 min and then 14 min of 60%
solvent B. A total of 96 fractions were collected into a 96-well plate. Fractions were

concatenated into 24 fractions by combining 4 fractions that are 24 fractions apart (i.e.,
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combining fractions #1, #25, #49, and #73; #2, #26, #50, and #74; and so on). For
proteome analysis, 5% of each concatenated fraction was dried and re-suspended in
2% acetonitrile, 0.1% formic acid solution to a peptide concentration of 0.1 mg/mL for
LC-MS/MS analysis. The remaining fractions (95%) were further concatenated into 12
fractions (i.e., by combining fractions #1 and #13; #3 and #15; and so on), dried, and
subjected to immobilized metal affinity chromatography (IMAC) for phosphopeptide

enrichment (70, 71).

Phosphopeptide enrichment

Fe3+-NTA-agarose beads were freshly prepared using the Ni-NTA Superflow agarose
beads (QIAGEN, #30410) for phosphopeptide enrichment. For each of the 12 fractions
(~200 ug per each fraction) and for each label-free sample (100 ug), peptides were
reconstituted to 0.5 pg/uL in IMAC binding/wash buffer (80% acetonitrile, 0.1%
trifluoroacetic acid), incubated with 10 L Fe3+-NTA-agarose beads for 30 min at RT,
and washed 2 times with 50 pL wash buffer and once with 50 uL 1% formic acid on the
stage tip packed with 2 discs of Empore C18 material (Empore Octadecyl C18, 47 mm,;
CDS Analytical, 98-0604-0217-3). Phosphopeptides were eluted from the beads onto
C18 using 70 pL of Elution Buffer (500 mM potassium phosphate buffer). 50%
acetonitrile, 0.1% formic acid solution was used for phosphopeptide elution from C18
stage tips, dried, and reconstituted with 12 pL of 3% acetonitrile, 0.1% formic acid

solution containing 0.01% DDM (n-Dodecyl-beta-Maltoside) for LC-MS/MS analysis.
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Global and phosphoproteome analysis

Both TMT and label-free global and phosphopeptide enriched samples were subjected
to a custom high mass accuracy LC-MS/MS system as previously described (72), where
the LC component consisted of automated reversed-phase columns prepared in-house
by slurry packing 3-um Jupiter C18 (Phenomenex) into 35-cm x 360 ym o.d. x 75 ym
o.d. fused silica (Polymicro Technologies Inc.). The MS component consisted of a Q
Exactive HF Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Scientific)
outfitted with a custom electrospray ionization interface. Electrospray emitters were
custom-made using 360 ym o.d. x 20 ym o.d. chemically etched fused silica capillary.
Analysis of the phosphoproteome samples applied similar conditions used in the global
proteome sample analysis, instead using a 2.2 kV spray voltage. All other instrument

conditions were set as previously described (73).

Raw spectral data and analysis information is available via the MassIVE database for
the public accession #MSV000088254. LC-MS/MS raw data were converted into dta
files using Bioworks Cluster 3.2 (Thermo Fisher Scientific, Cambridge, MA, USA). The
MSGF+ algorithm was used to search MS/MS spectra against the Mtb database
(RefSeq H37Rv_uid57777_2014-08-14, 20198 entries). Search parameters included 20
ppm tolerance for precursor ion masses, +2.5 Da and -1.5 Da window on fragment ion
mass tolerances, no limit on missed cleavages, partial tryptic search, no exclusion of
contaminants, dynamic oxidation of methionine (15.9949 Da), static IAA alkylation on
cysteine (57.0215 Da), and static TMT modification of lysine and N-termini (+144.1021

Da) for TMT analyses. The decoy database searching methodology (74, 75) was used
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to control the false discovery rate at the unique peptide level to <0.01% and subsequent
protein level to <0.1% (76). Quantification for TMT was based upon initially summing to
the peptide (phospho) or protein (global) level for the sample specific peptide reporter
ion intensities captured in each channel across all 24 or 12 analytical fractions. Final
data for statistical analysis was scaling and central tendency normalization of each
peptide or protein summed value across all observations within each TMT10 experiment
to adjust for experiment-specific variability. Label-free quantification utilized MaxQuant-
generated LFQ values (77) at the peptide (phospho) and protein (global) levels as

previously described (78).

All collected protein and peptide abundance values were subjected to statistical
comparison utilizing WT for comparison. Primary comparisons were based upon
ANOVA analysis at a <0.005 p-value threshold coupled with a fold change criteria

minimum of +/- 2 between abundances.

Selected reaction monitoring

SRM was performed on the panel of WT, GoF and LoF mutants as described above.
Crude heavy peptides labeled with 13C/15N on C-terminal lysine and arginine were
purchased from vivitide (Gardner, MA). Trypsin digested samples were processed as
previously described (79). For each sample, the digested peptides were diluted to 0.25
Mg/uL containing standards at a final concentration of 20 fmol/pL. and analyzed with a
nanoACQUITY UPLC® system (Waters Cooperation, Milford, MA) coupled online to a

TSQ Altis™ triple quadrupole mass spectrometer (Thermo Fisher Scientific, San Jose,
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CA). The LC-SRM platform was configured and utilized as previously described

(79). The abundance of PknE and Pknl in WT and LoF mutants were too low to be
detectable through the standard LC-SRM analysis, so an extra PRISM procedure was
applied to these samples to enrich for PknE and Pknl peptides before LC-SRM analysis
(80). SRM data acquired on the TSQ Altis™ were analyzed using Skyline-daily software
(version 21.0.9.139) (81). Peak detection and integration were determined based on
retention time and the relative SRM peak intensity ratios across multiple transitions
between light peptide and heavy peptide standards (82). All data were manually
inspected to ensure correct peak assignment and peak boundaries. The peak area
ratios of endogenous light peptides and their heavy isotope-labeled internal standards
(i.e., L/H peak area ratios) were automatically calculated, and the average peak area
ratios from all the transitions were used for quantitative analysis of the samples.
Correlation graphs were plotted for targets with more than one surrogate peptide to
verify a strong correlation, and ultimately the peptide with the most sensitive response

was selected for obtaining quantitative values.

RNA Isolation and RNA sequencing

Mitb cultures were pelleted at 4000 x g for 5 min at 4°C, resuspended in Trizol,
transferred to a Lysing Matrix B tube, and lysed by bead-beating three times at 6 m/s for
30 sec with cooling on ice between steps. Samples were centrifuged at 21,000 x g for 1
min, the supernatant was transferred to a Heavy Phase Lock Gel tube containing 300 pl
chloroform, inverted for 2 minutes, and then centrifuged at 21,000 x g for 5 min. RNA in

the aqueous phase was precipitated using 300 ul isopropanol and 300 pl high-salt
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solution (0.8 M Na citrate, 1.2 M NaCl). Total RNA was purified using a RNeasy kit with
one on-column DNase treatment and quantified using a Nanodrop. mRNA was enriched
by depleting rRNA from samples using the Ribo-Zero rRNA removal (bacteria) magnetic
kit (lllumina), and then was prepared for lllumina sequencing using the NEBNext Ultra
RNA Library Prep Kit for lllumina according to the manufacturer’s instructions in
combination with AMPure XP reagent for clean-up of adaptor-ligated DNA. Each
replicate was barcoded using the NEBNext Multiplex Oligos for lllumina (Dual Index
Primers Set 1). 30-40 libraries were multiplexed, quantified using the KAPA gPCR
quantification kit, and sequenced at the University of Washington Northwest Genomics
Center with the lllumina NextSeq 500 High Output v2 Kit. Read alignment was
performed using the custom processing pipeline that uses Bowtie 2 utilities, available at

https://qithub.com/robertdouglasmorrison/DuffyNGS and

https://qithub.com/robertdouglasmorrison/DuffyTools.

Phosphorylation Motif Analysis

The custom background peptidome was generated by using the H37Rv proteome from
UniProt.org (Proteome ID: UP000001584, modification date 12/1/2019). A custom R
script was used to partition the proteome into unique, 11-mer peptides. Sequences were
further subdivided into groups with either serine, threonine, or tyrosine as central
residues. The foreground peptidome was made using the differentially modulated
phosphosites for each kinase. R script was used to make two groups of 11-mer
peptides: all phosphosites identified in the WT phosphoproteome (basal

phosphoproteome) and STPK-modulated phosphosites. For motif analysis, four

28



separate analyses were performed for each kinase and the basal phosphoproteome: a
site-centered or a Ser/Thr/Tyr-centered motif search. Respective foreground sequence
and appropriate background peptidomes were uploaded to the pLogo web application

for analysis using default parameters.

STPK auto-phosphorylation

PknB-PknL kinase domains were PCR- amplified from Mtb strain H37Rv genomic DNA,
cloned into inducible pET28b plasmid 3’ of the His tag using Gibson assembly cloning,
confirmed with sequencing, and transformed into BL21 E. coli. BL21 cultures were
grown to 0.4-0.6 OD, induced with 250 uM IPTG, and grown at 20°C for 18 - 24 hours.
Cultures were pelleted at 4000 x g for 20 min, resuspended in lysis buffer (20 mM Tris-
HCI pH 7.5, 150 mM NaCl, 20 mM imidazole), and then lysed using sonication. Lysates
were centrifuged at 35,000 x g for 30 min, initially purified using Ni-NTA affinity
chromatography beads, further purified using size exclusion chromatography, and then
stored in size exclusion buffer (20 mM Tris-HCI, 150 mM NaCl, 5% glycerol, pH 7.4).
For auto-phosphorylation, 1 yM STPK was added to reaction buffer (50 uM MnCI2, 50
MM MgCI2, 1 mM DTT, 50 mM Tris pH 8.0, 75 mM NaCl) , initiated with 50 yM ATP and
15 pCi ATP [y-32P], and incubated at 37°C for 30 min. Reactions were terminated using
4x loading buffer with 3-mercaptoethanol, boiled at 95°C for 5 min, and then SDS-PAGE
was performed using a 4-15% Bis-Tris Plus gel run at 175V for 30 min. Gels were
stained with Coomassie Brilliant Blue for 1 hr, de-stained in water overnight, and dried
at 80°C for 3 hrs. Phosphor screens were exposed to the gel overnight, imaged using a

Sapphire biomolecular imager, and quantified with Imaged.
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Transcription Factor Phosphorylation

Recombinant Rv2359 (Zur) was cloned, expressed, and purified using the protocols
described above. Protein was desalted with PD-10 desalting columns and eluted using
size exclusion chromatography buffer (20 mM Tris-HCI, 150 mM NaCl, 5% glycerol, pH
7.4). For the phosphorylation assay, 10 uM Rv2359 was combined with 1 yM STPK in
20 pl reaction buffer (50 yM MnClI2, 50 uM MgCI2, 1 mM DTT, 50 mM Tris pH 8.0, 75
mM NaCl), initiated with 50 yM ATP and 15 pCi ATP [y-32P], and incubated at 37°C for
30 min. Reactions were terminated using 4x loading buffer with B-mercaptoethanol,
boiled at 95°C for 5 min, and then SDS-PAGE was performed using a 4-15% Bis-Tris
Plus gel run at 175V for 30 min. Gels were stained with Coomassie Brilliant Blue for 1
hr, de-stained in water overnight, and dried at 80°C for 3 hrs. Phosphor screens were
exposed to the gel overnight, imaged using a Sapphire biomolecular imager, and

quantified with ImageJ.

Zur Mutagenesis

QuikChange site-directed mutagenesis was used to make the Zur phosphomimetic
(Thr67Asp) and phosphoablative (Thr67Ala) mutants (83). PCR products were gel
extracted, Dpnl-digested, transformed into competent E. coli, and confirmed with
sequencing. Recombinant Zur mutant proteins were made using the protocols

described above.
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Electrophoretic Mobility Shift Assay (EMSA)

Cy5-labeled DNA probes were made by combining three oligos (Integrated DNA
Technologies) each to a final 100 uM concentration in dsDNA annealing buffer (10 mM
Tris-HCI-pH 7.5, 100 mM NaCl, 1 mM EDTA). Oligo 1 is a ChIP-identified DNA binding
region of Rv2359 (84). Oligo 2 is the reverse complement of Oligo 1with a reverse
complement of the Oligo 3 12-mer. Oligo 3 is a 12-mer with Cy5 covalently coupled to
the 5" end. The oligo mixture was vortexed and heated to 95°C for 10 min and cooled to
RT over 3-4 hrs protected from light. For EMSA, recombinant Rv2359 WT and mutant
protein were combined with 2 yM final DNA probe in 20 pl reaction buffer (20 mM Tris-
HCI pH 8.0, 75 mM NaCl, 1 mM DTT, 50 uM MgCI2, 50 uM MnCI2, 5% glycerol, 1%
zinc sulfate, 50 pg/mL bovine serum albumin, 50 pg/mL salmon sperm DNA) and
incubated for 30 min at RT, protected from light. After incubation, 4x native sample
loading buffer was added to each sample and loaded on a native 10% Tris-Glycine gel.
The gel was maintained on ice and ran at a constant 100 volts for 2 hrs. The gel was
rinsed with water, stored in phosphate buffered saline, visualized on a Li-cor Odyssey

scanner. Bands were quantified using the Odyssey software.

NarS auto-phosphorylation and NarL phosphotransfer

Recombinant NarS cytoplasmic domain (AA 220-425) was cloned into pET28b using
the protocols described above. QuikChange site-directed mutagenesis protocol was
used to generate NarS phosphomimetic (Thr380Asp and Thr380Glu) and
phosphoablative (Thr380Ala) mutants. PCR products were gel extracted, Dpnl-digested,

transformed into competent E. coli, and confirmed with sequencing. Recombinant NarS
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WT, Thr380Asp, Thr380Glu, and Thr380Ala protein were expressed and purified using
the protocols described above. For auto-phosphorylation, 20 uM NarS WT and mutants
were individually added to 20 pl reaction buffer (50 mM Tris-HCI pH 8.0, 50 mM KCI, 10
mM MgCI2), initiated with 50 yM ATP and 15 uCi ATP [y-32P], and incubated at 30°C
for 10-30 min. Reactions were terminated using 4x loading buffer with (-
mercaptoethanol, and then SDS-PAGE was performed using a 4-15% Bis-Tris Plus gel
run at 175V for 30 min. Gels were stained with Coomassie Brilliant Blue for 1 hr, de-
stained in water overnight, and dried at 80°C for 3 hrs. Phosphor screens were exposed
to the gel overnight, imaged using a Sapphire biomolecular imager, and quantified with

Imaged.

Recombinant NarL was cloned, expressed, and purified using the protocols described
above. NarS was auto-phosphorylated as described above, and then phosphotransfer
was performed by adding 20 uM NarL, and incubating for 2-10 mins at 30°C. Reactions
were terminated using 4x loading buffer with B-mercaptoethanol, and then SDS-PAGE
was performed using a 4-15% Bis-Tris Plus gel run at 130V for 2 hrs. Gels were
stained with Coomassie Brilliant Blue for 1 hr, de-stained in water overnight, and dried
at 80°C for 3 hrs. Phosphor screens were exposed to the gel overnight, imaged using a

Sapphire biomolecular imager, and quantified with ImagedJ.

32



CHAPTER 3: EXTENSIVE O-PHOSPHORYLATION IN UTB

Introduction

STPK function is defined by its substrates. Over the last two decades, studies used a
variety of experiments to identify STPK-substrate interactions. Starting with candidate
interactions based on co-expression of the STPK with genes in the same operon or
known STPK interactions such as those with FHA-domain-containing proteins, many
studies used in vitro kinase assays on Mtb peptides or recombinant protein with varying
success (46). Another study used a Mtb proteome microarray to globally identify
protein-protein interactions for all STPKs, finding 492 binding proteins and over 1,000
interactions (85). Proteome arrays can successfully candidate STPK substrates, but
interactions need validation, and many STPK-substrate interactions are transient.
Altogether, these in vitro studies can successfully identify some STPK substrates, but it

is unclear whether most of these interactions represent true cellular interactions.

Recent work in Mtb has focused on identifying STPK substrates in a cellular context,
using a combination of phosphoproteomics and kinase loss-of-function mutants or
chemical inhibition. For example, one group identified PknB substrates by comparing
PknB-depleted Mtb to WT in osmoprotective media and showed that PknB regulates
peptidoglycan synthesis via CwIM phosphorylation (66). While recent work has
embraced this method of identifying substrates in Mtb, they still only link a minority of
substrates to cognate STPKs and are only focused on individual STPKs. Importantly,

these studies overlook the fundamental context of kinase activation (86). These
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methods begin to identify more physiologically relevant STPK-substrate pairs in Mtb, but
there likely remain a significant number of cellular interactions to be identified in other

STPKs and during STPK activation.

Studies in eukaryotes have pioneered new cellular approaches to comprehensively
identifying kinase substrates. A yeast phosphoproteomics study comprehensively
inactivated kinases by knockout or chemically inhibition and used mass spectrometry to
measure differences in phosphosite abundance compared to WT. This study defined
significant phosphorylation changes as kinase-substrate interactions and identified
interactions between nearly 100 kinases and more than 1,000 phosphoproteins (87).
This approach demonstrated that kinases can be studied systematically and showed the
global relationship between kinases and their substrates by defining individual and co-
regulated kinase-substrate interactions. However, these studies do not identify
substrates during kinase activation. Since Mtb has a fraction of the kinases compared to

yeast, it is feasible to consider a similar approach in Mtb.

Further, the similarity between eukaryotic and bacterial STPKs in sequence and
structure has made the vastly better studied eukaryotic STPKs a template for
understanding STPK signaling in bacteria. Studies of eukaryotic STPKs identified
interactions between STPKs and extensive crosstalk that can modulate pathway output
and form branched signaling networks with multiple substrates, in contrast to the
bacterial TCS that only phosphorylate their specific response regulator. Bacteria have

between none to hundreds of STPKs. S. cellulosum, for example, codes for 317 STPKs
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(51), a number similar to eukaryotic organisms that may imply a similar network
organization. A comprehensive analysis of hundreds of STPKs is challenging, and a
systems-wide analysis of a larger bacterial kinome is currently lacking. Mtb, however,
expresses eleven STPKs, a kinome that is small enough to be experimentally tractable
yet large enough to potentially give rise to a network of STPK signaling. In fact, one
study identified a number of in vitro STPK-STPK interactions, suggesting a more
complex STPK phosphorylation network structure (88). Overall, the presence and
organization of a higher-order bacterial STPK phosphorylation system in bacteria

remains unknown.

In this chapter, we addressed the question about the presence and potential
organization of an STPK network in Mtb by comprehensively identifying STPK-substrate
interactions by combining kinase perturbation with mass spectrometry-based
phosphoproteomics. The differences in STPK LoF and GoF mutant phosphoproteomes
compared to WT that are indicative of substrates are hypo-phosphorylation in the LoF
and/or hyper-phosphorylation in GoF mutants. By using highly sensitive MS
instrumentation, sample fractionation, TMT and label-free approaches, and 20 different
STPK mutant strains, we generated a deep O-phosphoproteome. We identified multiple
substrates for each STPK and begin to comprehensively identify STPK function.
Interestingly, we identified a system of interactions between STPKs that resembles a
eukaryotic kinase signaling network in its complexity. In addition, this phosphoproteomic

dataset serves as a resource for assigning phosphorylated proteins to their cognate
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STPKs. With this resource, any Mtb STPK can now be linked to their spectrum of

substrates, and any phosphoprotein can be linked to its upstream STPK.

Results

An STPK gain- and loss-of-function mutant panel

We sought to comprehensively characterize the Mtb phosphoproteome and test the
effects of individual STPK perturbation by measuring changes in phosphorylation in
STPK mutant strains. In Mtb, 10 of the 11 STPKs are situated in or at the cell
membrane, and nine STPKs have an extracellular sensor domain that extends into the
periplasmic space. We anticipated that several Mtb STPKs are inactive in axenic culture
and require activation through signals that are likely absent in culture. The loss of such
an inactive enzyme by knockout would not produce measurable changes. STPKs, also,
are typically activated by binding to ligands that promote oligomerization, and this mode
of activation appears to be generally conserved in Mtb (89). Further, the physiologic
ligands of the STPKs are known only for PknB, precluding activation of most STPKs by
their natural ligands, so we used overexpression to force STPK activation in the
absence of ligand (90). Thus, we developed a reciprocal perturbation approach that
combines kinase LoF (knockout) and GoF (overexpression) to reveal substrates for all

STPKs irrespective of their activation state.

All mutant strains were generated in the Mtb H37Rv background. GoF strains were

engineered by inserting a plasmid expressing the STPK coding region in frame with a
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C-terminal FLAG tag under control of the inducible tetracycline promoter. For LoF
mutants, we deleted all STPK genes, except for the in vitro essential PknA and PknB,
by inserting a hygromycin cassette in place of the STPK coding region using
recombineering (68). To create a PknB LoF mutant, we used CRISPRI to reduce PknB
expression. We were unable to obtain a PknA GoF strain. The pknA gene caused
toxicity in E. coli and precluded subcloning. A catalytically inactive PknA mutant could
be readily cloned and expressed in E. coli and Mtb, demonstrating that the specific
kinase activity was responsible for toxicity (data not shown). Also, a study of the
phosphoproteomic consequences of PknA deletion was recently presented, prompting
us to exclude PknA from our study (72). We grew all cultures to early stationary phase,
as slowed replication under nutrient limitation arguably mimics restrictive in vivo growth
conditions more faithfully than exponential growth, and because the largest degree of
O-phosphorylation in E. coli was reported in stationary phase (91). We confirmed STPK
knockout and induction by quantitative, targeted mass spectrometry using selected
reaction monitoring (SRM) (Figure 3-1A). All STPKs were absent or reduced to below
the level of detection in the LoF strains, confirming knockout or knockdown, and all GoF
mutants showed robust induction. In total, we generated 20 STPK mutant strains, a

complete LoF/GoF panel except for the PknA mutants.

A deep Mtb phosphoproteome

To define a comprehensive Mtb O-phosphoproteome, we analyzed WT and STPK
mutant strains by mass spectrometry-based phosphoproteomics. Previous Mtb

phosphoproteomics studies used label-free mass spectrometry to identify
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phosphoproteome changes. However, we used both label-free and labeled approaches
to test our 20 mutant strain panel and WT. The latter approach incorporated a tandem
mass tag (TMT) to label individual samples and multiplexed prior to mass spectrometry
analysis. Interestingly, the label-free approach identified more total phosphosites, but
the TMT produced more consistent quantitation. To compile the most comprehensive
phosphoproteome, we combined the label-free and TMT data since they both identified
unique, high-confidence phosphosites. We analyzed total protein abundance and
phosphorylation for each of the 20 mutant strains and WT, in biological triplicate.
Together, these data produced >150 phosphoproteomes and >105 million MS? spectra
in total. To obtain the most confident and accurate phosphosites, we only considered
phosphosites that were detected in at least one of the three replicates and had a
MaxQuant probability score >0.99 (label-free) or an Ascore >19 (TMT), both scores

representing a 99% confidence in phosphosite assignment.

In our global MS experiments, we detected 3,323 of the ~4,200 predicted Mtb proteins,
detecting high coverage compared to previous Mtb proteogenomic studies and in light
that only 80% of Mtb genes are expressed at a time (92, 93). Using the phosphosite
identification criteria, we identified 10,244 unique phosphosites using TMT, 8,327
unique phosphosites using label-free, and 4,119 phosphosites in both experiments
(Figure3-1C). In total, we identified 14,452 unique phosphosites on 2,617 Mtb proteins
(Figure3-1B), accounting for 87% of MS-detected Mtb proteins. These data showed
extensive O-phosphorylation in Mtb that is comparable to the highest level of

phosphorylation detected in eukaryotes, where 50-70% of proteins are phosphorylated.
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We identified five times more phosphosites than all previously published Mtb
phosphoproteome studies combined (Figure3-1B). Importantly, we identified the largest
bacterial phosphoproteome to date.

In total, we identified 7,533 pThr, 5,816 pSer, and 1,103 pTyr sites. The distribution of
site localization scores with both methods showed that most sites could be identified
with high confidence, with ~50% of label-free and TMT assignments reaching >99%
confidence and over 60% reaching 90% confidence (Figure 3-1D). We observed that
the distribution of pSer, pThr, and pTyr detected in our study was 40%, 52%, and 8%,
and this differed from that of eukaryotic or E. coli phosphoproteomes, both of which
have a higher proportion of pSer than Mtb (Figure 3-1E). The striking features of the
Mtb phosphoproteome was the predominant pThr compared to both eukaryotes and E.
coli, and higher pTyr compared to eukaryotes. Specifically, we detected more pTyr sites
than previous Mtb studies, and total Mtb pTyr is >10-fold higher than in humans,

indicating a more prominent role of pTyr in Mtb (94, 95).

Multi-site phosphorylation in Mtb proteins

Given that there is > 5-fold more phosphosites than proteins, we next determined the
number of phosphosite per protein (Figure 3-1F). We found that while a large group of
proteins had a single phosphosite (>500), most proteins contained two or more
phosphosites, with 413 proteins with two sites and 1,330 proteins that have between 3
and 10 sites. We also observed a small group of proteins with >10 sites, with one

protein containing >80 phosphorylation sites. These highly multi-phosphorylated
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proteins included the STPK PknK, forkhead-associated domain-containing protein
FhaA, fatty acid synthetase Fas, DNA topoisomerase TopA, and NAD-dependent
glutamate dehydrogenase Gdh (Figure 3-1F, inset). Highly phosphorylated proteins
could suggest a function outside of the canonical on-off switch typically associated with
phosphorylation and may imply a physiochemical property change due to the large

accumulation of negative charges in a cellular sub-compartment.

To test if phosphorylation correlates with in vitro essentiality, we determined the number
of phosphoproteins that are essential as defined by in vitro transposon mutagenesis in
relation to their number of phosphosites (96) (Figure 3-1G). The phosphoproteome
overall is enriched ~1.5 fold in essential genes, but when we analyzed the essential
proteins across the multi-phosphorylated proteins, we saw a strong correlation between
essentiality and total phosphosites on an individual protein. For example, 36% of
proteins with more than nine phosphosites were essential but ~88% of those with 31 -
40 sites were essential (p < 0.001), compared to ~20% essential genes in the genome

overall.
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Figure 3- 1. A deep Mtb phosphoproteome.

(A) Absolute quantitation of STPK protein levels in LoF and GoF mutant strains by
selected reaction monitoring. PknB LoF is a knockdown strain, all other LoF strains are
knockouts.

(B) Comparison of the number of phosphosites and -proteins previously published and
identified in this study. Phosphosites identified in this study met an Ascore >19 (TMT) or
MaxQuant probability >0.99.

(C) Number of unique phosphosites identified by TMT and label-free approaches. All
phosphosites met an Ascore >19 (TMT) or MaxQuant probability >0.99.

(D) Distribution of Ascores (for TMT data) and MaxQuant (for label-free data) probability
for phosphosite localization. An Ascore of 19 corresponds to 99% probability of correct
localization.

(E) Relative share of pSer, pThr, and pTyr sites in Mtb, E. coli, and human cells.

(F) Number of phosphorylation sites per protein and highly phosphorylated proteins with
>20 phosphosites (inset).

(G) Share of phosphorylated essential gene products stratified by number of
phosphosites. Essentiality was based on transposon mutagenesis (96).
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STPK phosphorylation

STPKs are known to be regulated by phosphorylation (89). In the total phosphosite
dataset, we identified all STPKs as phosphorylated (Table 1). PknK had the most
phosphosites with 84 and Pknl had the least with 4. Phosphosites were mainly
distributed across the cytoplasmic domain, including the kinase and juxta-membrane
domains. The transmembrane-containing STPKs (PknB, PknD, PknE, PknF, PknH,

PknJ) also had some phosphosites in the extracellular domain.

Using previous phosphoproteomics studies, we detected 91% (64 of 70) of previously
identified STPK phosphosites (46, 72, 97-99). Interestingly, no other study identified
phosphosites on Pknl or PknK, but we identified four significant phosphosites on Pknl

and 84 on PknK. One study had previously identified crucial residues in the activation

loop for nine STPKs using recombinant protein, and in our dataset, we identified these

phosphosites for six of the nine STPKs (88). Altogether, we validated other
phosphosites identified in previous phosphoproteomics studies and discovered new

phosphosites that may be important for STPK regulation.
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STPK

PknA

PknB

PknD

PknE

PknF

PknG

PknH

Pknl
PknJ

PknK

PknL

Rv
Number
Rv0015c

Rv0014c

Rv0931c

Rv1743

Rv1746

Rv0410c

Rv1266¢

Rv2914c
Rv2088

Rv3080c

Rv2176

Num of
pSites

16

18

31

28

16

15

26

84

24

pSites

S10, T125, T150, T152, T174, T21, T224, T252, S299,
T301, S309, T313, T323, T332, S46, S50

T111, T171, T173, T179, Y182, S244, T265, T289,
T294, S305, T309, T320, T352, T376, S51, Y53, T612,
1621

S10, Y107, S164, T169, T171, T173, T177, Y180, T187,
S2, 8218, S235, S264, S279, T295, T299, T303, S306,
S308, S310, T317, T321, S328, S332, T334, S343, T35,
S355, S365, S51, T633

T11, $125, Y16, T170, T175, T178, Y180, S188, S190,
T193, T263, T277, T284, S290, T300, S304, T313,
S326, T36, T4, T425, S448, S48, T50, T510, S517,
S52, T523

T178, T181, S20, Y27, 7287, S290, T378, S380, T382,
T398, T458, T461, S48, Y53, S66, T8

T14, T23, S298, Y307, T32, T362, S412, T55, S643,
1657, S720, S723, Y735, T736, T95

S103, S11, Y16, T170, T174, T178, S188, T193, S219,
S291, T295, T307, T324, S335, T352, T36, S361, Y376,
T48, S52, T537, T549, T551, T574, Y82, T99

1207, S230, S320, S44

T168, T27, S380, T382, S383, S39, S6

T1010, T1019, T1021, S1028, S1034, S1038, T1058,
T1093, S110, S1101, T113, T126, S128, T158, T166,
T2, T219, Y224, S228, T240, S241, T274, S292, T319,
T323, T325, T328, T331, Y336, S339, T342, T347,
S349, T352, S370, S375, T376, Y41, T421, S425,
Y440, T443, S444, S467, S47, S514, T521, T545, T546,
S561, T569, S58, T59, T593, T611, S617, T623, T642,
S679, Y687, T713, S719, T722, T723, T733, S734,
T760, T768, T779, T825, T829, T87, T888, T894, T9,
S900, S908, T917, S930, S935, Y942, S968, T969,
T973

S1561, S17, S186, S239, T257, S27, S295, T30, S300,
Y304, S306, T309, S31, T323, S334, S338, Y34, S340,
T348, S52, Y54, T6, T62, Y83

Table 1: Phosphosites identified on the STPKs.

Rows show each individual kinase, its Rv number, the total number of phosphosites
identified per kinase, and the total residues phosphorylated per kinase. Red text
indicates phosphosites regulated by other STPKs.
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The Mitb kinase-substrate relationships

Next, we used our phosphoproteomic data to globally identify substrates for each STPK.
Using our panel of STPK mutants, we defined substrates of a given STPK as either
hypophosphorylated in that kinase’s LoF or hyperphosphorylated in the GoF strain.
Proteins with phosphorylation changes in the opposite direction were considered
indirect substrates. We compared the abundance of each phosphosite in every STPK
mutant to that of WT, calculating both fold-change and p-values. We used the TMT data
for this analysis because TMT showed higher consistency between replicates and less
missing values compared to the label-free data. We defined a significant change as one
detected in all three replicates for WT and the STPK mutant, changed by at least 2-fold
compared to WT, and with a p-value <0.005. In addition, we identified “on/off” sites as
those with no detected peptides in one set of replicates, but for these sites, we were

unable to calculate p-values.

In total, we identified 3,503 significant, unique changes in the phosphoproteome across
all mutants that accounted for 24% of all phosphosites (Figure 3-2). For a majority of
the STPK mutants, we observed the overall shift in the phosphoproteome in response to
kinase perturbation were as expected, with GoF leading to increases in phosphorylation
and LoF to decreases. Together, we detected 296 and 3,454 changes because of LoF
and GoF, respectively (Figure 3-2). The STPKSs varied in the number of substrates
ranging from 15 - 968, suggesting varying signaling capacity of the different STPKs

(Figure 3-2, Figure 3-3A and C).
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Figure 3- 2: STPK perturbation defines kinase-substrate interactions.

Magnitude and direction of changes in phosphorylation sites in LoF (Rows 1 and 3) and
GoF strains (Rows 2 and 4). Volcano plots show log2-fold changes in phosphorylation
levels by phosphosite (X-axis) versus the -log p value of the change (y-axis). Horizontal
and vertical lines show significance cutoffs applied to the data for further analysis (>2-
fold change in abundance, p<0.005). Significantly changing phosphosites are shown in
red and blue. The STPKs themselves were removed as they showed the largest
changes and distorted the plots.
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Figure 3- 3: Mtb O-phosphorylation forms a network.

(A) Effects of STPK perturbation on the abundance of individual phosphosites by STPK,
compared to WT. All regulated phosphosites met the following criteria: > 2-fold change
in GoF and/or < -2-fold change in LoF, Ascore > 19, and p-value <0.005.

(B) Directionality of phosphorylation changes in response to STPK perturbation. The
illustration shows assignment of direct (hypophosphorylation in LoF,
hyperphosphorylation in GoF), and indirect phosphorylation events with inverted
directionality.

(C) Putative direct and indirect phosphosites (phosphoproteins) by STPK.

(D) Preferred sequence motifs of all STPKs around pSer, pThr, and pTyr sites.

(E) Changes in Tyr phosphorylation sites upon STPK perturbation. The numbers given
above the STPK mutant strain is from LoF and GoF mutants combined. All regulated
phosphosites met the following criteria: > 2-fold change in GoF and/or < -2-fold change
in LoF, Ascore > 19, and p-value <0.005.

(F) A global view of the STPKs'’ substrates and overlap in substrate phosphorylation.
The purple squares represent the STPKs. The size of the square is proportional to the
number of that STPK’s substrates, which is also given in parentheses. The round nodes
show the number of substrates phosphorylated by one or multiple STPKs. The
thickness of the edge corresponds to the number of substrates. All regulated
phosphosites met the following criteria: > 2-fold change in GoF and/or < -2-fold change
in LoF, Ascore > 19, and p-value <0.005.

(G) Phosphorylation of members of the proteasome/Clp protein degradation systems by
different STPKs.

(H) Phosphorylation of RNA polymerase subunits by different STPKs.
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Based on the number of the substrates per STPK, we defined differences in STPK-
specific activity. We observed one group of STPKs that had low basal activity in WT
strain in broth culture. Specifically, we noted that PknD, F, I, K and L showed less than
30 hypo-phosphorylated sites when inactivated (Figure 3-2 and 3-3A). However, these
silent kinases can be activated as shown by the larger number of hyper-phosphorylated
proteins in the GoF mutants. A group of kinases showed higher basal activity in WT
strain in broth culture, represented by PknB, E, and H (Figure 3-2 and 3-3A). This
kinase group could also be further activated, as demonstrated by additional substrates
identified in the GoF mutants. We next tested if STPK induction in the GoF strains may
lead to off-target phosphorylation (Figure 3-4). We found that the average magnitude
and number of phosphorylation changes did not correlate with the abundance of the
respective kinases. For example, the PknG GoF strain, which showed the highest
degree of STPK induction, generated only 43 phosphorylation changes. These data
supported the idea that GoF leads to predominantly physiologic phosphorylation events.
Overall, using both LoF and GoF mutants identified distinct substrate sets for each

STPK.

Kinases interact with each other more than with other protein families and can
profoundly affect each other’s activity by phosphorylation. It is possible that some of the
observed changes with kinase perturbation may be indirect, which may be difficult to
discriminate from direct effects. Phosphosites that are hyperphosphorylated in the LoF
or hypophosphorylated in the GoF cannot be explained by direct phosphorylation and

likely represent indirect phosphorylation events (Figure 3-2, 3-3B, 3-3C). All STPKs
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showed some of these indirect effects, and ~8% of all altered phosphosites were such
indirect sites (Figure3-3C). Indirect substrates may also be among the substrates that
met our direct substrate criteria, but these are indistinguishable from the direct

substrates in our data.

Dual specificity STPKs

Protein Tyr phosphorylation was thought to be absent in Mtb but, in the last ten years,
has now been conclusively demonstrated (94). There are no annotated canonical
bacterial Tyr kinases in Mtb, so the identity of the Tyr kinases remains an open
question. Based on in vitro biochemical activity, atypical kinases and dual specificity
kinases among the STPKs have previously been suggested as candidates. Our data
further expanded the total pTyr sites in Mtb and allowed us to test in a cellular context
whether STPKs are dual specificity. Most STPK-specific phosphorylation showed a
preference of Ser/Thr over Tyr residues, but we observed many kinases regulate pTyr
to some level. 231 pTyr sites, or 24% of all pTyr detected in our study were affected by
STPK perturbation (Figure 3-3E). PknK and PknL had the largest number of regulated
pTyr, suggesting dual specificity, while PknG, I, and J had the least, implying they
behave strictly as Ser/Thr protein kinases. Altogether, these data postulate some Mtb
STPKs evolved dual activity like the dual specificity kinases in eukaryotes, rather than

mediated by specialized bacterial Tyr kinases.
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Figure 3- 4: Independence of STPK abundance and number of phosphorylation
sites.

The abundance of STPKs in the GoF mutants does not overall correlate with the
number of phosphosites detected in these strains, suggesting that GoF mutants retain
substrate specificity and do not produce extensive off-target phosphorylation.
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Phosphorylation Motifs

We next used the pLogo tool to identify potential substrate sequence preferences for
each STPK (Figure 3-3D, Figure 3-5). We also identified sequence preferences for
each phosphosite in the whole phosphoproteome. In both groups, we identified motifs
for all phosphosites together (Ser, Thr, and Tyr) and residue-specific motifs. For all
phosphosites in the whole phosphoproteome, there is a preference for negatively
charged residues at the -1, -3, -4, -5, +1, +3 and positively charged residues are
preferred in the +1 position. Here, we identified a general pattern of phosphorylated

proteins.

There are clear differences in the STPK -specific motifs compared to the total
phosphoproteome. For all STPKs, there are shared preferences: glycine in the +1
position, proline in the +2 position, and positively charged residues in the +5 position.
For residues upstream of the phosphosite, we observed a dichotomy in STPK
preference. PknD, PknF, and PknK, preferred negatively charged residues in the -1, -2,
and -3 positions. However, PknE and PknL preferred positively charged residues at the

-2 position.

Altogether, we predicted phosphorylation motifs around the phosphosites for PknE,
PknF, PknK, and PknL. However, PknB, PknG, Pknl, and PknJ, did not have a clear
motif. For STPKs with a predicted motif, we next used a phosphorylation motif search
program to determine if the motifs matched any known motifs (100). Based on this

analysis, PknK and PknL vaguely matched the PKA kinase substrate motif
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KXXX[pS/pT] (101). The PknF phosphorylation motif matched a casein kinase |
substrate motif [E/D]IXX[pS/pT] (102). Interestingly, PknE strongly matched to the Pim1
kinase substrate sequence [R/K][R/K][R/K]X[pS/pT]X, potentially identifying
conservation between PknE and Pim1 kinase (103). Using these data, it is reasonable
to screen Pim1 kinase inhibitors against PknE to establish this connection and

potentially identify kinase inhibitors to target Mtb.
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Figure 3- 5: STPK perturbation identifies STPK-specific phosphorylation motifs.

Substrates for each STPK were used to determine the preferred sequence motif. Rows
show motifs for individual STPKs. Columns show motifs separated as all phosphosites,
and then by Ser/Thr/Tyr-centered motifs. All regulated phosphosites met the following
criteria: > 2-fold change in GoF and/or < -2-fold change in LoF, Ascore > 19, and p-
value <0.005.
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STPK - STPK phosphorylation

STPKs themselves are an important group of substrates to consider since STPKs are
regulated by phosphorylation. We found that ten of the eleven STPK are substrates of
another STPK (Figure 3-6 and Figure 3-7). The regulated phosphosites for all STPKs
were distributed throughout the cytoplasmic domain. We identified six STPKs that
contained regulated phosphosites in their kinase domains, the region containing the
activation loop that regulates kinase activity (88, 104). Interestingly, for six STPKs, we
detected regulated phosphosites in the juxta-membrane domain. Juxta-membrane
phosphorylation sites are implicated in regulation or binding of accessory proteins, so
these sites represent potential regulatory sites (105, 106). Four STPKs regulated
phosphosites in the region N-terminal to the kinase domain, an area not well-studied for
kinase activation or regulation. Altogether, these phosphosites are candidate STPK

regulatory sites.

A previous study had explored interactions between STPK kinase domains in vitro, and
in our study, we validated two of these interactions: PknB phosphorylates PknK and
PknE phosphorylates PknD (88). Other interactions previous shown in vitro with
recombinant protein did not replicate in our study. These discrepancies may be due to
the use of kinase domain only in the in vitro studies or the lack of cellular context and

illustrate the challenges to identify true cellular substrates in vitro.

57



We observed interesting patterns of phosphorylation between STPKs. PknG was not
phosphorylated by or phosphorylated other STPKs. Both PknA and PknD are the most
phosphorylated STPKs, and themselves substrates for six other STPKs each. PknF
phosphorylated the most STPKs with six different substrate STPKs, although PknF did
not have the most substrates overall. Pknl only phosphorylated PknK and was not a
substrate STPK. Even though Pknl had the lowest number of substrates, it
phosphorylated another STPK, as opposed to PknG that has more substrates and did

not phosphorylate any other STPKs.

We also observed a few reciprocal STPK-STPK interactions: PknB-PknK, PknD-PknE,
PknD-PknF, PknD-PknK, PknF-PknK, and PknK-PknL. PknD and PknK both had the
greatest number of reciprocal interactions. Further work is needed to elucidate any
regulatory role that these reciprocal interactions might play. Altogether, these data
identified potential STPK regulation beyond the homodimerization and activation

paradigm.
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PknL

Figure 3- 6: STPK-STPK phosphorylation in Mycobacterium tuberculosis.

STPK - STPK interactions as shown using Cytoscape. Arrows indicate that the STPK at
the base of the arrow phosphorylates the STPK at the end of the arrow. Blue dots
denote the number of unique phosphosites in each STPK regulated by other STPKs. All
interactions met a fold-change > 2-fold or < -2-fold, an ASCORE > 19, and a p-value <
0.005.
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PknB

PknH

PknL

Figure 3- 7: Differentially phosphorylated phosphosites on STPKs.

Cartoons showing the domain organization of each STPK and differentially
phosphorylated phosphosites, indicated by a blue circle. All phosphosites here met a
fold-change > 2-fold or < -2-fold, an ASCORE > 19, and a p-value < 0.005.
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The STPKs constitute a distributed network

The identification of multiple substrates per STPK and STPK-STPK interactions
suggested a kinase signaling network. We next analyzed the kinase-substrate
relationships globally to detect larger features of the network by visualizing all STPK-
substrate interactions (Figures 3-3F, 3-8). We found that 469 substrate proteins were
phosphorylated by a single STPK. Interestingly, we identified 935 proteins
phosphorylated by more than one STPK. Further, we observed a minimum of two and
up to ten STPKs phosphorylating a single substrate, with most substrates
phosphorylated by two STPKs (293 proteins). Rv0020c was phosphorylated by ten
STPKs, and, interestingly, has an FHA domain commonly shown to recognize
phosphothreonine. In addition, Rv0020 also shows multi-site phosphorylation, implying
Rv0020c could be a phospho-docking complex. We also analyzed the STPK substrates
for enrichment in several protein families and KEGG terms. Among the most
significantly enriched components are the proteasome and Clp protease systems, and
RNA polymerase, almost all of which were phosphorylated by multiple STPKs,
suggesting coordinated regulation by several inputs of these central cellular functions

(Figure 3-3 G and H).

We also observed differences for each STPK in the proportion of substrates regulated
solely by that STPK or by multiple STPKs (Figure 3-8 and 3-9). Pknl only shared
substrates with other STPKs. PknK and PknL solely phosphorylated more than 17% of

their substrates. Altogether, these data showed that the STPK substrates are highly
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redundant and crosstalk. The high redundancy may explain the paucity of in vitro
phenotypes of KO strains in most STPKs despite the large number of substrates and is
reminiscent of distributed eukaryotic phosphosignaling networks. Importantly, these
overlapping substrate pools show that Mtb STPKs indeed form a kinase signaling

network.
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Figure 3- 8: The Mtb O-phosphorylation is highly integrated.

An expanded global view of the STPKs’ substrates and overlap in substrate
phosphorylation. The purple squares represent the STPKs. The size of the square is
proportional to the number of that STPK’s substrates, which is also given in
parentheses. The center squares represent substrates phosphorylated by multiple
STPKs, differentiated by color and annotation. Lines connect STPK to each substrate
pool and the width of the line indicates the contribution of each STPK to the specific
pool. All regulated phosphosites met the following criteria: > 2-fold change in GoF
and/or < -2-fold change in LoF, Ascore > 19, and p-value <0.005.
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Figure 3- 9: Mtb O-phosphorylation shows different degrees of
interconnectedness.

Bar graphs showing the proportion of each STPK’s substrates as phosphorylated by
one or more other STPKs.

66



Pathway enrichment may reveal biological processes regulated by STPKs

We next performed Gene Ontology pathway enrichment analysis on each STPK
substrate pool (Figure 3-10). We observed enrichment in a variety of biosynthetic
pathways, including amino acid, fatty acid, and ribosome. In addition, we observed
enrichment in metabolic pathways such as the tricarboxylic acid cycle and purine
nucleotide metabolism. There was broad enrichment in processes involved in producing
RNA and protein, such as transcription antitermination and translation. Interestingly, we
detected enrichment for various environmental stresses that include heat, hypoxia, and
oxidative stress. These pathways align with the function of STPKs in sensing the
environment and may link specific STPKs to environmental stimuli. Lastly, we observed
enrichment in protein secretion via type VIl secretion, a pathway important for Mtb
virulence (107). Overall, these pathways represent cellular functions regulated by O-

phosphorylation.
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Figure 3- 10: STPK substrates show enrichment in various Mtb pathways.

Gene Ontology enrichment analysis showing the enrichment of significantly regulated
phosphoproteins for each STPK. The circle color denotes the biological process, the
circle size indicates the fold-enrichment, and the annotation identifies the STPK
enriched in a specific process. The x-axis shows the percent overlap of the STPK
putative substrate pool and the annotated biological process. All regulated phosphosites
met the following criteria: > 2-fold change in GoF and/or < -2-fold change in LoF, Ascore
> 19, and p-value <0.005.
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Discussion

TCSs are generally thought to be the major bacterial phosphosignaling systems, but
much recent work has begun to focus on the importance of the STPKs. The study of
STPK function has been severely limited by inadequate and technically challenging
substrate identification methods that mostly relied on in vitro assays. As a result, the
true size of the Mtb phosphoproteome remained an open question. Our work now
showed that the Mtb phosphoproteome is at least five times larger than previously
described. Our method of using both inactivating and activating mutants to identify
STPK substrates identified over 12,000 new phosphosites. We showed that each kinase
has different sized substrate pools during stationary phase. However, we also observed
a pattern of redundant substrates and pathways between STPKs. The number of O-
phosphorylated proteins approaches and even exceeds those in even the most highly
phosphorylated eukaryotes (47, 108). No comparable kinase signaling network has

been shown in bacteria, and this work may stimulate similar studies in other bacteria.

Our data recapitulated some previous STPK substrate identifications, but not others.
We validated over 50% of reported interactions (568-60, 63, 65-67, 109-123), although
some were below our p-value threshold. The discrepancies in substrate identification
may be due to the different methodologies employed by our study compared to previous
studies. The previous studies relied mostly on in vitro methods that may not always
represent physiological interactions in the cellular context. Similarly, our study validated

~50% of interactions identified using STPK inactivation or inhibition in combination with
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mass spectrometry. This overlap is not surprising considering variability between mass

spectrometry experiments and the different growth conditions in each study (124).

The interactions among the STPKs themselves are important for understanding their
regulation and signaling pathways. Previous in vitro studies showed that STPKs form
into a hierarchical kinase signaling network (88). Our data also showed that all
activation loop phosphosites tested in that study are phosphorylated. Of the ten different
STPK-STPK interactions identified by Baer et al., we found two of these interactions,
specifically that PknB phosphorylates PknK and PknE phosphorylates PknD. These
data may differ due to the experimental design and STPK constructs as described
above. We identified more phosphorylation that included phosphosites outside of the
activation loop, such as N-terminus, regions in the kinase domain outside the activation
loop, and juxta-membrane. These additional phosphosites may indicate novel

mechanisms for STPK regulation, at least for Mtb.

Multi-phosphorylated proteins were common. Multisite phosphorylation can act as a
docking mechanism to enhance strength and specificity for an interaction (125, 126).
These sites can function in activation requiring multisite phosphorylation for maximal
enzymatic activity (127). Structurally, multisite phosphorylation can result in different
levels of protein stability (128, 129). Additionally, multisite phosphorylation can also
function as a chelator, for example in the case of phosvitin (130). It is possible that Mtb

multisite phosphorylation has similar functions.
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Our work established STPKs as a major signaling system in Mtb that may be equal or
larger than that of the TCSs. Further, our results build on several previous
phosphoproteomic studies and expand the number of total phosphosites and STPK-
substrate interactions. We provide a clearer understanding of STPK signaling in the

cellular context than could be gleaned from in vitro experiments.

There are several limitations of our approach. First, our study identified substrates only
during stationary phase. While the stationary phase has been shown to accumulate
higher numbers of phosphorylated proteins in E. coli (91), it represents only one growth
phase. Second, phosphorylation can be indirect. However, to some degree, we could
parse these indirect from direct interactions as hypo-phosphorylated sites in GoF and
hyper-phosphorylated site in LoF. Indirect sites that change in the same direction of
direct sites cannot be distinguished by our data (or any other method), but we estimate
that these are the minority based on the indirect sites we can measure (8% of total
sites). Last, there are likely non-functional phosphosites. One study estimated that 65%
of sites detected in phosphoproteomics experiments are non-functional (131).
Computationally, functional phosphosites can be prioritized using residue conservation
in substrate orthologs in related bacteria, but these predicted phosphosites still need to
be experimentally characterized (132). Overall, this issue is hard to address without
comprehensive functional assays or characterizing each phosphosite individually and
poses perhaps the biggest current challenge to the field of posttranslational

modifications in general.
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CHAPTER 4: REGULATION OF MTB TRANSCRIPTION BY O-PHOSPHORYLATION

Introduction

In the previous chapter, we identified over 3,700 STPK-substrate interactions. These
interactions link STPKs to a multitude of bacterial processes and are the foundation for
dissecting the STPK signaling pathways. One prevalent type of STPK-substrate
interaction was that of STPKs and transcription factors (TFs), suggesting a profound
effect of STPK signaling on transcription. In this chapter, we broadly explore STPK

regulation of transcription through TFs and the related TCSs.

Bacterial transcription is regulated on many levels. TFs in particular control RNA
polymerase’s interactions with target promoters, distributing RNA polymerase to
different promoters in the genome and activating or inactivating transcription of the
corresponding gene(s) (133, 134). TFs themselves are regulated by several
mechanisms. Homodimerization and interactions of TFs with other DNA-binding
proteins commonly affect their activity. Importantly, TFs can also be regulated by
posttranslational modifications, such as acetylation and phosphorylation (135).
Phosphorylation of TFs by STPKs or HKs affects DNA-binding, co-regulator binding, or
the stability of the TF (136-139). Phosphoregulation of a TF’s DNA-binding regions can
create charge repulsion with the target DNA. In this way, STPKs can be directly linked

to gene expression through the phosphorylation of TFs.
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In Mtb, there are several known examples of TF regulation by phosphorylation, most of
which involve the TCSs, in which a HK phosphorylates a RR in response to an
extracellular signal. Examples of TF regulation by STPKs have also been reported, but
only anecdotally. Several TF-STPK interactions including those between PknK and
VirS, PknH and EmbR, and PknL and Rv2175c were identified only using in vitro
phosphorylation assays (63, 65, 121). In another, more detailed example, PknB
phosphorylated Lsr2, resulting in decreased DNA-binding and causing transcriptional
changes important for growth in normoxic and hypoxic environments (67). Whether TF
regulation by STPKs is a general mechanism of transcriptional regulation in Mtb is

unclear.

Our phosphoproteomic data identified a large number of TF phosphosites that provided
a unique opportunity to probe the intersection between STPK signaling and
transcription. In addition, because we determined STPK-TF substrate pairs in
combination with global functional readouts for the STPKs — transcriptional changes —
our data offered an opportunity to predict the function of phosphorylation events on TFs.
The identification of functional phosphosites among the thousands of sites now routinely
identified in MS-based phosphoproteomic experiments such as ours is perhaps the
greatest challenge in the phosphosignaling field today. As many as half of all
phosphorylation sites are thought to be non-functional (131, 140). Identifying function of
a phosphosite requires a priori knowledge of that function, individual phosphosite
mutation, and function-specific assays, an approach that does not scale with the large

numbers of phosphosites in current MS datasets.
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The broad transcriptional effects of STPK signaling further provide functional context:
The genes affected by STPK permutation provide immediate and testable hypotheses
about the STPK’s cellular functions. Accordingly, comparing any given gene set that
may show altered transcription in a given experimental condition with that of an STPK
permutation may identify the upstream STPK, thus connecting genes to upstream

signaling events.

In this chapter, we use phosphoproteomic and transcriptomic analysis of STPK mutants
described in chapter 3 to explore the role of O-phosphorylation in regulating
transcription and showed that STPK perturbation results in large-scale changes in
transcription. Further, integrating phosphoproteomic and transcriptional data, we
predicted which of these STPK-TF interactions are functional. We validated one
prediction by probing the interaction between PknK and Zur in detail. Interestingly, we
also identified widespread STPK-TCS interactions and demonstrated that STPKs
regulate HKs, placing STPKs above TCSs in the Mtb signaling hierarchy. Overall, our
work demonstrated a large interface between STPKs and transcription in Mtb and that
the STPKs and not the canonical TCSs are the main phosphosignaling enzymes

controlling transcription.
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Results

Transcription factors are STPK substrates

In our phosphoproteomic data, we found many different protein families represented.
One group of highly phosphorylated proteins was the TF family. We identified O-
phosphorylation on 158 TFs, representing 77% of TFs. We also found multiple
phosphosites on a single TF, with as many as 20 sites on Rv1267c. Further, we
identified 112 STPK-TF interactions, representing 50% of Mtb transcription factors
(Figure 4-1A, B). There was a range in the number of TFs phosphorylated by an
individual STPK with Pknl phosphorylating 2 TFs and PknK 94. Altogether, these data
showed that a large proportion of TFs are phosphorylated, and we linked over 70% of

phosphorylated TFs to a specific STPK.

We next determined the location of all regulated phosphosites within TFs using TF
structural predictions (Figure 4-2). Most phosphosites were in the DNA-binding domain,
a common region for regulatory phosphorylation. Interestingly, we found phosphosites
in protein-protein interaction or enzymatic domains, hinting at roles of phosphorylation
beyond regulating TF-DNA binding. We observed 50% of the phosphosites in
unstructured domains, including the N-terminal regions. Together, TFs were extensively
phosphorylated in multiple regions, suggesting that regulation of Mtb TF activity through
phosphorylation is a more prevalent regulatory mechanism than has been previously

identified.
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Figure 4- 1: PknK derepresses the transcription factor Zur.

(A) Overview of STPK-transcription factor interactions. STPKs are shown as purple
squares, TFs are shown as green circles. Edges represent kinase-substrate
interactions.

(B) Number of TF substrates of individual kinases.

(C) In vitro phosphorylation assay showing specific phosphorylation of recombinant Zur
by PknK.

(D) Transcriptional response of Zur LoF, Zur GoF, and PknK GoF mutations on the Zur
operon shows overlapping but opposite effects of PknK and Zur GoF, predicting
inhibition of Zur transcriptional activity by PknK phosphorylation.

(E) Effect of Zur Thr67 phosphoablative and -mimetic mutations on DNA binding
activity.

(F) Model of the PknK-Zur pathway.
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Figure 4- 2: Location of regulated phosphosites on TFs.

Bar graph showing the number of phosphosites that mapped to broad structural regions
of transcription factors. All phosphosites used in this analysis met the following criteria:
>2-fold change in GoF mutants and/or < -2-fold change in LoF mutants, ASCORE >19,

and p-value < 0.005.
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PknK regulates Zur via phosphorylation

To validate STPK-TF interactions, we explored the interaction between PknK and the
zinc repressor Zur (Rv2359), a negative transcriptional regulator of metal homeostasis
(Figure 4-1C-F). As described in chapter 3, we measured the PknK mutant
phosphoproteomes and compared them to WT. In a direct kinase-substrate interaction,
we predicted substrates to be hypo-phosphorylated in the LoF mutant and/or hyper-
phosphorylated in the GoF mutant. The PknK GoF mutant showed significant Zur
hyperphosphorylation when compared to WT (8.7-fold, p-value=0.001), consistent with
a direct kinase-substrate interaction. We validated this interaction using an in vitro
kinase assay with recombinant PknK and Zur. Consistent with the phosphoproteomic
data, recombinant PknK kinase domain efficiently phosphorylated Zur in vitro, but the
negative control PknG, which did not affect Zur phosphorylation in our data, did not

(Figure 4-1C).

We compared the previously identified Zur GoF regulon to genes regulated in the PknK
GoF and found that >80% of the Zur GoF regulon are also regulated in the PknK GoF
mutant (Figure 4-1D). The Zur GoF represses its regulon, confirming it as a repressor,
but we observed the opposite with the PknK GoF mutant, which showed induction.
Further, we compared PknK GoF gene expression changes to a previously defined Zur
LoF mutant and found that both show Zur regulon induction. The Zur LoF data further

supported Zur’s role as a repressor, and our data show that PknK negatively regulates
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Zur. Together, these data imply that Zur phosphorylation by PknK derepresses the Zur

regulon and increased gene expression.

We next assessed whether Zur phosphorylation affects its ability to bind DNA. We made
various recombinant Zur proteins with phosphosite mutations: WT, phosphomimetic
(Thr67Asp), and phosphoablative (Thr67Ala). We next tested each protein’s DNA-
binding by electrophoretic mobility shift assays (Figure 4-1E). WT Zur bound to DNA,
resulting in a shift of the DNA probe. Compared to WT, the phosphoablative mutant
showed similar DNA-binding. The phosphomimetic mutant, however, showed
decreased DNA-binding compared to WT. These data show an effect of
phosphorylation on DNA-binding: Zur phosphorylation leads to decreased DNA-binding.
Together, these data show a phosphoregulation circuit in which PknK phosphorylates

Zur, resulting in decreased Zur DNA-binding and de-repression of the Zur regulon.

Transcriptional changes in STPK mutants

The effects of most Mtb STPKSs on transcription are unknown. Based on the extensive
phosphorylation of TFs we hypothesized that STPKs have large transcriptional effects.
To gain a complete understanding of the STPKs’ transcriptional effects, we analyzed all
STPK mutant strains by RNA-seq. We grew the 20 STPK mutant strains in triplicate to
stationary phase in 7H9 medium, extracted RNA, and then performed RNA-seq.

Following RNA-seq, we used a cutoff of at least 4-fold up- or down-regulation compared
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to WT and a significance cutoff of p <0.01 to identify differentially expressed genes

(DEGs).

Overall, 1,155 of 4,030 total genes met our criteria for DEGs, representing ~30% of Mtb
genes (Figure 4-3). All STPK caused gene expression changes. Two distinct gene
expression patterns were apparent. Several STPKs (PknB, G) showed the largest
change in gene expression upon LoF, suggesting a constitutive housekeeping function.
PknB, though only modestly downregulated in our strain, showed 30-fold more changes
in the knockdown over the PknB GoF strain (Figure 4-3). Some STPKs (PknD, F, J, K,
L) had little to no expression changes in the LoF mutant but showed large changes in
the GoF mutant. For example, both PknF and Pknd did not show significant DEGs in the
LoF mutant, but both the GoF mutants had over 100 DEGs. These STPKs appeared to
be inactive and likely required an activation signal absent from in vitro culture.
Importantly, the GoF mutants illustrate the advantage of testing both types of mutants to

identify STPKs’ downstream transcriptional effects.

Among the LoF mutants, only PknB and PknG had more DEGs in the LoF than the GoF
mutant, with the PknB LoF having the most with 489 DEGs (>10% of Mtb genes). All
other STPKs showed more DEG in the GoF mutants. Interestingly, PknB and PknG
both have growth phenotypes upon LoF, possibly reflecting the broad effect on
transcription and multiple pathways. All GoF mutants showed changes in gene
expression, indicating all were activated to some level by induction. All GoF strains,

except PknB and PknG, had more DEGs in GoF than LoF, revealing that the GoF
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mutants can identify transcriptional effects in these silent STPKs. The large changes
upon GoF, however, raised the question whether induction leads to non-specific
phosphorylation and artificial transcriptional effects. To test whether STPK expression
correlates with total DEGs, we ranked the kinases by their degree of induction (Figure
4-4A). The number of differentially expressed genes was not correlated with the
magnitude of STPK induction (r?=0.37). To further explore potential non-specific effects
of GoF mutations, we next asked if the abundance of STPKs in the GoF mutants were
within physiologic levels. We mined existing transcriptional data for STPK expression
during stress conditions and found that STPK expression levels in the GoF mutants
were within the range found in WT when subjected to physiologic stresses such as
hypoxia, oxidative stress, nitrosative stress, and exposure to arachidonic acid (Figure
4-4B). The expression levels of 8 STPKs in our GoF strains were in fact below those
reported in WT under specific stresses, indicating that induction was not excessive, and
the resulting phosphorylation and transcriptional effects are likely physiologic.
Interestingly, the GoF expression data mirror our phosphoproteomic analysis showing
some STPKs are inactive in culture and likely require a signal that is absent in vitro.
Except for PknE and PknF, the number of differentially regulated phosphosites and the

number of DEGs correlated well (r=0.92) (Figure 4-4C).
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Integration of phosphoproteomic and transcriptional data predicts functional TF

phosphosites

Predicting the share of functional phosphorylation events in any phosphoproteome has
been a major challenge. Because we determined STPK-TF substrate pairs and global
functional readouts for the STPKs by measuring transcriptional changes, our data
offered an opportunity to predict function of phosphorylation events on TFs. We
integrated our phosphoproteomic data on STPK-TF kinase-substrate pairs, the matched
STPK transcriptional data, and a global transcriptional dataset mapping the
transcriptional effects of ~200 Mtb TFs (141). We defined a functional interaction as a
significant overlap between the regulon of an STPK and that of its cognate TF
substrate. To correlate regulon of phosphorylated TFs and those of their cognate
STPKs, we determined the genes altered by an STPK and its TF partner and plotted the
% overlap of the TFs regulon with the STPK’s regulon (Figure 4-5). 52 TFs showed
significant regulon overlap (p=0.05) with their cognate STPK’s regulon. 24 TFs showed
> 50% of shared regulated genes, including PknK and Zur, and the regulons of 3 TFs
(hns, pyrR, and Rv0792c) were fully contained in their STPK’s regulon. These data
predict a set of TFs whose phosphorylation is likely regulatory and leads to downstream

gene expression changes.
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Figure 4- 3: O-phosphorylation has large transcriptional effects.

(A) Overall number of differentially expressed genes upon STPK perturbation by STPK
and by type of perturbation. Differentially expressed genes are defined as >4-fold
change with p<0.005.

(B) The most induced and repressed genes by STPK and type of perturbation.

(C) Types of transcriptional effects by STPK and perturbation. Volcano plot shows the
DEGs in all STPK mutant strains, their direction, magnitude, and p-value associated
with the change. Horizontal and vertical lines show significance cutoffs (>4-fold,
p<0.005) used for further analysis of DEGs.
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Figure 4- 4: Relationship between STPK induction, phosphosites, and DEGs.

(A) STPK abundance is not correlated with the number of DEGs in the GoF strains,
indicating that STPK induction does not lead to global off-target changes in gene
expression.

(B) The induction of STPKs in the GoF strains as determined by RNA-seq was within
the range observed in historical data under physiologic stress conditions for most
STPKs (142-146). PknK and PknL showed higher induction, most STPKs showed lower
induction, suggesting physiologic levels of STPK.

(C) Except for PknE and PknF, more phosphorylation sites in the GoF mutant strains
lead to more DEGs.
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and no localization score cutoff was applied.
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STPKs have large and overlapping transcriptional effects

To understand the higher-level organization of the STPKs’ transcriptional effects, we
visualized all DEGs (Figure 4-6). This visualization highlighted the large number of
genes affected by STPKs and the high degree of transcriptional overlap between the
STPKs. While there were 678 genes exclusively regulated by an individual STPK, 477
genes (41%) were affected by several STPKs. For example, transcription of Rv2011c
was affected by three different LoF mutants, while Rv0975c was affected by six different
GoF mutants. This gene co-regulation demonstrated that signaling by multiple Mtb
STPKs converges on the same cellular pathways and suggested a high degree of
redundancy. Further, we observed co-regulation in the same and in the opposite
direction. For example, Rv2590 was induced in PknG and PknL LoF mutants while
Rv1875 was repressed in PknE and PknK LoF mutants. In contrast, Rv1739c was
induced in the PknE LoF mutant and repressed in the PknB LoF mutant. Interestingly,
the connectedness of STPK gene expression given as the average number of STPKs
that affect expression of one gene was on average 1.75. These data reveal a large,

partially overlapping STPK signaling network with complex effects on gene expression.
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STPK-DEG Interaction Network

Figure 4- 6: STPK signaling is highly integrated with transcription.

STPKs (purple nodes) affect the expression of a large number of genes (number in
parentheses). Nodes in the center represent the groups of genes that are regulated by a
different number of STPKs (number in parentheses indicates number of genes in that
group), illustrating the redundancy and/or cooperativity of the network.
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The network organization was widely different between GoF and LoF mutants. One
difference was the magnitude of repression and induction between STPKs and the
genes they regulate. While both types of kinase perturbation could repress and activate
gene expression, induction was more pronounced in the GoF than the LoF mutants
(Figure 4-3B). However, the total share of repressed and induced genes was similar in
the LoF (64% induced and 36% repressed) and GoF (68% induced and 32%
repressed). GoF mutants affected a larger cumulative number of genes compared to
LoF mutants with 873 genes in the GoF and 637 genes in the LoF mutants. Overlap of
gene regulatory effects was quantitatively different between GoF and LoF networks.
85% of total genes are regulated in a single LoF mutant while 15% are co-regulated. In
the GoF mutants, 66% of genes were regulated by one STPK while 34% were co-
regulated. We further explored similarity of expression profiles between STPK mutant
strains by hierarchical clustering of DEGs (Figure 4-7). The STPK LoF mutants formed
two distinct branches with PknB separate from the other nine STPKs. Interestingly,
PknB is the only essential STPKs in this group, and this separation may reflect its non-
redundant functions. While also separated into two groups, the STPK GoF mutants
clustered evenly between the two branches. The hierarchical clustering analysis

highlighted groups of kinases that may function similarly and redundantly.

Additionally, we analyzed each LoF and GoF pair for differences in repression and
induction (Figure 4-8). PknB and PknG LoF resulted in more gene induction than
repression and GoF in more repression. PknE and PknK LoF showed more repression

and GoF more induction. PknD and PknH GoF and LoF strains were similar, with
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mutants showing more repression and more induction, respectively. These data indicate

different inherent propensities of these kinases to repress or induce transcription.
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Figure 4- 7: STPK-mediated transcriptional changes reveal shared regulation
between STPKs.

(A) Hierarchical clustering of gene expression changes in the STPK LoF mutants.
(B) Hierarchical clustering of gene expression changes in the STPK GoF mutants.
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Figure 4- 8: STPKs show differential induction and repression between STPKs
and mutants.

Bar graph showing the percentage of repressed and induced genes for each STPK
mutant. Black bars indicate induction and gray bars indicate repression. No bars
indicate a STPK mutants without significant effects on gene expression. All genes used
in this analysis met all criteria: < -4-fold change or >4-fold change and p-value <0.01.
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Pathway enrichment in differential gene expression

To broadly assign STPK effects to cellular pathways and to better predict kinase
function, we used Gene Ontology (GO) enrichment analysis for each STPK mutant and
their regulon (Figure 4-9). To this end, we plotted the p-value given by the GO analysis
and calculated the specific % overlap between each STPK’s regulon and the genes in
that specific category. This representation identifies statistically significant enrichments
as those towards the right and the top (Fig. 4-9). Although many STPKs were
associated with GO pathways, six were significant (as defined by >50% overlap and p-

value < 0.05) and potentially predict function.

Genes in the hydrocarbon catabolic processes category were enriched ~100-fold
among the genes changing in PknD mutant strains. Genes in alkane catabolic
processes and cholesterol catabolic processes were overrepresented in the regulons of
PknE mutants and may link PknE to cholesterol utilization pathways required for
survival in the host. Genes in copper ion transport were enriched in the regulons of
PknG mutants. Interestingly, PknG phosphorylated the copper-inducible transcriptional
regulator CsoR, suggesting a way in which PknG may regulate genes involved in
copper transport. Genes in sulfate assimilation and arginine biosynthetic processes
were enriched in PknK-regulated gene sets. PknK interacts with the arginine
transcriptional repressor ArgR, consistent with the idea that PknK regulates arginine

biosynthesis.

97



These enrichment analyses provide clues for the downstream pathways that may be
regulated by each STPK, and when explored together with the phosphoproteomic data,

can predict signaling pathways for individual STPKs.
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Figure 4- 9: DEGs in STPK perturbation reveals enrichment in Mtb pathways.

Gene Ontology Enrichment analysis showing the enrichment of significantly regulated
DEGs for each STPK. The circle color denotes the biological process, the circle size
indicates the fold-enrichment, and the annotation identifies the STPK enriched in a
specific process. The x-axis shows the percent overlap of the STPK DEGs and the
annotated biological process. All DEGs met the following criteria: > 4-fold change or < -
4-fold change and p-value <0.01.
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TCSs show extensive interactions with STPKs

There are currently only few known examples of an intersection between TCS and
STPK signaling. In Mtb, crosstalk has only been reported between STPKs and RRs.
Since we observed extensive transcriptional effects due to STPK perturbation and know
TCSs regulate transcription, we next asked whether STPK and TCS signaling intersect

by identifying STPK-TCS interactions in our data.

We observed 68 unique phosphosites on the HKs and 122 on the RRs (Tables 2 and
3). 11 of the 14 HKs (~79%) and 16 of the 17 RRs (~94%) were phosphorylated on Ser,
Thr, or Tyr. For the HKs, we observed that a single protein can have 1-12 phosphosites,
and for RRs, we observed 1-20 phosphosites. With kinase perturbation, we detected 49
unique instances of regulated phosphorylation, accounting for 6 of the 14 HKs (~43%)
and 12 of the 17 RRs (~71%). In total, we noted that 9 of the 10 STPKSs regulated at
least one component of the TCSs (Figure 4-10A). These data described extensive
interactions between STPKs and TCSs, including novel interactions between STPKs

and HKs.
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Rv Gene Num of
Number Name pSites

Rv0490 senX3 3 S166, T258, S297

Rv0758 phoR 4 T193, S238, T255, T478

Rv0845 narS 5 S279, T286, T320, T361, T380
Rv0902c prrB 6 T108, T276, S278, S285, T361, S94

pSites

T141, T205, S216, T245, S327, S387, T447,

RWEEER | g 12 7482’ S487, 5490, S495, T504

Rv1028c  kdpD 5 T23,T24,S300, S553, S732

Rv1032c trcS 1 T244

Rv2027¢  dosT 6  S111, T2, S289, T331, T382, T555

rva132e | devs 4 S214,523,T385, 5450, S470, S483, S487, T512,

T539. S541, S561

S103, S139. T144, T151, Y201, T297, T311,
Rv3220c  Rv3220c 12 g335" 5375 S455 5457, S468

Rv3245¢  mtrB 3 S257.S304, S478

Table 2: HK phosphorylation.

The table shows all phosphosites identified on HKs. Red text indicates phosphosites
regulated by STPKs.
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24
Number

Rv0260c
Rv0491
Rv0602c

Rv0757

Rv0818
Rv0844c

Rv0903c
Rv0981
Rv1027¢
Rv1033c
Rv1626
Rv2884
Rv3133c
Rv3143
Rv3246¢

Rv3765¢

Gene
Name

Rv0260c

regx3
tcrA

phoP

Rv0818

narL
prrA
mprA
kdpE
trcR
Rv1626
Rv2884
devR
Rv3143
mtrA

terX

Num of
pSites

2
10
3

20

11

Table 3: RR phosphorylation.

pSites

1342, T347

T151, T153, T174, Y187, 1217, T79, Y98, T191,
7100, T193

T107, T122, T48

T12,T9, T177, T112, Y118, T17, S173, S175,
Y184, Y217, Y220, T235, T49, T51, T180, T191,
S194, T120, Y241, T99

S123, S128, T138, S254, T151, T211

S135, S171, T185, S200, S156, S2

Y108, S20, S33, T39, T6, S92, S93, T164, T225,
S25

Y98, T141, T69, T79, T136, T119, S127, T215

T100, T120, T188, Y192, Y26, T30, Y196, T2,
172

T206, T245

T5, Y111, S119, T144, S146, T169, T2, T6, S78,
S95, S130, S82

S221

S123, S148, T198, S210, T180, S186, T205,
Y184

T45, T70, T6, S5, S126

1213, T32, Y102, S132, Y185, T191, T217, T39,
T43, S75, S97

T36, Y106, T108, S134, T37, S198, T222, Y228,
187

The table shows all phosphosites identified on RRs. Red text indicates phosphosites
regulated by STPKs.
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Figure 4- 10: The histidine kinase NarS is regulated by a STPK.

HK

regX3 Rv8143 Rv0818 RR

(A) Phosphorylation of TCSs by STPKs. Histidine kinases (green circles) and response
regulators (blue circles) phosphorylated by the STPKs (purple squares) are shown.

(B) Phosphomimetic at Thr380 activate NarS. NarS autophosphorylation on His was
visualized by [y3?P]-ATP incorporation. The WT and phosphoablative Thr380Ala mutant
show low auto-phosphorylating activity. The Thr380Asp and Thr380Glu
phosphomimetic mutants show ~10-fold higher activity.

(C) NarS phosphomimetic (Thr380Asp) mutants have higher phosphotransfer activity to

the cognate response regulator NarL than WT or a phosphoablative (Thr380Ala)

mutant.
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NarS is regulated by PknK

The HK NarS and RR NarL were differentially phosphorylated in our
phosphoproteomics data. To test whether HKs are regulated by STPKs, we
recombinantly expressed the soluble HK domain of NarS and its cognate RR NarL.

(Figure 4-10A).

To test the effect of STPK phosphorylation on NarS activity, we generated Thr380
phosphomimetic (Thr380Asp and Thr380Glu) and phosphoablative mutants (Thr380Ala)
and then measured autophosphorylation by [y3?P]-ATP incorporation (Figure 4-10B).
We found that WT and Thr380Ala showed similar levels of activity. Interestingly, both
phosphomimetic mutants showed ~10-fold higher activity than both WT and Thr380Ala,

demonstrating that phosphorylation by STPKs activates NarS.

We next tested whether the increase in auto-phosphorylation activity of the
phosphomimetic mutants also resulted in functional phosphotransfer to the receiver
aspartate of NarL (Figure 4-10C). We found that the Thr380Asp mutant was also
efficient at transferring the phosphate from the HK to the RR, resulting in greater NarL
phosphorylation. To our knowledge, this is the first example of activation of a HK by an

STPK. These data suggest that some STPKs function upstream of the TCSs.
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Discussion

The most direct connection between a signal received at the bacterial cell surface and a
gene is through the phosphorylation of a TF. The TCSs are the canonical signaling
pathway with this type of signal flow. TCSs consist of a receptor kinase with an
extracellular sensor and intracellular kinase domain and often a single response
regulator, which functions as a TF. Although this simple signaling pathway has long
served as a paradigm of regulation of bacterial transcription, there is also an increasing
number of examples of STPKs phosphorylating TFs, including in Mtb. Whether this type
of STPK-regulated pathway is also common in Mtb is unknown, as are the relative
contributions of STPKs and TCSs and their relationship to each other. In this study, we
identified a surprisingly large number of O-phosphorylated TFs (50% of all TFs) that
point to an extensive regulatory interface between STPKs and transcription. Of the
STPK-TF interactions reported previously, we also detected those between PknH and
DosR and PknL and Rv2175c. We observed that STPKs phosphorylated TFs on various
domains. Classical TF phosphoregulation is due to phosphorylation of the DNA-binding
domain, typically resulting in decreased DNA-binding. In our domain prediction, we
indeed found many sites in DNA binding domains that are poised for such a negative
regulatory effect. However, we also found phosphosites in regions outside the DNA-

binding domain, implying other potential modes of regulation.

We analyzed the transcriptional effects of all but one Mtb STPK (PknA), testing two

perturbations for each STPK. This near complete characterization of the STPKSs’

transcriptional effects provides a resource for connecting genes to STPKs: Any gene
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expression change can now be linked to an upstream STPK. Together, these data
provide new signaling context for the regulation of ~30% of the Mtb genome. A hallmark
of STPK-regulated transcriptional effects is their redundancy. The STPKs have evolved
into a coordinated system with largely overlapping effects, much unlike the TCSs. This
type of signaling network can integrate several cues into one transcriptional response
as well as one cue into several responses, providing convergent and divergent signaling
effects. This type of highly connected network is typically associated with robustness,
which is also reflected in the absence of in vitro phenotypes of most of the STPKs upon
perturbation: Only PknA, B, and G show growth defects upon deletion, while the other 8
STPKs do not. Our phosphoproteomic and now also transcriptional data show that this
lack of in vitro phenotypes despite large numbers of substrates and transcriptional

effects is likely a result of the redundancy of the system.

There are a handful of examples showing that the Mtb STPKs regulate response
regulators, such as PknH and DosR or PknB and RegX3 (147, 148), both interactions
we also detected in our data. In addition, we detected many additional STPK-RR
interactions in our dataset (35). We detected not only additional STPK-RR interactions,
but also kinase-kinase interactions between these two systems that had been thought to
be large insulated from and function independently of one another. Our data indicated
that STPKs are upstream of HKs, and we did not identify STPK genes that were
regulated by TCSs. The sweeping effects of the STPKs on gene expression, the
numerous interactions between STPKs and TFs, and the control of HK activity by

STPKs show a level of control of transcriptional regulation by STPK signaling that
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exceeds that of the TCSs. These data challenge the notion of the TCSs as the main
gene regulatory conduit and reposition STPK signaling to the center of Mtb gene

regulation.
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CHAPTER 5: CONCLUSIONs AND FUTURE DIRECTIONS

The studies discussed in this dissertation broadly explore the functions of STPKs in
Mtb. We used MS-based phosphoproteomics in conjunction with kinase perturbation to
identify global changes to the phosphoproteome. In Chapter 3, we identified substrates
that changed in response to kinase inactivation or activation. In this first systems view of
a bacterial STPK signaling network, we identified over 1,400 substrates and over
>3,700 interactions regulated by STPKs which together formed a large, complex,
interconnected, and distributed network previously only seen in eukaryotes. In Chapter
4, we hypothesized that Mtb STPKs regulate transcription. We found that STPK
perturbation affected 30% of Mtb gene expression, and that these changes may be
mediated by the direct phosphorylation of TFs. Surprisingly, we also observed many
instances of TCSs being regulated by STPKs, the former representing the current
paradigm for kinase’s regulation of transcription. Overall, we provide a combined
network of phosphoproteomic and transcriptomic changes due to kinase perturbation
that illuminates the STPK system’s architecture, predicts function, and provides insights

into the understudied Mtb STPKs and bacterial STPKs in general (Figure 5-1).

108



IR

T

;‘v\‘ /"" el
DA

i,

gn'l,égg} I

e r‘” K

Proportion of
substrates identified in:
B LoF

B GoF

[ Reciprocal

Figure 5- 1: Overview of the Mtb STPK O-phosphoproteome and transcriptional
network.

The phosphoproteomic and transcriptional effects of STPK mutation are shown,
illustrating the strongly overlapping nature of the network. The STPKs are shown as
round nodes, with their total number of phosphorylated substrates in parentheses. The
outer circle of each STPK node shows the relative share of substrates observed in the
LoF (orange), GoF (green), or both (down in LoF, up in GoF, yellow). The inner square
nodes represent genes regulated by the STPKs, with the thickness of edges connecting
the STPKSs to genes corresponding to the number of genes regulated by an STPK.
Single and multiple refers to the number of STPKSs that have the particular effect on the
group of genes (for example, 1,078 genes are repressed by more than one STPK).
Interestingly, the expression of 175 genes is activated by some STPKs and repressed
by others.
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Future Directions

For the past two decades, studies on Mtb’s STPKs focused on individual STPKs and
often on in vitro assays for substrate identification. Our work built upon these previous
studies by comprehensively analyzing 20 STPK LoF and GoF mutants within their
cellular context to identify phosphorylation events and individual STPK-substrate
interactions. We chose to probe phosphorylation in stationary phase because it provides
a relatively steady state of the phosphoproteome and at least in E. coli is associated
with the most phosphosites (91). In addition, slow or no growth in stationary phase is
likely more representative of in vivo growth of Mtb. However, there are likely transient
changes in the phosphoproteome associated with other growth phases that add another
dynamic dimension to the phosphoproteome. Probing these transient changes and their
potential functional consequences would complement the current data and likely
discover additional functions. To obtain data for all STPKs in an activated GoF state, we
chose to induce their expression. This strategy is in lieu of activation with the
physiologic ligands, which are unknown in all but one case, or the respective stress that
is sensed by the STPK, which is also unknown for most. It is likely that activation by the
natural ligand or stress would most faithfully capture physiologic events downstream of
the STPKs. To this end, our data provide a foundation that should inform the
identification of STPK ligands. Many of the downstream events suggest upstream
activators that can now be tested in targeted experiments. In the same way, the
stresses sensed by the individual STPKs have come into clearer focus, although

redundancy complicates the analysis of our data in this context.
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This work will guide the identification of specific STPK functions. For virtually every
aspect of Mtb biology, we identify at least parts of the putative upstream signaling
context. We link STPK regulation to specific environmental conditions. For example, we
show enrichment for PknD in genes related to hypoxia and PknE in genes related to
oxidative stress, linking these STPKs to conditions encountered during infection.
Further, we connect STPKs to host adaptation through phosphorylation of prrA, an RR
associated with early adaptation to infection. In addition, these data also uncover novel
targets for drug development: Not only the in vitro essential PknA and PknB might be
tractable targets — other STPKs may be involved in drug efflux, drug resistance, or
potentiate the action of existing drugs through regulation of proteins that activate drugs

or are drug targets, such as katG (INH), rpoB (RIF), or rpsA (PZA).

This study revises our understanding of STPK signaling in Mtb. Do these findings
extend to other bacteria? Given the large range of STPKs found in other bacteria from
one to hundreds, the answer will depend on the bacterium. It is estimated that ~6% of
all sequenced bacterial genomes have more STPKs than Mtb, which includes the
pathogenic bacteria Mycobacterium ulcerans and Nocardia farcinica (149). For those
with a larger number of STPKs, our data suggest the presence of equally expansive,
distributed, and cooperative signaling networks, the likes of which have so far only been

described in eukaryotes.
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Conclusions

Mtb remains one of the major causes of morbidity and mortality due to an infectious
disease. Despite encountering many different host defenses, Mtb survives in the host by
mechanisms still partly unknown. Protein kinase signaling is a key mechanism by which
bacteria survive in the face of host defenses. The work detailed in this dissertation
provides the molecular foundation for understanding a large swath of the signaling that
underpins Mtb’s adaptations to the host. This work provides an extensive inventory of
the O-phosphorylation sites that collectively represent STPK signaling. We generated
the deepest bacterial phosphoproteome to date by global MS-based
phosphoproteomics. From >150 phosphoproteomes, we identified >5-fold more unique
Mtb O-phosphorylation sites than previously reported. These data show that O-
phosphorylation is in fact as prevalent in Mtb as it is in eukaryotes, with >70% of
proteins phosphorylated. By generating a near complete STPK mutant panel of LoF and
GoF strains of ten of the eleven Ser/Thr kinases followed by quantitative MS analysis,
we assign >3,700 kinase-substrate interactions, providing a detailed map of the kinase-
substrate relationships that determine each kinase’s cellular function. These data
represent the largest such database on STPK-substrate interactions to date. This work
reports over 14,000 unique phosphosites and shows a prevalence of O-phosphorylation
in Mtb that is on par with that of the most highly phosphorylated eukaryotic
phosphoproteomes. In previous studies, the Mtb phosphoproteome has only been
sampled superficially, and the striking prevalence of O-phosphorylation we identified
suggests a much larger role in Mtb and possibly in bacteria in general as previously

thought. The substrate-kinase interactions expand the number of known STPK-
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substrate interactions from dozens to over 3,700 and provide a directory to assign
STPKs to substrates and substrates to STPKs. The matched transcriptional data further
assign transcriptional changes to individual kinases, connecting kinases to potential
cellular functions. Together, this directory is a detailed map to assemble and understand
the Mtb O-phosphorylation pathways that affect up to 70% of Mtb proteins and

expression of ~30% of genes.

Beyond this substantial resource for O-phosphorylation and the STPKs’ genetic effects,
this study also provides new biological insight into this family of kinases, their signaling
pathway structure, the overall network architecture, and the kinases’ cellular functions:
The control of ~30% of Mtb genes by STPK signaling makes them the likely dominant
conduit for transcriptional regulation in Mtb. We show that direct phosphorylation of
transcription factors by STPKs is a common signaling pathway structure. Not only do
the STPKSs control a larger swath of gene expression than the two component systems,
but they are also likely to regulate the TCSs directly. These studies advance the
understanding of STPK signaling in Mtb and will aid in understanding how it integrates

with many different aspects of Mtb physiology and pathogenesis.
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