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Abstract

Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB),
remains a leading cause of death from infectious disease worldwide. A defining feature of
Mtb pathogenesis is its capacity to survive within diverse and dynamic host
microenvironments, where the bacterium encounters fluctuating stresses including nitric
oxide (NO), hypoxia, acidic pH, and changes in chloride (CI") and potassium (K") levels.
Successful adaptation to these conditions requires precise signal transduction regulatory
systems that translate environmental cues into coordinated transcriptional and
physiological responses. While two-component systems (TCSs) are well-established
mediators of bacterial environmental sensing, Mtb also encodes an expanded repertoire of
eukaryotic-like serine/threonine protein kinases (STPKs) compared to other bacterial
pathogens. In addition, global phosphoproteomic studies in Mtb identify TCSs as
substrates of STPK phosphorylation, raising the possibility that these systems function in
an integrated manner. We thus sought to understand if, and how, STPK signaling
intersects with canonical TCS regulation to shape Mtb environmental adaptation.

This thesis examines how STPKs influence the activity of TCS response
regulators (RRs) in Mtb. Using mycobacterial protein fragment complementation (M-
PFC) interaction mapping, we identified physical associations between multiple STPKs
and the Mtb RRs PrrA, DosR, PhoP, and KdpE, revealing both overlap and selectivity in
STPK-RR interaction profiles. Focusing on DosR, we uncovered that upon in vitro
phosphorylation by the STPKs PknH and PknD, DNA binding and steady-state
transcription of DosR-regulated genes was altered. Consistent with a role of STPKSs in
modulating DosR activity, deletion of the STPK pknH altered DosR-dependent

transcription under NO exposure and led to increased induction of DosR-regulated genes
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at intermediate signal levels, supporting that PknH modulates the magnitude and
sensitivity of the DosR response.

Taken together, this thesis reveals a model in which STPK-TCS crosstalk enables
graded and context-dependent regulation of gene expression, providing Mtb with
regulatory flexibility essential for survival in the heterogeneous host environment during
infection. More broadly, these studies highlight post-translational control as a key layer of
regulation in Mtb environmental response and suggest that disruption of signaling
integration may represent an underexplored vulnerability in this pathogen. Future studies
aimed at disentangling structural and regulatory effects of phosphorylation on RR
function will further refine our understanding of how Mtb coordinates adaptive responses

during infection.
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Chapter 1: Introduction



1.1: Introduction to Mycobacterium tuberculosis and consequences of host infection
1.1.1: Tuberculosis overview and its role globally past and present

Tuberculosis (TB) is a communicable disease that is caused by the bacterium
Mycobacterium tuberculosis (Mtb) and represents one of the most enduring infectious
threats to human health. While molecular evidence indicates its survival amongst human
populations for at least 9,000 years, further analysis of the Mtb genome suggests that the
Mtb complex likely emerged much earlier, potentially up to 40,000 years ago [1, 2]. TB,
despite its existence as an ancient disease, continued to cause a significant decline in
human populations in both Europe and North America in the late 19" and early 20™
centuries, with as much as 25% of the population affected [3, 4]. At that time, TB was
often referred to as “consumption” due to the significant wasting of the human body [5].
The earliest efforts to treat TB relied largely on environmental interventions, most
notably the establishment of open-air sanitoria in the mid-1800s [5]. While these
institutions did improve upon general patient care, they provided relatively little direct
benefit in alleviating the underlying TB infection.

However, a transformative shift in the management of TB infection occurred in
the mid-20™ century with the emergence of antibiotic treatment. For example, the
significant discovery of streptomycin in 1944 marked the first successful
pharmacological treatment of TB, with demonstrated efficacy in laboratory studies,
animal models, and human patients [6]. After the establishment of streptomycin as an
efficacious treatment to address TB infection, further efforts to develop additional
antitubercular approaches using combination drug regimens administered over extended

periods became central to contemporary treatment approaches [7].



Mtb is primarily transmitted by airborne particles that are expelled when an
individual with active disease coughs, thereby allowing the bacterium to be inhaled by
and establish infection in the lungs of another individual [8, 9]. Pulmonary TB is the most
common clinical presentation of the disease [8]. However, Mtb can spread beyond the
respiratory tract to give rise to extrapulmonary disease involving tissues such as lymph
nodes and the central nervous system [8, 10]. Following exposure to Mtb, most infected
individuals do not immediately develop symptoms, but rather harbor the bacterium in
what is classified as a clinically “latent” state [11]. While latent infection can persist for
decades without apparent disease progression, approximately 5-10% of those infected
individuals will ultimately progress to active TB, with a significant proportion developing
disease within the first two years after infection [11, 12].

Despite the availability of effective antibiotics and diagnostic tools, TB continues
to impose a heavy global health burden. Each year, roughly 10 million people develop
active TB disease, leading to approximately 1.5 million deaths worldwide [13]. The
impact of the burden imposed by TB is most severely felt in regions in which healthcare
infrastructure is poor, where barriers to diagnosis persist, and where treatment adherence
is particularly difficult [14]. Together with these challenges, the absence of a broadly
protective vaccine, as well as the increasing prevalence of multi-drug resistant Mtb
strains, make eradicating TB even more difficult [15]. Recently, disruptions caused by
the COVID-19 pandemic led to declines in TB diagnosis and treatment, reversing years
of incremental progress in global TB control [16]. TB also remains a concern in high-

income countries, particularly in those individuals with compromised immune systems,



including those living with Human Immunodeficiency Virus (HIV) who face an
increased risk of severe and disseminated disease [17, 18].

Although significant progress has been made in understanding and treating TB,
complete eradication of the pathogen has remained out of reach. This is due in part to the
fact that the relative contributions of bacterial adaptation, host immune response, and
environmental factors remain incompletely understood. Addressing these gaps is essential
for advancing therapeutic strategies and developing interventions capable of more

effectively preventing/stopping disease progression and transmission.

1.1.2: The infectious life cycle of Mtb

At the beginning of its infectious life cycle, Mtb is first transmitted via
aerosolized droplets that are produced when an individual with active pulmonary TB
coughs, speaks, or sneezes [8, 9]. Once the bacilli are inhaled, Mtb reaches the lung
alveoli where it then encounters the first line of host defense known as alveolar
macrophages [19]. As resident phagocytes, the purpose of these alveolar macrophages is
to engulf Mtb and to prevent its dissemination to other sites in the host [19, 20].
Immediately after internalizing the bacterium, the early phagosome begins a maturation
program that ideally culminates in fusion with host lysosomes, subsequently resulting in
bacterial degradation; however, Mtb actively disrupts this process at an early stage [21-
23].

While Mtb-containing phagosomes retain some characteristics of early
endosomes, the bacterium has developed numerous mechanisms to prevent their further

development [24-26]. For example, through the modulation of host signaling pathways



the bacterium restricts recruitment of late endosomal markers such as Rab7, resulting in
inhibition of phagosome-lysosomal maturation [25, 26]. Another characteristic of the
maturing phagosome, namely compartment acidification, is also impeded by Mtb [22,
23]. In a typical bacterial infection, the vacuolar H*-ATPase (V-ATPase) progressively
lowers the luminal pH of maturing phagosomes, reaching pH values below 5 in fully
matured phagolysosomes [21, 27]. This highly acidic environment is required for the
activity of many lysosomal proteins, such as hydrolases and lipases, which function to
degrade internalized pathogens like Mtb [21, 27]. Importantly, phagosomal acidification
is also critical for the activation of lysosomal cathepsins, a family of proteases that
require acidic pH for proteolytic maturation and activity [28-30]. Active cathepsins
contribute substantially to antimicrobial defense by degrading engulfed pathogens and
processing microbial components for antigen presentation [29, 31]. The acidification
process also permits the release of iron and other nutrients from host proteins and
contributes to directed host-mediated antimicrobial activity through pH stress [32, 33].
By utilizing various tools in its repertoire, Mtb can successfully prevent the full
acidification of the phagosomal lumen.

As the infection progresses, Mtb-containing phagosomes evolve into housing
compartments that can support bacterial persistence. While residing within these
phagosomes, Mtb will encounter fluctuating stresses, including nutrient limitation, as
well as exposure to immune effector molecules [34-38]. In response, the bacterium
undergoes extensive transcriptional and metabolic reprogramming, shifting toward a non-
replicating or slowly replicating state [34, 39, 40]. Extensive regulatory networks

involving two-component systems (TCSs), alternative sigma factors, and stress response



regulons enable Mtb to maintain viability whilst minimizing metabolic activity [41, 42].
This adaptive state underlies the bacterium’s capacity for long-term intracellular survival
and also contributes heavily to antibiotic tolerance [43]. Although traditionally
considered an intra-phagosomal pathogen, Mtb can disrupt the phagosomal membrane
and access the host cytosol, particularly during later stages of infection [44, 45].
Mediated in part by the ESX-1 secretion system, this process is associated with host cell
damage, immune activation, and bacterial dissemination [44, 45]. Access to the host
cytosol may promote spread to neighboring cells and thereby influence the balance
between containment by the host and disease progression. Additionally, Mtb infection is
not exclusively intracellular. As disease progresses, a subpopulation of Mtb also resides
extracellularly within the caseous necrotic core of hallmark granulomas [46]. These
extracellular populations experience a distinct milieu that is thought to further shape

bacterial physiology and contribute to persistence and transmission.

1.1.3: Host response to Mtb infection

The outcome of Mtb infection is determined by complex, dynamic interactions
between the pathogen and the host immune system. Rather than eliminating the
bacterium outright, the host response typically results in a constraining of bacterial
growth with long-term persistence [47]. This balance between host immune-mediated
control and pathogen survival underlies both latent Mtb infection as well as the potential
for disease activation, ultimately making TB a perfect example of chronic infection that is

shaped by imperfect immunity [11, 12].



Following initial colonization, the host mounts a coordinated immune response
that includes the development of immune cells at the site of infection such as epithelioid
macrophages and multinucleated giant cells, while other cell types such as lymphocytes
are also recruited to the lung [48, 49]. Upon the coordinated development and recruitment
of these immune cells, a hallmark of TB infection is the subsequent formation of a
granuloma [46, 50, 51]. A granuloma is a highly structured immune microenvironment,
where the host attempts to contain Mtb and consequently limit tissue damage by creating
an environment in which the immune pressure limits bacterial growth [46, 50, 51]. Within
the granuloma, immune cells and Mtb engage in a prolonged standoff, characterized by
fluctuating inflammatory signals and metabolic stress.

While host-induced inflammation is necessary for TB control, excessive or
dysregulated immune responses contribute to tissue damage and disease pathology [52].
Specifically, necrosis of infected immune cells such as macrophages and neutrophils,
driven by inflammatory cytokines and host cell death pathways can lead to caseation and
cavitation in pulmonary tissue, ultimately facilitating bacterial transmission [49, 52-55].
Regulatory immune mechanisms, including the activity of regulatory T-cells and anti-
inflammatory cytokines such as IL-10, modulate inflammation with the aim of limiting
tissue damage, but may also impair bacterial clearance [56]. Thus, disease severity
reflects a balance between protective immunity and immunopathology.

The infectious cycle described here reflects the classical mechanism of infection,
and a large proportion of TB patients continue as latently infected patients [11], while a
proportion of those patients with TB fail to contain the infection or experience immune

perturbations, such as those co-infected with HIV or those undergoing



immunosuppressive therapy, which allow latent bacilli to resume replication [17, 18].
Critically, regardless of existing in either an active or latent state, Mtb successfully adapts
to the local host environment through appropriate sensing of environmental signals

throughout the course of infection.

1.2: Mtb environmental signal response and regulation

Through its infectious life cycle, the survival and persistence of Mtb within the
human host is dependent on its ability to sense and adapt to a dynamic local environment.
Upon phagocytosis, Mtb is exposed to immune-mediated stresses such as hypoxia,
reactive nitrogen species, as well as nutrient limitation, but also to rapid and spatially
heterogeneous changes in ionic conditions generated by host defense mechanisms [57-
59]. Fluctuations in concentrations of nitric oxide (NO), protons (H"), chloride (CI'), and
potassium (K*) within the phagosome serve as both antimicrobial pressures and
informational cues that reflect the maturation state of the phagosome and the degree of
immune activation by the host [57-60]. As previously mentioned, Mtb infection is not
solely intracellular as Mtb can also reside extracellularly within the caseous necrotic core
of hallmark granulomas [46]. These extracellular niches differ markedly from the
phagosomal environment and are characterized by limited vascularization and reduced
oxygen tension [61, 62]. Hypoxia is thought to be especially relevant in these necrotic
granuloma cores, where diffusion barriers and local inflammation create low-oxygen
microenvironments [62]. Thus, the spectrum of stressors encountered by Mtb is strongly

shaped by its physical location within the host.



Understanding how Mtb integrates diverse, host-derived signals into regulatory
networks is critical, as these pathways sit at the interface between host antimicrobial
strategies and bacterial adaptation, and represent potential vulnerabilities that could be
exploited for future therapeutic intervention. In this section, I will expand on host-derived
signals present in microenvironments encountered by Mtb of particular pertinence for my

thesis work, namely NO, hypoxia, acidic pH (H"), CI, and K*.

1.2.1: Nitric oxide (NO)

Throughout the course of infection, Mtb resides within a variety of host immune
cells where it encounters a range of host immune-generated stresses that fluctuate in their
magnitude as well as their duration. Nitric oxide (NO) is a host immune signal frequently
encountered by Mtb that shapes its physiology [63]. In the context of infection, NO
signaling is antimicrobial, but its presence also broadly serves as a reliable indicator of
host immune activation [64]. Over time, Mtb has evolved dedicated sensory and
regulatory systems that detect NO and initiate transcriptional and metabolic adaptations
that promote bacterial survival under this stress [65, 66].

Once infected by Mtb, macrophages are activated by pro-inflammatory cytokines,
particularly interferon-gamma (IFN-y) and tumor necrosis factor (TNF), which induce the
expression of inducible nitric oxide synthase (iNOS) [67, 68]. iNOS acts to catalyze the
conversion of L-arginine to NO, resulting in sustained NO production within both the
phagosomal and cytosolic compartments [69]. In murine models, it has been shown that
NO is essential for control of Mtb replication, as iNOS-deficient mice exhibit poorer

control of bacterial growth and die significantly more rapid than WT mice following



infection [70]. Notably, NO contributes to antimicrobial activity both directly and
indirectly, reacting with superoxide to generate highly reactive species such as
peroxynitrite that exacerbate cellular damage to invading pathogens [71, 72].

The principal mechanism by which Mtb “sees” NO is through the DosRS(T) TCS
where the histidine kinases (HKs) DosS and DosT sense and respond to NO and hypoxia
respectively [65, 66]. The DosR response regulator (RR) functions as a transcription
factor, and upon its activation, induces a defined regulon comprising 48 genes associated
with metabolic remodeling, redox homeostasis and stress resistance [39, 73]. Specifically,
many DosR-regulated genes encode proteins involved in anaerobic metabolism, lipid
utilization, and alternative respiratory pathways [63, 66, 74]. For example, AspX encodes
the a-crystallin-like chaperone HspX that stabilizes proteins and is strongly associated
with bacterial growth arrest and persistence under hypoxic or nitrosative stress [75, 76].
The ferrodoxin encoded by fdxA participates in redox reactions that aid in the
maintenance of intracellular electron balance when components of the aerobic respiratory
chain become inhibited [77, 78]. Additional genes within the regulon encode enzymes
involved in lipid metabolism and intermediary metabolism, including Tgs1, which
catalyzes triacylglycerol synthesis and contributes to the accumulation of intracellular
lipid stores in support of long-term survival throughout non-replicating states [79, 80].

As mentioned above, DosR-regulated loci encode proteins associated with
alternative respiratory processes and redox buffering, enabling the bacterium to sustain
proton motive force and maintain metabolic homeostasis when NO disrupts heme- and
iron-sulfur-containing respiratory enzymes [63, 66, 74]. In this way, NO functions not

only as an antimicrobial molecule but also as an environmental signal that triggers a
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persistence-associated metabolic program in Mtb. The functional composition of the
DosR regulon contrasts with NO responses in many enteric bacteria such as Escherichia
coli and Salmonella enterica. In those organisms, exposure to NO primarily induces rapid
detoxification systems that directly convert reactive nitrogen species into less toxic
products. A central component of this response is the flavohemoglobin Hmp, which
oxidizes NO to nitrate under aerobic conditions and reduces it to nitrous oxide under
hypoxic conditions, thereby protecting respiratory enzymes from nitrosative damage [81-
83]. In E. coli, NO detoxification is further supported by the NorVW flavorubredoxin
system [84], which reduces NO under anaerobic conditions and is transcriptionally
activated by the NO-sensing regulator NorR [85]. Additional protective pathways repair
cellular damage caused by nitrosative stress; for example, the YtfE protein in E. coli and
S. enterica participates in the repair of iron-sulfur clusters damaged by NO [86, 87].
Expression of a number of these genes is coordinated by the transcriptional regulator
NsrR, which represses nitrosative stress genes under basal conditions and becomes
inactivated upon exposure to NO [88, 89]. Together, these pathways enable enteric
bacteria such as E. coli and S. enterica to rapidly detoxify NO while maintaining active

respiration and continued replication during host infection.

1.2.2: Hypoxia

Oxygen availability is physiologically consequential for Mtb as oxygen tension in
host tissues is dynamic [62]. Throughout the course of infection, the oxygen tension can
decline substantially due to inflammatory cell influx or vascular disruption [90, 91].

Importantly, this low oxygen tension can be sustained in the granuloma [90, 91]. For

11



example, in advanced granulomas, particularly those with caseous necrotic cores,
restricted diffusion barriers can generate microenvironments with reduced oxygen tension
[61, 62]. In Mtb, central metabolism and energy generation are closely tied to oxidative
phosphorylation. Consequently, hypoxia represents a severe metabolic constraint in the
host lesion environment.

Experimental hypoxia models, such as the Wayne model of gradual oxygen
depletion, demonstrate that Mtb can enter into a non-replicating persistent state under low
oxygen characterized by reduced bacterial replication, altered central carbon metabolism,
and increased tolerance to certain antibiotics [34]. However, when oxygen is restored, the
bacterium resumes normal growth [34], highlighting that this persistent, low-replicating
state is reversible.

Reduced oxygen tension frequently co-occurs with other host-derived stresses
including NO exposure, nutrient limitation, and acidic or ionic stresses within
inflammatory lesions. The DosRS(T) system itself exemplifies this overlap, as its sensors
respond to hypoxia and NO [65], thereby linking oxygen sensing to immune activation
signals. From a regulatory perspective, hypoxia operates within a broader network of
environmental cues that inform the bacterium about its location within the host and the
state of the surrounding immune response. This begins to illustrate a key principle in Mtb
biology: environmental signals are rarely encountered in isolation. It then stands to
reason that bacterial regulatory systems must be capable of integrating multiple inputs.
How Mtb integrates diverse environmental signals from different signaling systems to
coordinate adaptive states will be a major theme expanded upon throughout this thesis

work.
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1.2.3: Acidic pH/protons (H")

Changes in pH (H" concentration) play a central role in shaping Mtb physiology
throughout the course of host infection. From the beginning of phagocytic uptake by
alveolar macrophages, Mtb experiences a transition from the extracellular environment of
the lung to a progressively acidifying intracellular compartment. This shift in pH
provides an early, yet persistent signal that informs Mtb of host cell entry; because of
this, Mtb actively modulates the phagosomal environment to maintain a niche permissive
for survival. As discussed above, the bacterium does this by interfering with the
recruitment of V-ATPase, a key driver of phagosomal acidification through the secreted
effector PtpA [22, 27, 92]. PtpA dephosphorylates the host protein VPS33B, preventing
phagolysosome fusion, directly binding to the H-subunit of V-ATPase and inhibiting its
trafficking [22, 23]. Additionally, Mtb secretes 1-tuberculosinyladenosine, a terpene
nucleoside that further neutralizes the compartment [93]. Together, these mechanisms
stabilize phagosomal pH at approximately 6.2-6.4, creating a mildly acidic environment
that supports bacterial survival [22]. Of note, acidification triggers slowed Mtb growth
and can even lead to growth arrest [94]. In contrast, non-Mtb complex mycobacteria such
as M. smegmatis and M. marinum continue to replicate efficiently at acidic pH,
highlighting slowed growth as an adaptive physiological response of Mtb and other
members of the Mtb complex [95, 96].

A key determinant of the ability of Mtb to tolerate acid is its cell envelope that
serves as a physical barrier to changes in proton concentration. The cell envelope consists
of a covalently linked peptidoglycan-arabinogalactan-mycolic acid core overlaid with

extractable lipids [97]. This lipid-rich structure is highly ordered and exhibits extremely
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low ion permeability, substantially restricting passive proton diffusion across the
cytoplasmic membrane [98, 99]. As a result, changes in surrounding phagosomal pH are
transmitted slowly and incompletely to the bacterial cytosol, providing a foundational
layer of protection that allows Mtb to tolerate a more prolonged exposure to acidic
conditions [100].

Notably, even the modest degree of phagosomal acidification that occurs during
Mtb infection plays an important role in successful host colonization. When phagosomal
acidification was inhibited using concanamycin A, Mtb lost a substantial portion of the
transcriptional response normally induced during macrophage infection, indicating that
acidic pH functions as a key environmental cue [101]. Indeed, bacteria residing within
phagosomes exhibit distinct transcriptional profiles that shape both metabolic activity and
interactions with the host immune response [38]. A key mediator of the transcriptional
adaptation of Mtb to acidic pH is the PhoPR TCS, which consists of the sensor HK PhoR
and the RR PhoP. The PhoPR TCS regulates genes that are essential for acid stress
adaptation and blocking phagosomal acidification prevents their induction [59, 101].
Importantly, deletion of phoP markedly impaired the ability of Mtb to colonize
macrophages and to establish infection in murine models [22]. This attenuation was so
pronounced that phoP-deficient strains have been explored as the basis for live attenuated
vaccine candidates [102]. Although acidic pH alone triggers a broad range of bacterial
responses, it rarely acts in isolation. Proton fluxes are typically coupled to the movement
of counterions, meaning that pH changes occur alongside shifts in ionic composition.
Consequently, Mtb likely interprets acidification as part of a composite environmental

signal, integrating pH with other host-derived cues to fine-tune its adaptive responses.
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1.2.4: Chloride (CI)

Acidic pH has been long recognized as a key environmental signal encountered
by Mtb during infection, but chloride (Cl"), the most abundant anion in the human body,
has become increasingly characterized as a physiologically relevant cue [103]. In host
cells, CI plays a central role in maintaining osmolarity, intracellular pH, and membrane
potential [104]. These processes are largely mediated by Cl-specific transporters that
often function through H* exchange [105, 106]. Appropriate host immune cell function
relies on Cl signaling, particularly within phagosomes [105] and endosomes [107]. In
neutrophils, Cl functions as a substrate for myeloperoxidase, which converts hydrogen
peroxide and CI into hypochlorous acid and other reactive antimicrobial species [108].
Of particular importance regarding Mtb infection, Cl acts as a counterion in the process
of macrophage phagosomal acidification, resulting in the simultaneous exposure of
engulfed Mtb to acidic pH and elevated CI" concentrations [109]. Consistent with this
host environment, phagosomal acidification has been shown to be correlated with ClI-
accumulation [59]; blocking acidification with the vacuolar proton pump inhibitor
bafilomycin A1 consequently also blocks Cl-accumulation [59].

When Mtb is exposed to elevated environmental CI- levels, the bacterium mounts
a robust transcriptional response that increases in a concentration-dependent manner [59].
Notably, there is substantial overlap between genes induced by high environmental Cl-
levels and those induced by acidic pH, indicating that these signals are at least partially
integrated at the transcriptional level [59]. Further, it has been shown that the response to
acidic pH and high [CI1] is synergistic [59]. Indeed, it was found that the PhoPR TCS also

plays a significant role in the regulation of the bacterium’s transcriptional response to Cl-,
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as it does for acidic pH, with disruption of phoPR diminishing the response to elevated
CI" and abolishing the response to acidic pH alone [59]. However, the synergistic
transcriptional response to the combined presence of both signals is not completely lost,
suggesting that additional regulatory pathways work to enable Mtb to sense and
coordinate its response to multiple environmental cues concurrently, a concept that is the

basis for the questions pursued in my thesis work.

1.2.5: Potassium (K*)

While CI-is the most abundant anion in the human body, potassium (K*) functions
as the predominant intracellular cation in mammalian cells, maintained at concentrations
of approximately 140-150 mM [110]. In eukaryotic systems, K* gradients underpin a
wide range of essential processes, including neuronal signaling [111], muscle contraction
[112], and epithelial hydration and clearance [113]. Like CI, cellular K" homeostasis is
tightly regulated by dedicated transporters and pumps [114]. Beyond its structural and
metabolic roles, K* is a key regulator of host immune function [115]. For instance,
alveolar macrophages require K* for proper immune response [116]. Another well-
characterized example of the role of K* in host immunity is in the activation of the
NLRP3 inflammasome, which is triggered by K* efflux from the cytosol following
cellular stress or pathogen detection [117]. At the host-pathogen interface, dynamic
changes in K" are also evident within phagosomes where it has been shown that K*
accumulates during macrophage phagosome maturation, indicating that pathogens are

exposed to a K*-rich environment [60].
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In pathogenic bacteria, environmental K" can function as a regulatory signal that
influences virulence. For example, Sa/monella enterica upregulates virulence gene
expression in response to elevated K*levels [118, 119], and disruption of K™ uptake
systems impair pathogenicity in diverse organisms including Staphylococcus aureus
[120] and Mtb [60]. In Mtb, K* acquisition and sensing are mediated by multiple
transport and regulatory mechanisms, underscoring the importance of K*homeostasis
during infection. The Trk system is a major, constitutive K" uptake pathway and
disruption of Trk function results in significant attenuation of Mtb in vivo [60].
Perturbation of K" balance leads to widespread transcriptional remodeling, particularly
affecting genes involved in ion transport and stress adaptation [60]. Mtb encodes the
KdpDE TCS, a conserved signal transduction pathway that senses K* limitation and
induces expression of the high-affinity KdpFABC transporter [121]. KdpDE thus enables
Mtb to respond to changes in K*, particularly in conditions in which K is limiting or
where ionic stress is compounded by other environmental pressures encountered in the

host.

1.3: Bacterial environmental sensing through signal transduction regulatory
mechanisms
1.3.1: Two-component systems (TCSs) and transcriptional regulation in response to
environmental signals

Bacteria rely on sophisticated signal transduction mechanisms to sense and adapt
to rapidly changing environmental conditions [122, 123]. Among these signaling

mechanisms, TCSs represent one of the most highly studied strategies for coupling
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environmental sensing and transcriptional regulation [122-126]. TCSs are typically
comprised of a sensor HK that detects a specific stimulus and a cognate RR that
modulates gene expression following phosphotransfer from the HK [122, 123, 125].
Critically, studies across diverse bacterial species have demonstrated that TCSs govern
processes essential for survival including nutrient acquisition [127], osmotic balance
[128], and virulence [129-131]. For example, in E.coli, the EnvZ/OmpR system provides
a canonical example of osmotic sensing. Changes in environmental osmolarity alter the
HK EnvZ autophosphorylation activity [132], consequently leading to differential
phosphorylation of the OmpR RR [128]. Deletion of ompR or introduction of
phosphomimetic mutations result in aberrant porin expression and impaired growth under
osmotic stress [133, 134]. Similarly, the PhoR/PhoB system in E. coli responds to
phosphate limitation, with chromatin immunoprecipitation (ChIP) and reporter assays
demonstrating PhoB binding to the conserved PHO box sequences upstream of genes
involved in phosphate uptake and metabolism [127]. Loss of phoB results in a severe
growth defect in phosphate-limited media, underscoring the adaptive value of this
regulation [127].

TCSs also play a central role in regulating bacterial pathogenicity and virulence.
In S. enterica, the PhoP/PhoQ system (distinct from the PhoPR TCS in Mtb) senses low
Mg*, acidic pH, and antimicrobial peptides, signals that are characteristic of the
macrophage phagosome [135]. Transcriptomic analyses revealed that the PhoP RR
regulates hundreds of genes involved in lipid A modification [136], resistance to host
defenses, and intracellular survival [137]. Mutants lacking phoP or phoQ are found to be

attenuated in murine infection models providing further evidence for the necessity of
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appropriate bacterial sensing in the success of bacterial virulence [129]. Likewise, in
Vibrio cholerae, the ToxR/ToxS system regulates expression of cholera toxin and toxin-
coregulated pili [130, 138]. Deletion of foxR abolishes virulence gene expression and
renders bacteria avirulent in infant murine models [130, 138]. Together, these examples
demonstrate how TCS-mediated transcriptional regulation can be essential for driving
disease progression during infections by bacterial pathogens.

The Mtb genome encodes a relatively limited number of TCSs (12) compared to
free-living bacteria, yet genetic and functional studies indicate that these systems are
central to pathogenesis and persistence [124, 139]. As described, Mtb encounters a
complex and dynamic array of environmental stresses. While many of these signals are
experienced during its intracellular residence, such as acidic pH, hypoxia, NO, high [CI],
and changes in [K"], Mtb populations also occupy extracellular niches where reduced
oxygen tension, nutrient limitation, and altered host-derived signals predominate. TCSs
enable Mtb to sense cues across both intracellular and extracellular host environments,
translating those signals into appropriate transcriptional responses.

One of the most well characterized TCSs in Mtb, as well as the focus of much of
my thesis work, is the DosRS(T) TCS. As introduced above, DosRS(T) serves as the
primary regulator of the transcriptional response of Mtb to hypoxia and NO [65, 66].
Activation of the DosR RR leads to induction of the dormancy regulon, comprised of 48
genes, that supports physiological transitions associated with reduced replication and
persistence [66, 75]. Genetic studies underscore the functional importance of this
pathway in Mtb survival under stress. It has been shown that deletion of dosR abolished

induction of the dormancy regulon and reduced bacterial survival under hypoxic
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conditions in vitro [39, 73]. Supporting a role for the DosRS(T)-mediated regulon during
chronic infection, experiments performed in a macaque model of infection showed that a
AdosR Mtb mutant is reduced in its ability to replicate as compared to WT Mtb,
exhibiting significantly reduced growth in lung tissue [66, 75]. The ability of Mtb to fine-
tune its transcriptional response to redox stress is exhibited by work performed by Wayne
and Hayes [34]. The expression of dosRS and dosT themselves are induced by NO and
hypoxia, and experimental data generated by this group indicated the graded induction of
the regulon in response to varying oxygen levels [140]. The ability of DosR to modulate
its transcriptional response to environmental stress in a context-dependent manner is a
key concept that will be expanded upon throughout this thesis work.

The PrrAB TCS adds an additional layer of regulatory complexity to Mtb by
linking environmental sensing to central metabolism and respiratory function. PrrAB is
homologous to the RegBA/PrrBA systems characterized in other actinomycetes and
proteobacteria [141], where it functions as a redox-responsive regulator of energy
metabolism [142]. In Mtb, PrrAB is required for optimal growth and survival, and
because this system is essential, its function has been interrogated through conditional
depletion or partial loss-of-function approaches rather than deletion [142, 143]. These
perturbations result in widespread transcriptional remodeling, particularly affecting genes
involved in respiration, electron transport, and metabolic flux [142]. Additionally, work
in our lab has shown that PrrA functions in the regulation of Mtb response to acidic pH,
CI', NO, and hypoxia, acting as a “master” modulator of the bacterium’s response to its
environment [143]. Notably, PrrAB-regulated genes partially overlap with those

controlled by both the DosRS(T) and PhoPR TCSs, indicating that Mtb employs multiple,
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interconnected TCSs to fine-tune physiological adaptation under changing environmental
conditions [144, 145].

PhoPR represents another major regulatory system in Mtb with broad
transcriptional influence. As noted above, PhoPR is central to acidic pH/Cl-responsive
regulation and virulence [131]. Beyond this role, RNA-seq and ChIP-seq studies have
expanded the known PhoP regulon to include genes involved in lipid biosynthesis,
secretion systems including ESX-1, and cell envelope composition [146, 147]. These
findings highlight that PhoPR coordinates not only stress adaptation, but also structural
and secretory pathways that shape host-pathogen interactions.

Additional TCSs highlight the importance of signal integration for successful Mtb
survival and infection. Consistent with its role in K™ homeostasis described above,
KdpDE is required for optimal adaptation to K*-limiting environments [148]. Loss of
KdpDE compromises bacterial growth specifically under low K* conditions and is
accompanied by altered expression of stress-associated genes [148], reinforcing that this
system contributes not only to K* acquisition but also to broader adaptive responses to
ionic stress.

Collectively, experimental data from diverse bacterial species demonstrate the
indispensability of TCSs in translating environmental signals into adaptive transcriptional
responses for bacterial survival. Importantly, these systems are not isolated switches, but
components of interconnected regulatory networks that integrate multiple, simultaneous
cues encountered within the host. This capacity for signal integration and transcriptional
coordination is fundamental for the ability of Mtb to persist, evade host immune

defenses, and cause chronic disease.
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1.3.2: Serine/threonine protein kinases (STPKs) and post-translational modification
in response to environmental signals

Bacterial adaptation to dynamic environmental conditions depends not only on
transcriptional-level regulation, but also on rapid, reversible post-translational
mechanisms that can directly modulate protein activity. Among these, serine/threonine
protein kinases (STPKs) have emerged as key regulators of cellular physiology across
diverse bacterial taxa [149]. Once thought to be largely restricted to eukaryotic systems
and less widely distributed among different groups of bacteria, STPKs are now
recognized as widespread across bacterial species, where they provide an additional layer
of signal integration and response distinct from, yet complementary to, transcriptional
regulatory systems such as TCSs [149, 150].

Bacterial STPKs are classically Hanks-type kinases that share structural and
catalytic features with their eukaryotic counterparts, including conserved motifs required
for ATP binding and phosphotransfer [151]. Across bacterial species, these kinases
catalyze the phosphorylation of serine and threonine residues on target proteins, thereby
modulating enzymatic activity, protein-protein interactions, subcellular localization, or
stability [152-157]. Unlike TCSs, rather than having a cognate partner, a given STPK
instead phosphorylates many targets.

Studies across bacterial species demonstrate the importance of STPK-mediated
regulation on fundamental aspects of cell physiology. In Bacillus subtilis, for example,
the STPK PrkC senses extracellular muropeptides released during cell wall remodeling
and germination [158]. Importantly, activation of PrkC through binding of muropeptides

to the extracellular PASTA domains plays a key role in regulating substrates involved in
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translation and cell growth [158]. Similarly, in Streptococcus pneumoniae, the STPK
StkP regulates cell division by phosphorylating DivIVA and other substrates involved in
septum formation [152, 153]. STPKs have also been strongly implicated in bacterial
pathogenicity and stress response. The PrkA kinase in Listeria monocytogenes responds
to cell envelope stress and controls phosphorylation of ReoM, a critical intermediate in
the activation of MurA involved in peptidoglycan synthesis [154]. Mutants lacking prkA
display heightened sensitivity to antibiotics targeting the cell wall and reduced survival
within host cells [159]. Together, these data highlight the ability of STPKSs to rapidly
reprogram bacterial physiology in response to extracellular and intracellular stress
signals.

In Mtb, STPKSs play a significant role in environmental sensing and adaptation,
reflecting the bacterium’s prolonged residence within the hostile and heterogenous host
environment of the macrophage and phagolysosome. While most bacterial genomes
encode one or two STPKs, the Mtb genome encodes 11 STPKs, some of which have been
shown to be important for successful bacterial growth and virulence [155]. For example,
PknA and PknB are essential kinases that coordinate cell growth and division in response
to changes in cell envelope status [155]. Similar to the STPK-mediated activation of PrkC
in B. subtilis, PknB contains extracellular PASTA domains that bind peptidoglycan
fragments, providing a direct mechanism for sensing cell wall remodeling [156]. Further,
activation of PknB leads to phosphorylation of substrates involved in peptidoglycan
synthesis and polar growth, including Wag31 [157]. Inhibition or depletion of PknA or
PknB in Mtb results in severe morphological defects and loss of viability, further

implicating these kinases in maintaining growth control [160].
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Critically, many Mtb STPKs function in the sensing of environmental stressors as
well as integration of these stressor signals. A key STPK that is the focus of much of this
thesis work is PknH. PknH has been implicated in regulating the composition of the Mtb
cell envelope as well as virulence-associated pathways [161]. Although a functional
PknH is not essential for growth in vitro [162], transcriptomic analyses of a pknH
deletion mutant strain revealed altered expression of genes involved in lipid metabolism,
cell wall biosynthesis, and stress responses, consistent with defects in envelope
homeostasis [161]. Further biochemical and phosphoproteomic studies provide direct
evidence that PknH regulates envelope-associated pathways at the post-translational level
[161]. For example, PknH phosphorylates the transcriptional regulator EmbR, enhancing
its DNA-binding activity and promoting expression of the embCAB operon, which
encodes arabinosyltransferases required for cell wall arabinan synthesis [163-165].
Despite these molecular effects, pknH-deficient Mtb exhibits a higher bacterial load in a
chronic murine infection model, indicating that PknH-dependent regulation also
influences in vivo host-pathogen interactions [162]. These findings suggest that PknH can
act as a key integrator of environmental signals contributing to Mtb adaptation and
virulence.

Another STPK of particular interest in this thesis work is PknD, which functions
as a sensor of extracellular environmental cues, including osmotic stress [166]. Under
osmotic stress, a Mtb pknD mutant exhibited altered levels of key proteins involved in
cell envelope integrity and stress adaptation, consistent with defective signal transduction
[166]. Further, loss of pknD resulted in attenuated dissemination and altered tissue

pathology in vivo, further supporting the conclusion that PknD-mediated sensing of
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extracellular osmotic conditions contributes to early host interaction and virulence [167].
Collectively, STPKs provide bacterial species with a rapid, flexible, and highly
interconnected signaling platform that complements transcriptional regulation. Through
these kinases, pathogens such as Mtb can sense diverse environmental cues and translate
them into coordinated physiological responses that support survival, persistence, and

pathogenicity within the host.

1.4: Integration of TCSs and STPKSs

1.4.1: Interplay between TCSs and STPKSs across bacterial species

A growing body of experimental evidence demonstrates that canonical TCSs and
STPKs do not act alone in regulatory signal transduction, but instead physically and
functionally cooperate to coordinate bacterial response to a multitude of environmental
signals. Indeed, it has been increasingly shown that there is direct modification of TCS
components or their downstream effectors by STPKs, thereby fine-tuning transcriptional
outputs [150, 154, 159, 168, 169]. Phosphorylation of regulatory proteins like TCSs
allow for the integration of environmental information across regulatory layers, enabling
Mtb to coordinate immediate post-translational responses with long-term transcriptional
reprogramming.

A direct example of this interplay can be found in B. subtilis where in vitro kinase
assays demonstrated the direct phosphorylation of the response regulator WalR, part of
the essential TCS WalKR, by the STPK PrkC [168]. The importance of this
phosphorylation is demonstrated by electrophoretic mobility shift assays (EMSAs) in

which loss of PrkC-mediated phosphorylation resulted in defective WalR-dependent gene
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expression and altered cell envelope homeostasis [168]. In Streptococcus pyogenes,
phosphoproteomic mapping and transcriptional reporter assays demonstrated that the
STPK Stk phosphorylates the CovR response regulator of the CovRS TCS [169]. Further,
phosphoablative mutations at STPK phosphorylation sites reduced CovR-dependent
repression of virulence genes, leading to hypervirulence in murine infection models
[169]. As mentioned above, in L. monocytogenes, the kinase PrkA phosphorylates the
TCS-associated regulator ReoM, affecting cell wall stress responses and conferring
susceptibility to B-lactam antibiotics when prkA4 is mutated [154, 159]. Collectively, these
examples across bacterial species reveal that TCS components, including both HKs and
RRs, are targets of STPKs. This integration expands the traditional view of bacterial
signaling, illustrating a phosphorylation network that enables nuanced, adaptive

responses across a multitude of environmental contexts.

1.4.2: Evidence of TCS-STPK interplay in Mtb

In Mtb, it has become more widely accepted that STPKs directly engage with
TCSs, adding a previously underappreciated layer of regulatory complexity to
environmental signal integration. Indeed, this was made evident when global mass
spectrometry-based phosphoproteomic profiling revealed extensive O-phosphorylation on
both HKs and RRs of all 12 TCSs encoded by Mtb, identifying more than 170 distinct
STPK phosphorylation sites across the TCS signaling network and implicating multiple
STPKSs as potential upstream regulators of TCS activity [150].

Additional studies in Mtb specifically highlight the extensive intersections

between STPKs and TCS RRs specifically at the level of environmental cue integration.
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Using biochemical assays with purified proteins, previously published research has
demonstrated an in vitro interaction between the STPK PknH and the DosR RR [170].
Our lab has found further evidence for the coordination between STPKs and TCSs in
response to environmental signals, specifically through the STPK regulation of the RR
PrrA [143]. Strikingly, we have shown that a STPK phosphoablative PrrA mutation
(T6A) resulted in increased growth of Mtb in broth culture, significant alteration in the
bacterium’s transcriptional response to acidic pH and high [Cl], and decreased
environmental response to both NO and hypoxia [143]. Further, the PrrA T6A Mtb
mutant was incapable of entry into an adaptive state of growth arrest upon extended
exposure to NO and attenuated for colonization in vivo [143]. While there is clear
evidence for interplay between STPKs and TCSs, there remains much to be understood
regarding how these two signal transduction regulatory mechanisms interact in the

coordination of Mtb environmental adaptation.

1.5: Thesis overview

Collectively, these studies demonstrate that STPKs in Mtb are not isolated
signaling entities but instead form a layered regulatory network with TCSs, where post-
translational modification of HKs and RRs fine-tune gene expression in response to the
varied environmental cutes encountered during infection. This integration enhances both
the specificity and flexibility of the adaptive response of Mtb, providing a mechanistic
basis for its persistence and pathogenicity in host tissues. My thesis research thus aimed

to define specific interactions between STPKs and TCSs, and to understand how this
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interplay modulates Mtb growth in response to the major environmental cues encountered

during host infection.
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Chapter 2: Serine/threonine protein kinase phosphorylation of DosR alters target
gene transcription mechanics and regulates Mycobacterium tuberculosis response to

nitric oxide stress

Sontag NR, Ruiz Manzano A, Ecker AMV, Galburt EA, Tan S. (2026) Serine/threonine
protein kinase phosphorylation of DosR alters target gene transcription mechanics and
regulates Mycobacterium tuberculosis response to nitric oxide stress. PLoS Genetics
22(2): €1012043. doi: 10.1371/journal.pgen.1012043.
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2.1 Introduction

The ability of Mycobacterium tuberculosis (Mtb) to sense and respond to dynamic
changes in environmental signals encountered throughout the course of infection is
critical for successful host colonization. This includes cues such as acidic pH, chloride
(CI), potassium (K™), nitric oxide (NO), and hypoxia, which are associated with the host
immune response [39, 59, 60, 77, 101, 171, 172]. Mtb is the causative agent of
tuberculosis and is the leading global cause of death from an infectious disease [13]. The
heterogeneity of the environment Mtb experiences during host infection further affects
the bacterial physiological state and contributes importantly to the difficulty of
tuberculosis treatment [173-177].

Phosphorylation-based signal transduction enables environmental adaptation by
linking extracellular signals to intracellular regulatory mechanisms. In bacteria, the best-
studied mechanism of phosphorylation-based transmembrane signaling are two-
component systems (TCSs), where ligand binding by the transmembrane histidine kinase
(HK) sensor protein initiates a phosphorelay to the cognate intracellular response
regulator (RR) protein, canonically a transcription factor that controls expression of
specific genes [178, 179]. The number of TCSs per bacterial genome strongly correlates
with ecological and environmental niche [180, 181] - bacteria living in more constant
environments usually encode fewer TCSs, while bacteria that inhabit rapidly changing or
diverse environments typically encode larger numbers of these signaling proteins that are
critical for cellular processes [182-184]. Mtb encodes 12 TCSs that play a key role in
virulence, environmental adaptation, and infection [178]. For example, inactivation of

PhoPR, a key TCS involved in Mtb response to acidic pH and CI"[59, 101], results in
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significant attenuation in the ability of Mtb to colonize its host [131]. An essential TCS in
Mtb, PrrAB, was reported to be involved in early adaptation to intracellular infection
[142, 185], and we have since shown that PrrA is a global regulator of Mtb response to
acidic pH, high [CI], hypoxia and NO [143]. The TCS DosRS(T) regulates Mtb response
to hypoxia and NO, and upon sensing of these signals, mediates induction of a “dormant”
state through the control of 48 genes known as the “dormancy regulon” [39, 65, 77, 172].
The TCS KdpDE is responsible for regulation of the Kdp K* uptake system and is pivotal
for Mtb adaptation to low environmental potassium levels ([K*]) [60, 121]. These
examples illustrate the importance of TCSs for Mtb adaptation to its local environment.
Importantly, in addition to TCSs, signal transduction and environmental response
in Mtb is also mediated by serine/threonine protein kinases (STPKs) [186-188]. In
contrast to TCSs, STPKs have a larger set of phosphorylation targets, and while STPKs
are often less numerous in the genome of a given bacterium, their widespread presence
and impact on bacterial biology have become increasingly appreciated [150, 186-190].
For example, phosphorylation of glutamyl tRNA reductase by the STPK Stk1 plays an
important role in the regulation of heme biosynthesis in Staphylococcus aureus [191].
Another example is with L. monocytogenes, where phosphorylation of the protein ReoM
by the STPK PrkA is essential for viability, due to its role in peptidoglycan synthesis
[154]. The Mtb genome markedly contains a comparatively large number of STPKs
compared to other bacterial species, with 11 STPKs encoded [186, 189, 192]. Notably,
global phosphoproteome studies have identified TCS RRs as potential substrates of
STPK phosphorylation [150, 190], raising the concept of STPK-TCS interplay in the

regulation of TCS function. Indeed, there is increasing support for this interplay, with
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studies in bacterial species ranging from Mtb and Bordetella, to Streptococcus
pneumoniae, S. aureus, and Bacillus subtilis [150, 168, 170, 190, 193-197]. Specifically
for Mtb, all 12 TCS RRs have been identified from global phosphoproteome studies as
potential substrates of STPK phosphorylation [150, 190]. In the case of DosR and PrrA,
both RRs from TCSs that respond to NO stress among other signals, biochemical assays
with purified proteins have further verified their phosphorylation by STPKs [170, 198],
with the STPK PknH shown to phosphorylate DosR [170]. Strikingly, we have shown
that a STPK phosphoablative PrrA-T6A Mtb mutant was significantly altered in its
transcriptional response to acidic pH and high [Cl7], and dampened in environmental
response to both NO and hypoxia [143]. Consequently, this mutant was incapable of
entry into an adaptive state of growth arrest upon extended exposure to NO and
attenuated for host colonization in vivo [143]. While there is clear evidence for interplay
between STPKs and TCSs, much remains unknown regarding how the two systems
interact in the coordination of Mtb environmental adaptation.

Here, we examined STPK interactions with the RRs DosR, PrrA, PhoP, and
KdpE, all RRs known to play critical roles in Mtb transcriptional response to
environmental cues encountered throughout host infection [39, 59, 60, 77, 101, 172],
revealing both specificity and overlap in interactions. Focusing on DosR as an exemplar
system, we find that PknH and PknD phosphorylation of purified DosR decreased its
binding to the promoter of its target genes, with strong binding restored by combined
treatment with acetyl phosphate (AcP), which mimics HK phosphotransfer [199, 200].
Further, PknH and PknD phosphorylation of purified DosR decreased the steady-state

transcription rate of DosR target genes, in contrast to the increase observed upon AcP
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treatment of DosR. Additionally, STPK phosphorylation shifted the AcP-treated DosR
concentration-dependence of target gene activation. Finally, we found that a ApknH Mtb
mutant exhibited increased DosR regulon transcription at lower NO levels than wild type
(WT) Mtb. Combined, our work sheds light on the mechanisms underpinning STPK-TCS
interplay, illustrating how STPK phosphorylation of a TCS RR can act to restrain its

activation to ensure response initiation only when appropriate.

2.2 Results
2.2.1 There is both overlap and specificity in interactions between STPKs and TCS
RRs

To systematically identify possible interactions between STPKs and TCSs RRs,
we utilized the mycobacterial protein fragment complementation (M-PFC) assay [201].
Comparable to the bacterial two-hybrid assay, this method is based on functional
reconstitution of the murine dihydrofolate reductase (mDHFR) driven by interactions
between two test proteins, thereby conferring resistance to trimethoprim (TRIM) [201]. A
previous study applying this method uncovered an interaction between DosR and the
STPK PknH, providing precedence for its use in this context [170]. In particular, we
examined the RRs DosR, PrrA, PhoP, and KdpE, fusing the open reading frame of each
to the mDHFR fragment F1,2, with each of 9 STPKs fused to the mDHFR fragment F3.
Some combinations of RRs and specific STPKs showed clear growth at 50 pg/mL TRIM,
indicating a strong interaction (Figs 2.1 and 4.1). As controls, Mycobacterium smegmatis

containing empty vectors were unable to grow on 7H10 TRIM plates, whereas all strains
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Figure 2.1. Specificity of interactions between TCS RRs and STPKSs. Interactions
between the TCS RRs DosR (A), PrrA (B), PhoP (C), or KdpE (D) with the various
STPKs (kinase domains only for all except PknG and PknK) were tested by M-PFC
assay. The positive control (“+) was M. smegmatis expressing the S. cerevisiae GCN4
dimerization domains fused to the F1,2 or F3 domains of the murine dihydrofolate
reductase gene; the negative control (“-*) was M. smegmatis expressing the respective
RR fused to the F1,2 domain and a F3 domain that was not fused to any Mtb gene. Data
are representative of 3 independent experiments.

grew well on 7H10 plates lacking TRIM (Fig 2.1). We compared interactions across four
RRs to explore possible relationships between environmental signals responded to by a

TCS and interactions with STPKSs, as shown in Fig. 4.1. Interestingly, we observed
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almost complete overlap in the STPKs that interact with PrrA and DosR, with smaller
subsets of those same STPKs interacting with PhoP and KdpE. These results indicate that
there is both overlap and specificity in the interactions between STPKs and RRs.

In accord with previous results [170], mass spectrometry (MS) analysis of
recombinantly expressed and purified DosR that was subsequently phosphorylated in
vitro with recombinant PknH identified phosphorylation at the Thr198 and Thr205
residues (Figs 4.2-4.4). Analysis of DosR samples also directly confirmed that AcP
treatment, mimicking HK phosphotransfer [199, 200], led to phosphorylation of the
Asp54 residue (Fig 4.5) [202, 203]. Notably, analyzing the results from a previous global
study of the Mtb O-phosphoproteome, where phosphosites in individual STPK
overexpression and deletion mutants were compared to WT Mtb [150], provided support
for the likely physiological interactions of several STPK-TCS RRs indicated by our M-
PFC assay results. In particular, significant differences in phosphopeptides within DosR
(i.e., increased presence upon STPK overexpression and/or decreased presence with the
STPK deletion mutant, as compared to WT Mtb) were identified for all of the STPKs
identified as DosR interactors in our M-PFC assay [150]. This was similarly the case for
PhoP, while significant differences in phosphopeptides within PrrA were identified for
PknD and PknE in the global phosphoproteome study [150]. Together, our results

reinforce the concept of extensive interplay between STPKs and TCS RRs in Mtb.

2.2.2 Changes in DosR phosphorylation status alter its binding affinity to target

promoters
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TCS RRs are canonically transcription factors that mediate their activity through
changes in gene transcription [178, 179]. To examine how STPK phosphorylation of TCS
RRs mechanistically affect their function, we thus first analyzed effects on target
promoter binding, focusing our studies on DosR as an exemplar RR. As expected, AcP
treatment to mimic HK phosphotransfer enhanced DosR binding to the promoter of 4spX,
a member of the DosR regulon [39, 65, 199], as indicated by electrophoretic mobility
shifts observed at lower DosR concentrations with AcP-treated DosR (Fig 2.2A, 2.2B,
quantified in 2.2G). Intriguingly, in vitro phosphorylation of DosR with the STPK PknH
or PknD resulted in decreased DNA binding affinity to a similar degree (compare Fig
2.2C and 2.2D to 2.2A, quantified in 2.2G). In a live bacterium, both HK phosphotransfer
and STPK phosphorylation might be expected to co-occur at times, therefore we next
examined the influence of both types of phosphorylation on DosR target promoter
binding affinity. AcP treatment of PknH or PknD phosphorylated DosR resulted in a DNA
binding affinity that resembled that of AcP-treated DosR alone (compare Fig 2.2E and
2.2F to 2.2B, quantified in 2.2G). Similar changes in promoter binding affinity depending
on DosR phosphorylation status were observed with DosR binding to the promoter of
fdxA, another member of the DosR regulon (Fig 4.6) [39, 65, 204]. For both the AspX and
fdxA promoters, competition experiments with unlabeled probes of each respective
promoter reversed the gel shift in a concentration-dependent manner (Figs 4.7A and
4.7B). Conversely, competition experiments with an unlabeled probe of a promoter not
bound by DosR (#v2390c promoter [60]) did not affect the gel shift (Figs 4.7C and 4.7D).

These results demonstrate the specificity of the binding results.
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Figure 2.2. Changes in DosR phosphorylation status alter binding affinity to the
promoter of its target gene AspX. Electrophoretic mobility shift assays (EMSAs) using
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purified recombinant C-terminally 6x-His-tagged DosR and IRDye 700-labeled probes
for the AspX promoter are shown. A control with no protein (“NP”) added is shown for
each gel. DosR was added at indicated concentrations for all other lanes. 40 fmoles of
hspX promoter DNA was used in each reaction. EMSAs shown are as follows: (A)
untreated DosR, (B) DosR incubated with 50 mM acetyl phosphate (AcP), (C) DosR
phosphorylated “on-bead” with 1 uM PknH, (D) DosR phosphorylated “on-bead” with 1
puM PknD, (E) DosR phosphorylated “on-bead” with 1 uM PknH, then purified and
incubated with 50 mM AcP, and (F) DosR phosphorylated “on-bead” with 1 uM PknD,
then purified and incubated with 50 mM AcP. Data are representative of at least 3
independent experiments. Quantification of the intensity of the non-shifted band in the
1.57 uM protein EMSA reaction versus that in the 0.2 uM reaction for each
protein/treatment is shown in (G). Data are shown as means £ SEM from 3-5
experiments. p-values shown in the table on the right in panel (G) were obtained with a
one-way ANOVA with Tukey’s multiple comparisons. N.S. not significant, * p<0.05, **
p<0.01, **** p<0.0001. The numerical data underlying the graph shown in this figure are
provided in Data File 4.1.

Complementary to the electrophoretic mobility shift assays (EMSAs), we utilized
fluorescence polarization to further quantitatively measure DosR binding to target gene
promoters. Consistent with the EMSA results, the dissociation constant (Kd) of DosR
binding to its target AspX and fdxA promoters was significantly increased upon PknH or
PknD phosphorylation of DosR, demonstrating a decrease in binding affinity (Fig 2.3).
Together, these results show that STPK phosphorylation of DosR alone, in the absence of
HK phosphotransfer, decreases the affinity of DosR for its target gene promoters,
indicating that STPK phosphorylation can serve as a modulatory mechanism providing

tighter control of DosR activation.

2.2.3 STPK phosphorylation of purified DosR decreases the level and alters
concentration-dependence of steady-state transcription rates of its target genes
While EMSAs and fluorescence polarization assays provide insight into target

promoter DNA binding, RR promoter binding affinity is just one factor determining its
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Figure 2.3. Fluorescence polarization assays demonstrate inhibition of DosR binding
to its target gene promoters upon PknH or PknD phosphorylation. The change in
fluorescence anisotropy (AFP) relative to no protein was measured as a function of
increasing concentrations of DosR (black curves), PknH-phosphorylated DosR (blue
curves), or PknD-phosphorylated DosR (red curves) incubated with a fluorescently
labeled AspX (A) or fdxA (B) promoter DNA region. The fit using a Hill equation to
estimate binding parameters with 95% confidence intervals (shaded regions) are shown.
The dissociation constants (Kd) and Hill coefficients (n) are indicated in the tables below

the graphs.

effect on gene transcription. For example, a transcription factor with high DNA-binding

affinity but with reduced ability to interact productively with RNA polymerase [205,

206], or to modulate the kinetics of transcription initiation [207], would not be expected

to be a strong transcriptional activator. To investigate the effects of STPK

phosphorylation on RNA production directly, we utilized a fluorescent RNA aptamer-

based method to quantify the effect of STPK phosphorylation of purified DosR on the

steady-state rate of target gene transcription. This assay exploits the use of a Spinach-

mini aptamer that produces a fluorescence-based enhancement when binding a small

molecule fluorophore, such that each transcription event results in a consequent increase

in fluorescence, allowing for transcript production to be monitored in real time [208,



209]. Examining fdxA as the target gene, phosphorylation of purified DosR with PknH or
PknD inhibited the ability of DosR to increase steady-state transcription (Fig 2.4A),
corresponding with the decrease in binding to the fdxA4 promoter observed with PknH or
PknD-phosphorylated DosR (Figs 2.3B, 4.6C and 4.6D).

dosR expression is itself upregulated by the very signals that the DosRS(T)
system responds to [39, 77, 172]. We found that concentrations as low as 0.25 uM AcP-
treated DosR resulted in an increase in target gene transcription rate, with maximal rates
obtained at 0.5-1 uM DosR, before levels again decreased at concentrations >1.5 uM (Fig
2.4B, black dashed line). Interestingly, when purified DosR was phosphorylated by PknH
or PknD, in addition to being treated with AcP, an increase in transcription rate was also
observed, but with a narrower activation window, as the “de-activation” response
occurred with a steeper decline (for example, 4.76 + 1.67 AU/s and 6.10 + 1.56 AU/s for
3 uM PknH and PknD-phosphorylated, AcP-treated DosR, respectively, versus 12.14 +
1.26 AU/s for only AcP-treated DosR, p < 0.01 in each case; Fig 2.4B and 2.4C, compare
blue and red dashed lines to black dashed line). Importantly, this de-activation response is
dependent on the presence of DosR binding motifs (“DosR boxes”) and not simply due to
non-specific DNA coating, as no transcription decrease was observed for the ribosomal
rrnAP3 promoter that is not controlled by DosR and lacks DosR boxes (Fig 2.4D). These
biochemical results further demonstrate how STPK phosphorylation can alter DosR
activity output, and also intriguingly show a concentration-dependent effect of AcP
treatment (HK phosphotransfer) on DosR activity that is modulated by STPK

phosphorylation. Together, these results illuminate how STPK phosphorylation of DosR
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can affect its function, and suggests a mechanism by which the response of Mtb to key

environmental signals can be tightly regulated.
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Figure 2.4. STPK phosphorylation of purified DosR decreases the level and alters
concentration-dependence of steady-state transcription rates of its target genes. (A)
STPK phosphorylation of DosR inhibits the ability of DosR to increase target gene
steady-state transcription. A Spinach RNA aptamer assay was run with the fdxA4 promoter
with different concentrations of indicated DosR protein. For “PknH-DosR” and “PknD-
DosR”, phosphorylation of DosR with PknH or PknD, respectively, was performed “on-
bead” before final purification of the phosphorylated DosR utilized in the assay.
Fluorescence (arbitrary units, “AU”) was tracked over time on a plate reader, and steady-
state rate calculated. Data are shown as means £ SEM from 3-8 experiments. p-values
were obtained with a 2-way ANOVA with Tukey’s multiple comparisons. p-value in blue
and red correspond to those for PknH-DosR and PknD-DosR, respectively, as compared
to DosR. * p<0.05, ** p<0.01, *** p <0.001, **** p<0.0001. (B and C) STPK
phosphorylation alters the dynamics of activated DosR. A Spinach RNA aptamer assay
was run with the fdxA4 promoter with different concentrations of indicated DosR protein,
as in (A). (D) DosR concentration-dependent transcription is not observed with a
promoter lacking DosR binding motifs. A Spinach RNA aptamer assay was run with the
fdxA or rrnAP3 (no DosR binding motif) promoters with different concentrations of DosR
protein, as in (A). 50 mM acetyl phosphate (AcP) was used where indicated. Data are
shown as means = SEM from 3-8 experiments. WT, PknH-DosR, and PknD-DosR data
where shown in panels (B)-(D) are as shown in Fig 2.4A. The same DosR + AcP data set
for the fdxA promoter is shown in panels (B)-(D). p-values were obtained with a 2-way
ANOVA with Tukey’s multiple comparisons. Significant p-values are shown for the
PknH-DosR + AcP, or PknD-DosR + AcP, versus DosR + AcP proteins. ** p<0.01. The
numerical data underlying the graphs shown in this figure are provided in Data File 4.1.

2.2.4 The STPK PknH regulates the DosR-dependent transcriptional response of

Mtb to NO
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Given our working hypothesis, supported by the observations above, that STPK activity
is functionally relevant to regulation of the Mtb stress response, we finally sought to
examine how a pknH deletion might alter the sensitivity of Mtb to NO. To this end, we
first transformed WT, ApknH, and pknH* (complemented mutant) with our NO/hypoxia-
responsive AspX’::GFP reporter [59], and tested reporter response in different DETA
NONOate concentrations. Markedly, AspX::GFP reporter induction was higher at an
intermediate DETA NONOate concentration (50 uM) with ApknH Mtb as compared to
WT or pknH* Mtb (Fig 2.5). In contrast, in the presence of 100 uM DETA NONOate,
reporter induction was similar across all strains (Fig 2.5).

While the DosR regulon encompasses the subset of genes most highly induced
upon Mtb exposure to NO, there is also a significant number of Mtb genes that are
responsive to NO in a non-DosR-dependent manner [77, 143]. To more specifically probe
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Figure 2.5. The STPK PknH regulates response of the 4spX’::GFP reporter to NO.
WT, ApknH, and pknH* (complemented mutant) Mtb each carrying the AspX’::GFP
reporter were exposed for 1 day to the indicated DETA NONOate concentrations, before
fixation and reporter signal analysis via flow cytometry. Fold induction is in comparison
to the untreated condition for each strain. Data are shown as means + SEM from 3
experiments. p-values were obtained with a 2-way ANOVA with Tukey’s multiple
comparisons. Only significant comparisons are indicated. * p<0.05, ** p<0.01, ***
p<0.001, **** p<0.0001. The numerical data underlying the graph shown in this figure
are provided in Data File 1.
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the relationship of PknH phosphorylation with DosR-mediated response of Mtb to NO,
we thus next examined induction of DosR-dependent and -independent NO-responsive
genes by qRT-PCR, examining induction across a range of DETA NONOate exposures as
with the AspX’::GFP reporter assay. Analyses of three representative genes in the DosR
regulon show markedly increased induction for all three genes in ApknH Mtb at the
intermediate 50 uM DETA NONOate concentration that was restored to WT Mtb levels
by complementation (Fig 2.6A), with induction levels at the higher 75 uM and 100 uM
DETA NONOate concentrations similar across the strains (Fig 2.6B-6C), supporting the
hspX’::GFP reporter data (Fig 2.5). Strikingly, no change in induction profile between
WT and ApknH was observed at all DETA NONOate concentrations for the three NO-

responsive, non-DosR-regulated genes tested (Fig 2.6D-2.6F).
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Figure 2.6. The STPK PknH regulates the DosR-dependent Transcriptional
response of Mtb to NO. (A-C) ApknH Mtb exhibits increased induction of DosR-
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dependent NO-responsive genes at intermediate DETA NONOate levels. Log-phase WT,
ApknH, and pknH* Mtb were exposed for 4 hours to 7H9, pH 7 media + indicated DETA
NONOate concentrations, before RNA was extracted for qRT-PCR analysis. (D-F) pknH
deletion does not affect induction of DosR-independent NO-responsive genes. qRT-PCR
analysis on DosR-independent NO-responsive genes were performed on samples
obtained as in (A-C). In all cases, fold change compares each DETA NONOate condition
to the control untreated condition for each strain. Data are shown as means = SEM from 3
experiments, and p-values were obtained with unpaired t-tests with Holm-Sidak multiple
comparisons. N.S. not significant, * p<0.05, *** p<0.001. The numerical data underlying
the graphs shown in this figure are provided in Data File 4.1.

2.3 Discussion

The ability of Mtb to sense and respond to environmental cues is dependent on
signal transduction regulatory mechanisms such as STPKs and TCSs, which are critical
for bacterial adaptation and hence survival within a host [41, 131, 143, 178, 185, 186,
205, 210]. While the interplay between STPKs and TCSs has become increasingly
appreciated, how such interplay may alter TCS function and thus the response of Mtb to
environmental cues has remained understudied. Here, we uncover a role of STPK
phosphorylation of TCSs as a fine-tuning regulatory mechanism that acts to provide an
additional layer of regulation of TCS RR activity.

In particular, our findings that PknH phosphorylation of purified DosR decreases
DNA binding affinity to target promoters and steady-state transcription of target genes,
and that deletion of pknH in Mtb results in increased induction of DosR-dependent, but
not DosR-independent, NO-responsive genes at intermediate levels of NO stress, strongly
support that regulation of DosR by STPKs serve as a second axis of regulation, in
addition to regulation by its cognate histidine kinases. A previous study had conversely
reported increased binding of DosR to the AspX promoter when DosR and PknH were co-

expressed in Escherichia coli, with DosR subsequently purified for EMSAs, as well as
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decreased induction of several DosR regulon genes in ApknH Mtb upon NO exposure
[170]. It is difficult, however, to separate out what other modifications may also occur in
E. coli, and there were differences in the EMSA assays, with the previous study testing
binding to separate DosR boxes present in the ~spX promoter (38 bp or 54 bp segments),
versus the longer DNA segments encompassing all DosR boxes upstream of the AspX
promoter utilized in our study. Complementation was not shown for the ApknH
transcriptional response phenotypes in that study [170], and differences in Mtb strain
(H37Rv in the previous study versus CDC1551 here) and growth conditions between our
studies may also account for the different results.

Notably, both the DosR T198 and T205 sites phosphorylated by PknH map within
the a10 helix of the DosR crystal structure [211, 212]. DosR is thought to adopt two
dimeric structures, one active and one inactive, that exist in equilibrium with each other
as well as a monomeric form [213]. Phosphotransfer to the D54 site in the receiver
domain favors the active, DNA-binding DosR, with the a10 helix from each monomer
mediating the dimerization of that species, making this helix critical for protein activation
[211, 213]. The T198 and T205 PknH phosphorylation sites are closely positioned in the
DosR dimer interface in the DNA-binding conformation, and we thus posit that PknH
phosphorylation of these sites shifts the equilibrium of DosR in such a way as to disfavor
the active DNA binding-competent dimer form, resulting in the decreased DNA binding
affinity and steady-state transcription observed. Examples of opposing effects of STPK
and HK phosphorylation on activity of the corresponding RR have been previously

reported in S. aureus and Streptococcus agalactiae [196, 197], and our data further
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support this concept of STPKs serving to restrain TCS activity to ensure appropriate
response.

Our attempt to generate a STPK phosphoablative DosR was unsuccessful, as
mutation of the T198 and T025 sites to alanine residues resulted in a non-functional
protein with poor DNA binding and minimal fdxA steady-state transcription (Fig 4.8).
Interestingly, positioning of known or putative STPK phosphorylation sites close to or
within the DNA binding region is also found for other Mtb TCS RRs such as MtrA and
PhoP [150, 210, 214, 215], as well as in TCS RRs of other bacterial species [168, 193,
197]. In the case of the Mtb TCS RR PrrA, STPK phosphorylation occurs within the
receiver domain, affecting Mtb response to various environmental signals [143]. Future
studies seeking to uncover how STPK phosphorylation alters TCS structure and hence
function will be important for continued insight into the role of STPKSs as regulators of
TCS:s.

A key outstanding question is how STPK activity is regulated. Expression levels
of STPKs have not generally been found to be affected by key environmental signals for
Mtb, and Mtb encodes only a single Ser/Thr phosphatase, with broad activity across
phosphorylated Ser/Thr residues [186]. The large number of targets for a given STPK
would however strongly suggest a need for regulation of their activity, and indeed the
basal activity level for many STPKs appears low, as evidenced by deletion mutants of the
STPKs exhibiting little reduction in phosphosites, compared to WT Mtb, in standard rich
media [150]. STPKs autophosphorylate and dimerization is required for their activation
[186, 216, 217]; ligand triggering of such events thus represent a route for control of

STPK activity separate from expression differences. Indeed in B. subtilis, the STPK PrkC
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senses cell wall fragments, with binding of peptidoglycan fragments to its extracellular
domain leading to phosphorylation and activation of an essential ribosomal GTPase
involved in initiating vegetative growth [158]. In Mtb, a ApknG mutant is defective for
growth when glutamate or asparagine is used as the sole nitrogen source, and
phosphorylation of GarA, a key target of PknG, was greatest in the presence of these
same amino acids, suggesting that these amino acids may act as triggers for PknG activity
[218]. Intriguingly, we found almost complete overlap in the STPKs that interact with the
PrrA and DosR RRs, both known to mediate Mtb response to NO and hypoxia [65, 66,
143]. A smaller subset of those same STPKSs also interacted with PhoP, which like PrrA,
functions as a global regulator of pH and Cl" [59, 143]. Future studies analyzing the
extent of phosphorylation of each RR by a given interacting STPK identified here, and
testing whether the same environmental signals that drive TCS activity also affect STPK
activity, will provide important insight into the coordination of TCS and STPK activity.
Finally, the RNA aptamer-based transcriptional assay utilized here provides a real
time, quantitative, and high-throughput method with broad utility for understanding basal
and regulated transcription dynamics. This encompasses the ability to test effects of
different intrabacterial signals and regulatory factors on gene transcription kinetics,
through to analysis of antibiotic-dependent inhibition of RNA polymerase on
transcription steady-state rates [208, 209]. Interestingly, this transcriptional assay
revealed a non-monotonic relationship between AcP-activated DosR concentration and
target gene steady-state transcription rates. More specifically, after the expected increase
in transcription with initial increases in DosR concentration, we observed an unexpected

decrease in transcription with further DosR concentration increases, a phenomenon that
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was dependent on the presence of DosR binding motifs on the target promoter.
Strikingly, the slope of this “de-activation” was modulated by STPK phosphorylation. In
Mtb, expression of the DosR regulon is markedly elevated upon initial exposure to NO or
hypoxia [39, 77, 172], reflecting its role in mediating the early transcriptional response to
these stresses. However, this induction is transient, and expression levels decline over
time even in the continued presence of the inducing signal [78]. Our results suggest a
possible negative feedback mechanism incorporating the DosR phosphorylation state,
whereby active DosR concentrations above a threshold result in decreased target gene
expression relative to the maximum activation at lower concentrations. The HK DosS has
been reported to also possess phosphatase activity [219, 220]; defining how such
phosphatase activity may work in concert with both the observed RR concentration
dependence and STPK phosphorylation to enable a negative feedback loop in DosR
regulon expression will be vital for understanding physiological adaptation of Mtb to
environmental cues that are maintained over the course of a chronic infection.

TCSs and STPKSs are the two major regulatory systems through which
environmental signals are transduced into adaptive outputs in bacteria. Our findings here
illustrate how STPK-mediated phosphorylation of TCS RRs can act to fine tune
transcriptional outputs, serving to ensure response initiation only when appropriate. Our
work establishes a framework for dissecting STPK-TCS interplay, and we propose that
further studies probing the interactions of these two regulatory systems will continue to
yield important insight into molecular pathways critical for Mtb environmental adaptation

and host colonization.
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2.4 Materials and Methods
2.4.1 Mycobacterial protein fragment complementation assays

Mycobacterial protein fragment complementation (M-PFC) assays were
performed essentially as described previously [201]. The open reading frames of dosR,
prrA, phoP, and kdpE were each cloned into pUAB100, generating C-terminal
translational fusions to the murine dihydrofolate reductase (mDHFR) fragment F1,2
domain. All Mtb STPK genes were cloned into pUAB400, generating N-terminal
translational fusions to the mDHFR fragment F3 domain. For STPKs with
transmembrane domains (all except PknG and PknK), only the kinase domain was
cloned. M. smegmatis transformed with each respective plasmid pair (each STPK with
each RR) were plated on 7H11 plates supplemented with 25 pg/ml kanamycin and 50
pg/ml hygromycin, with TRIM added at 10, 20, 30, or 50 pg/ml. pUAB100 and
pUABA400 plasmids containing the Saccharomyces cerevisiae GCN4 homodimerization
domain served as the positive control [201]. As a negative control, M. smegmatis
expressing the RR-mDHFR F1,2 fusion in pUAB100 with an empty pUAB400 plasmid
was used. M. smegmatis transformants carrying mDHFR F3-PknB or mDHFR F3-Pknl

could not be obtained, and M-PFC assays with these STPKs were thus not pursued.

2.4.2 Recombinant protein expression and purification

The open reading frames of DosR and DosR-T198 A/T205A were individually
cloned into the isopropyl-p-D-1-thiogalactopyranoside (IPTG)-inducible pET-23a vector
to generate a C-terminally 6xHis-tagged DosR and DosR-T198 A/T205A, respectively.

Expression constructs for the kinase domains of PknH and PknD were previously
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described [217]. All constructs were transformed into Escherichia coli BL21(DE3) for
recombinant expression and purification. For expression, 2 ml of overnight E. coli
cultures started from single colonies were grown in 5 ml LB + 50 pg/ml ampicillin at
37°C and were used to inoculate 1 L LB media + 50 pug/ml ampicillin. Cultures were
grown at 37°C, 160 rpm, until the culture reached an ODe¢oo of ~0.6. Induction of
constructs was initiated by adding 1 mM IPTG, and the cultures grown for an additional
16 hours at 16°C, 160 rpm. Afterwards, supernatants were removed, and pellets were
stored at -80°C prior to further processing.

Recombinant purification of DosR and its variants and STPKs followed
previously described protocols [60, 143]. The template for the DosR T198A/T205A
mutant was generated using QuikChange mutagenesis of WT DosR (Agilent). To remove
phosphorylated residues accrued from expression in E. coli, the protein was treated with
alkaline phosphatase (Sigma #P0114) according to previously described protocols [221],
when the protein was still bound to the nickel beads. Dephosphorylated DosR was then
washed three times with a minimal low imidazole buffer (500 mM NacCl, 50 mM Tris, pH
7.5, 15 mM imidazole, 10% glycerol) to remove residual alkaline phosphatase. For in
vitro phosphorylation of DosR, DosR still bound to nickel beads was treated with 1 pM
PknH or PknD and incubated at room temperature in kinase buffer (40 mM Tris-HCI, pH
7.5, 2 mM MnClz, 20 mM MgClz, 2 mM DTT, 0.5 mg/mL BSA) for one hour. The nickel
bead-bound DosR was then washed to remove the purified STPKSs, prior to continuation
of the protein purification protocol to obtain STPK-phosphorylated DosR. DosR protein
was dialyzed into electrophoretic mobility shift assay (EMSA) buffer as described [199].

Protein concentrations were quantified by using a Bradford assay (Bio-Rad).
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Mtb RNAP o4 holoenzyme complex was purified by a 10X N-terminal His-tag on
the alpha subunit, using pET-Duet-rpoB-rpoC, pAcY c-HisrpoA-rpoZ, and pAC27-sigA
plasmids, expressed and purified as previously described [209]. The final holoenzyme
fractions were dialyzed into storage buffer (10 mM Tris-Cl, pH 7.0, 200 mM NaCl, 0.1
mM EDTA, 1 mM MgClz, 20 uM ZnClz, 2 mM DTT, 50% glycerol), concentrated to 4.5
uM (determined using an extinction coefficient of 280,425 M-! cm™), aliquoted, flash
frozen in liquid nitrogen, and stored at -80°C.

Mtb CarD and RbpA, in pET-SUMO plasmid vectors, were expressed, purified,
and the His-SUMO tag removed as previously described [209, 222]. Eluted fractions
were dialyzed overnight in 20 mM Tris, pH 8.0, 150 mM NaCl, 1 mM f-
mercaptoethanol, then concentrated to 200 uM determined using extinction coefficients

of 16,900 M-! cm! for Mtb CarD and 13,980 M-! cm™! for Mtb RbpA.

2.4.3 Mass spectrometry

Protein samples underwent in-gel trypsin digestion at the Mass Spectrometry
Technology Access Center at the McDonnell Genome Institute (MTAC@MGI) at
Washington University School of Medicine. The resulting peptides were analyzed by LC-
MS/MS using data-dependent acquisition on an Orbitrap Eclipse Tribad mass
spectrometer (ThermoFisher Scientific). Data were searched against a custom E. coli
BL21 (DE3) database supplemented with the DosR sequence, using Mascot software to
identify phosphorylation on aspartic acid, serine, threonine, and tyrosine residues. In all
samples, DosR accounted for at least 80% of the identified peptides and 99% sequence

coverage of DosR was obtained.
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2.4.4 Electrophoretic mobility shift assays

Electrophoretic mobility shift assays (EMSAs) were performed essentially as
previously described [60, 223]. In brief, promoter regions for AspX (558 bp) and fdxA
(221 bp) were amplified using IRDye 700 labeled primers (Integrated DNA technologies)
and the PCR products purified using a QIAquick PCR purification kit (Qiagen). For
acetyl phosphate-treated reactions, purified DosR-6xHis protein was treated as described
previously [199]. Indicated amounts of unphosphorylated and phosphorylated DosR were
mixed with 40 fmoles of DNA in EMSA buffer (25 mM Tris-HCI, pH 8, 20 mM KCI, 6
mM MgCl, 5% glycerol, 0.5 mM EDTA, 25 pg/ml salmon sperm DNA [199]) in a 10 pl
final reaction volume. For competition EMSAs with unlabeled probes (AspJX, fdxA, or the
non-DosR target rv2390c [60]), 1 fmole of labeled probe was used, with indicated fold-
molar excess ratios of unlabeled probe and protein in the reaction mixture. For all
EMSAS, reactions were incubated at room temperature for 30 minutes and then run on
non-denaturing 7.5% Tris-glycine gels in 0.5X Tris-borate-EDTA buffer at 4°C for ~4-4.5
hours. Gels were imaged using the 700 nm channel of an Odyssey CLx imaging system

(LI-COR).

2.4.5 Fluorescence polarization assays

Fluorescence polarization (FP) experiments were performed using linear double-
stranded DNA probes containing either the AspX (85 bp) or fdxA (55 bp) promoter labeled
with Alexa Fluor 488 on the downstream 5’ end (Integrated DNA Technologies). These
were titrated with increasing concentrations of purified DosR, or PknH/PknD-treated

DosR. 10 pl binding reactions in 384-well black, low volume, round bottom assay plates

52



(Corning) were sealed with optical adhesive film (Applied Biosystems) and measured on
a CLARIOstar Plus plate reader (BMG LABTECH). DosR and its phosphorylation
variants were serially diluted (1:1.5) from a 25 uM stock solution into binding buffer (25
mM Tris-HCl 8.0, 20 mM KCI, 6 mM MgClz, 10% glycerol), generating a final
concentration range of 0-25 uM. Labeled DNA substrates were added to each well ata
final concentration of 25 nM (5 pl of 50 nM stock). Plates were incubated at 37°C for 15
minutes before polarization measurements were taken using 485/520 nm
excitation/emission FP filters.

For analysis, binding curves were fit to a Hill-type saturation equation using
maximum likelihood estimation (MLE) implemented in R. Raw data were plotted, and
fits were generated using the following Hill equation: AFP = (AFPmax-[P]")/ (K4"+ [P]");
Where AFP is the change in fluorescence polarization, [P] is the protein concentration
(LM), AFPmax is the maximal signal, K4 is the apparent dissociation constant, and n is the
Hill coefficient. For the DosR condition, where the data reach saturation, all three
parameters were allowed to float. For the PknH-DosR and PknD-DosR conditions, which
did not reach saturation, AFPmax was fixed to the value obtained from DosR alone, and
MLE was used to estimate Kq and n, and the residual variance error parameter, o. 95%
confidence intervals (CIs) for parameter estimates were obtained by bootstrapping. For
each condition, the Hill model was refit to 10000 synthetic datasets generated by data
resampling. The 2.5" and 97.5™ percentiles of the resulting distributions of parameter
estimates defined the CI limits for each parameter. These confidence intervals were
propagated to the fitted curves, producing shaded ribbons in the plots that visualize

uncertainty in the predicted fluorescence polarization across the protein concentration
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range. On the AspX promoter the residual variances (o) were as follows: 16.3 = 0.98
(DosR), 5.52 £0.47 (PknH-DosR), and 13.2 £ 0.91 (PknD-DosR). On the fdxA4 promoter,
o values were: 12.1 +0.89 (DosR), 12.9 £ 1.27 (PknH-DosR), and 10.0 + 0.54 (PknD-

DosR).

hspX probe:
/5A1ex488N/ACAACAGGGTCAATGGTCCCCAAGTGGATCACCGACGGGCGC

GGACAAATGGCCCGCGCTTCGGGGACTTCTGTCCCTAGCCCTG

fdxA probe:

/5Alex488N/TGACGAATAAGGCCTTTGGTCCTTTCCGGTAGGGGTCTTTG

GATAGGCGCGATCC

2.4.6 RNA aptamer-based transcriptional assay

Aptamer-based transcription data was collected using a CLARIOstar Plus
Microplate reader (BMG LABTECH) in a 384 well, low volume, round-bottom, non-
binding polystyrene assay plate (Corning) with the corresponding Voyager analysis
software and following a previously published protocol [209]. To measure multi-round,
steady-state transcription kinetics in real-time, we monitored the change in 3,5-difluoro-
4-hydroxybenzylidene imidazolinone (DFHBI) fluorescence upon binding to a
transcribed, full-length RNA sequence containing the fdxA4 or rrnAP3 promoter [209] and
the iSpinach D5 aptamer. All reactions were conducted at 37°C in 10 pl final volume in
20 mM Tris (pH 8.0 at 37°C), 40 mM NaCl, 75 mM potassium glutamate, 10 mM MgClo,

5 uM ZnClz, 20 uM EDTA, 5% glycerol with 1 mM DTT and 0.1 mg/ml BSA. Reactions
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contained 100 nM RNAP holoenzyme, 20 pM DFHBI dye (Sigma Aldrich), 0.4 U/ul
RiboLock RNase inhibitors (Thermo Scientific), CarD and RbpA at 1 uM and 2 uM,
respectively, and dilutions of DosR from 1 uM to 50 uM. 2.5 pul stock rNTPs (Thermo
Scientific) were injected in situ using the reader’s automated reagent injector to a final
concentration of 1 mM NTP. Data were acquired in 10-20 second intervals for up to 40
minutes total. A minimum of 3 technical replicates of the negative control (i.e., no INTPs)
were collected and measured concurrently with the experimental data. Using the average
of this negative control, the experimental data was corrected as previously described
[208], bringing all starting fluorescence values to zero and correcting for any time-
dependent drift in fluorescence. Between 2 and 8 independent experiments were collected
for each condition with 3 technical replicates each. Standard deviations were used as a
statistical weight during the linear regression analyses as previously described to obtain

the steady-state rate [208].

2.4.7 Mtb strains and culture

Mtb CDC1551 was used as the parental strain for all assays here, and Mtb
cultures were cultured and maintained as described previously, with 7H9 broth
supplemented with 10% OADC, 0.2% glycerol, 0.05% Tween-80, and 100 mM MOPS
used for buffering to pH 7.0 [224]. Generation of AdosR, ApknH, and their complements
were constructed with methods as described previously [59]. The dosR deletion consisted
of a region from the beginning of the open reading frame through nucleotide 650, while
the pknH deletion encompassed the entire pknH open reading frame. Complementation in

both cases utilized the respective endogenous promoters and open reading frames in the
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integrating plasmid pMV306. The AspX’::GFP reporter introduced into indicated strains
was previously reported [59]. Antibiotics were added as needed at the following
concentrations: 100 pg/ml streptomycin, 50 pg/ml hygromycin, 50 pg/ml apramycin, and

25 pg/ml kanamycin.

2.4.8 qRT-PCR analyses

Mtb grown to log-phase (ODeoo ~ 0.6) in aerated conditions was used to inoculate
filter-capped T75 flasks laid flat, containing 12 ml 7H9, pH 7.0 + indicated
concentrations of DETA NONOate (Cayman Chemicals) at ODsoo = 0.3. Bacteria were
incubated for 4 hours, before RNA extracted as previously described [101]. qRT-PCR
experiments were conducted and analyzed according to previously established protocols

[225].

2.4.9 hspX’::GFP reporter assay

Indicated Mtb strains carrying the AspX::GFP reporter were propagated to log
phase (ODsoo ~ 0.6) and subcultured to an ODsoo= 0.05 in flat T75 flasks with filter caps
containing 4 ml 7H9, pH 7. After 4 passages, Mtb was subcultured at ODesoo = 0.05 in
7H9, pH 7.0 media with 0, 15, 30, 75, or 100 uM DETA NONOate. 1-day post-exposure,
culture aliquots were taken and fixed in 4% paraformaldehyde. Reporter signal was

analyzed via flow cytometry as previously described [225].

2.4.10 Statistical analyses
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GraphPad Prism software was used for all statistical analyses, with p < 0.05
considered significant. The statistical test used for a given assay is described in the figure

legends.

2.5 Attribution of work

NRS and ST conceived and designed the study. The M-PFC assays were
conducted by NRS and AMVE, with assistance from Elizabeth Billings and Jannessa Ya
for the KdpE experiments. Fluorescence polarization and RNA aptamer-based
transcriptional assays were performed by ARM. The CDC1551 ApknH Mtb strain was
originally generated by Calvin Johnson. All other experiments were performed by NRS.
NRS and ST wrote the original draft of the manuscript, and NRS, ARM, EAG, and ST

edited the manuscript.
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Chapter 3: Discussion
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3.1: Overview

My thesis establishes a framework for signal transduction in Mtb in which
STPKSs act alongside canonical TCS pathways to shape transcriptional responses in the
context of host infection. Central to this model is the concept that STPK phosphorylation
constitutes a second regulatory axis that can modulate RR activity in a manner that is
more nuanced rather than simply reinforcing or duplicating HK signaling. Using DosR as
a primary example, my work demonstrates that STPK phosphorylation influences DNA
binding, transcription kinetics, and sensitivity to environmental stimuli, thereby refining
the bacterium’s response to NO and hypoxic stress. Extending beyond DosR, interaction
and functional data for additional regulators, including PhoP and KdpE, support that this
layered regulatory mechanism is broadly applicable across multiple TCSs, positioning
STPKSs as integrators of cellular physiology with environmental sensing pathways.

Several questions emerge from this work regarding how STPK phosphorylation
shapes transcriptional regulation at a structural level. My findings with DosR suggest that
phosphorylation within specific helices of the protein can influence dimer stability and
conformational equilibria, thereby modulating transcriptional activation. The observation
that similar phosphorylation sites occur near functional domains in other RRs raises the
possibility of a conserved mechanism, however, this question remains to be answered. A
key next step to address this question will be to define how phosphorylation alters RR-
DNA interactions and oligomerization in real time. Such studies will be critical for
understanding how post-translational signaling integrates with transcriptional control in

Mtb.
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The findings presented here also raise important questions about how STPK
activity itself is regulated and how this additional layer of control contributes to bacterial
adaptation during host infection. Understanding when and where phosphorylation occurs,
the extent to which RRs are modified under different environmental conditions, and how
kinase activation correlates with HK signaling will be critical next steps. Quantitative
phosphoproteomic approaches, single-cell transcriptional analyses, and in vivo infection
models will provide valuable insight into how these signaling systems support successful
Mtb host infection. Further, these questions prompt a broader reconsideration of how
regulatory flexibility is achieved in Mtb throughout host infection. My findings raise the
possibility that STPK-mediated regulation can be dynamic, relying on context-dependent
tuning of gene expression, and offer a conceptual framework for how the bacterium copes
with changing host environments. Several questions remain to be answered, particularly
regarding how these phosphorylation events are temporally coordinated, how they
intersect with other signaling pathways, and whether similar regulatory logic applies
across infection niches. Exploring these areas represents an important direction for future

research into Mtb signal integration and persistence.

3.2: Importance of STPK phosphorylation site on TCS RR structure and function
The findings in my thesis point toward structural positioning as a critical
determinant of how STPK phosphorylation shapes RR behavior. In particular, a
significant implication of my work is that STPK modification can bias equilibria among
functionally distinct structural states rather than simply switching RRs “on” or “off”.

Understanding this at a mechanistic level will require moving beyond functional readouts
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toward direct structural and biophysical studies. DosR is a tractable model for pursuing
these questions given its crystal structure is already known, and in chapter 2 of this thesis,
we provide evidence that phosphorylation, occurring near the a10 helix of DosR (Fig
3.1A), influences dimer stability and transcriptional competence (Fig 3.1B). Biochemical
measurements presented in Chapter 2 of this thesis further support this interpretation. In
particular, fluorescence polarization experiments demonstrated that phosphorylation of
DosR by the STPKs PknH or PknD reduced binding affinity to the promoters of the target
genes hspX and fdxA (Fig 2.3 and Fig 4.6), indicating that phosphorylation perturbs the
formation or stability of transcriptionally competent DosR-DNA complexes. Consistent
with this observation, in vitro transcription assays revealed that STPK phosphorylation
decreases steady-state transcription from DosR target promoters while also altering the
concentration dependence of transcriptional activation (Fig 2.4).

Among key outstanding questions, it remains unclear if STPK phosphorylation
shifts DosR toward a monomeric versus a dimeric state, or if it alters the stability or
lifetime of active dimers. Future experiments to directly test these possibilities could
include analytical ultracentrifugation or size exclusion chromatography-multi-angle laser
light scattering (SEC-MALLS) [226, 227]. These techniques would produce a
quantitative measurement of DosR oligomeric equilibria. Importantly, such approaches
would establish whether STPK regulation acts at the level of dimerization itself,
modulating the respective proportions of protein species. Complementary hydrogen-
deuterium exchange mass spectrometry (HDX-MS) would map phosphorylation-induced
changes in protein dynamics and solvent accessibility [228], revealing whether

phosphorylation destabilizes the a10 interface or propagates allosteric effects to DNA-
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Figure 3.1. Phosphorylated residues of interest on DosR. Threonine 198 and 205
(PknH targets) are shown in blue and helix 10 in orange. (A) Free DosR structure
(PDB:3C3W): Aspartic acid 54 (HK phosphotransfer target) is shown in red. (B) DosR
dimer bound to DNA (PDB:1ZLK). Note, T198 and T205 on helix 10 of each monomer
are closely positioned in the DosR dimer interface in the DNA binding conformation.
binding regions [211, 213]. In parallel, understanding if phosphorylation affects exchange
kinetics between active and inactive DosR protein conformations is critical. To test this,
single-molecule FRET provides an additional layer of resolution by enabling observation
of conformational transitions in real time, thereby distinguishing whether
phosphorylation primarily alters equilibrium populations or instead modulates the
kinetics of interconversion between states [229].

An important conceptual challenge emerging from my thesis work is the need to
separate structural perturbation from regulatory phosphorylation. As described in chapter
2, introduction of phosphoablative (T—A) mutations at STPK phosphorylation sites in
DosR showed that this single residue substitution itself disrupted protein function,
precluding its use for the directed study of STPK phosphorylation effects. In chapter 2 we
also show through M-PFC protein-protein interaction mapping that PhoP and KdpE, like

DosR, physically associate with multiple STPKSs, displaying both overlap and specificity

in their interaction profiles (Fig 2.1). Therefore, we hypothesized that these RRs are also
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subject to regulation by STPKSs. Using published global phosphoproteomic data [150], we
generated mutations at sites predicted to be phosphorylated by STPKs in both RRs, PhoP
(T177A/T235A) and KdpE (T100A). However, introduction of these mutations in PhoP
resulted in a profound defect in transcriptional induction of Mtb in response to acidic pH
and high [CI'], closely phenocopying a AphoP Mtb mutant rather than the wild type or

complemented mutant (Fig 3.2A). This loss of inducible transcription is accompanied by
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Figure 3.2. Preservation of STPK phosphorylation sites on TCS RRs is critical for
transcriptional response to environmental signals. (A) Preservation of STPK
phosphorylation sites on the RR PhoP is critical for induction of acidic pH regulon genes.
Log-phase WT, AphoP, phoP* (complemented mutant), and phoP*T177A/T235A Mtb
were exposed for 4 hours to 7H9, pH 5.7 + 250 mM NaCl before RNA was extracted for
qRT-PCR. Fold change compares the pH 5.7 + 250 mM NaCl condition to the control
untreated condition. »v2390c, is in both the pH and CI" regulons. lipF’ and mmpLS8 are
members of the pH but not the Cl- regulon. (B) Preservation of STPK phosphorylation
sites on the RR KdpE is critical for induction of KdpDE regulon genes in response to low
[K*]. Log-phase WT, AkdpDE, kdpDE* (complemented mutant), and kdpDE*T100A Mtb
were exposed for 4 hours to 7H9, pH 7 + low [K*] before RNA was extracted for qRT-
PCR. Fold change compares the low [K*] condition to the control untreated condition.
sigA was used as the control gene, and data are shown as means £ SEM from 3
experiments except for (B), which is a single experiment and shown as means + SD. p-
values were obtained with an unpaired t-test. *** p<0.001, **** p<0.0001.
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a striking growth consequence in Mtb similar to AphoP Mtb, with growth not slowed in the
presence of acidic pH [96] (Fig 3.3A). A comparable, though distinct, effect is observed
when the KdpE T100A mutant is exposed to K*-limiting conditions. Namely, upon
introduction of this mutation into Mtb, we observed a significantly reduced induction of
KdpE-regulated genes by qRT-PCR (Fig 3.2B), and this was translated into a measurable
growth phenotype in Mtb (Fig 3.3B). As with the DosR-TI198A/T025A mutation, it is
however difficult to directly ascribe these phenotypes to loss of STPK phosphorylation,
versus functional defects arising from mutation of the site itself. One promising strategy
to address this challenge is the use of genetic code expansion to incorporate phospho-
amino acids site-specifically into the RRs [230]. This approach enables direct installation

of phospho-serine or phospho-threonine at defined positions without altering the
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Figure 3.3. Preservation of STPK phosphorylation sites on TCS RRs is important
for Mtb growth control in response to environmental signals. (A) STPK
phosphorylation of PhoP alters Mtb growth control in acidic conditions. WT, AphoP,
phoP* (complemented mutant), and phoP*T177A/T235A Mtb were grown in 7H9, pH 7
or pH 5.7 media and ODeoo tracked over time. Data are shown as means + SEM from 3
experiments. p-values were obtained with an unpaired t-test comparing phoP*177A/235A
against phoP* in the 7H9, pH 5.7 media condition. * p<0.05, ** p<0.01, *** p <0.0001.
(B) A STPK phosphoablative kdpDE*T100A mutant is attenuated for growth in limiting
[K+]. WT, AkdpDE, kdpDE* (complemented mutant), and kdpDE*T100A Mtb cultures
were grown in 7H9, pH 7 or K+-free 7H9 and ODsoo tracked over time. Data are shown as
means £ SEM from 2 experiments.
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surrounding side-chain chemistry, thereby avoiding the structural perturbations
introduced by alanine substitution and should therefore permit robust interrogation of the
true effects of phosphorylation/non-phosphorylation at these sites [230]. Applying this
strategy to DosR, PhoP, or KdpE would allow direct comparison of phosphorylated and
unmodified states in biochemical assays of DNA binding, oligomerization, and
transcriptional activation.

Linking the structural effects of DosR phosphorylation to genome-wide
regulatory behavior represents another critical next step. If phosphorylation subtly alters
DNA-binding affinity or cooperativity, its impact may appear as changes in which
promoters are preferentially occupied rather than simple activation or repression. ChIP-
seq comparing phosphorylated and non-phosphorylated states could test whether
phosphorylation redistributes RR occupancy across the genome [231]. Coupling this
approach with transcriptomics under graded stimuli would test whether phosphorylation
shifts activation thresholds or narrows dynamic ranges [232]. These experiments would
directly probe whether structural modulation translates into quantitative regulatory tuning
at a broader level.

Finally, a broader conceptual question raised by my thesis work is if STPKs
exploit structural “pressure points” in RRs as a general regulatory principle. If so,
phosphorylation may function as a rheostat that functions to subtly adjust regulatory
sensitivity. My work raises the possibility that STPKs target structurally strategic
positions precisely because small perturbations at these sites can yield strong regulatory
consequences. Determining whether this represents an evolved design principle in Mtb

signaling is an exciting avenue for future research.
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3.3: Regulation of STPK activity

An important, unresolved question related to this work is how STPK activity is
regulated in Mtb and under what physiological conditions RR phosphorylation occurs in
vivo. While my thesis establishes that STPK-dependent phosphorylation can modulate
RR function, the upstream signals and constraints that govern kinase activation remain
unclear. Mtb encodes 12 STPKSs but only a single annotated Ser/Thr phosphastase, PstP
[233, 234], implying that kinase activity must be tightly controlled to prevent
indiscriminate phosphorylation.

Focusing on DosR, we observed that loss of PknH selectively altered
transcriptional responses under specific inducing conditions. This result suggests that
STPK functions to fine-tune, rather than overwrite, canonical TCS signaling. In this
context, baseline STPK phosphorylation levels might be expected to be low, or short-
lived, and their regulatory impact would depend on timing relative to HK-mediated
activation. To test this model would require direct measurement of phosphorylation
stoichiometry and kinetics under relevant, defined environmental conditions. Future
studies should prioritize quantitative approaches that assess both STPK phosphorylation
site occupancy and temporal dynamics of RR phosphorylation. Targeted mass
spectrometry with isotope-labeled standards, combined with time-resolved
phosphoproteomics, would allow for determination of whether phosphorylation correlates
with entry into or recovery from specific stress responses such as NO [235, 236]. Such
experiments could distinguish between phosphorylation as a trigger for RR state
transitions versus a mechanism for modulating the amplitude of the response. In parallel,

measuring kinase autophosphorylation may also be informative, as most Mtb STPKs
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require autophosphorylation for full catalytic activity [186]. Defining when and how
these kinases become activated will be essential for understanding their contribution to
RR regulation.

Another question that warrants further investigation is how STPKs are spatially
regulated. Some STPKSs can localize to the cell envelope, septum, or poles, suggesting
that substrate accessibility may be restricted by subcellular organization [156, 217]. If RR
phosphorylation depends on colocalization with active kinases, this would provide a
mechanism for selective modification without broad disruption of transcriptional
programs. Future experiments that combine localization studies with phosphosite
quantification would therefore help determine whether spatial proximity serves as a
factor in STPK-RR signaling.

Finally, it remains unclear whether the signals that activate STPKs overlap with
those sensed by TCS pathways and/or are distinct. For example, DosR responds primarily
to NO and hypoxia, whereas STPKs such as PknH have been linked to cell envelope and
metabolic stress [161, 163]. This raises the possibility that STPKs provide a secondary
layer of regulation that integrates orthogonal signals rather than duplicating inputs
integrated by TCSs. Addressing this question will require systematic comparison of
kinase activation and RR phosphorylation across diverse host-relevant conditions,
including within macrophages and animal infection models. Such studies will be
necessary to place STPK activity within the broader framework of environmental signal
integration in Mtb.

Taken together, these considerations highlight that a complete understanding of

RR activity depends on defining not just HK activity, but when partner STPKSs are active,
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how their activity is constrained, and how phosphorylation states change during infection.
Clarifying these points represents an important next step toward a mechanistic model of

layered phosphorylation-dependent regulation in Mtb.

3.4: Role of STPK-mediated regulation throughout host infection

The findings in this thesis support that STPK-mediated phosphorylation
contributes to how Mtb modulates transcriptional responses during infection. Host
environments are not static, and the bacterium experiences fluctuating combinations of
NO, hypoxia, redox stress, and nutrient limitation across intracellular and extracellular
niches in the host [36, 39, 59, 60, 77]. Under these conditions, sustained maximal
activation of stress regulons is unlikely to be uniformly beneficial. Therefore, a
regulatory system that permits graded or reversible control would therefore provide an
advantage as bacteria transition between microenvironments. STPK-dependent
modification of RRs is consistent with such a need.

The results presented in Chapter 2 of this thesis demonstrate that STPK signaling
contributes directly to Mtb response and regulation of NO. Using an AspX::GFP
transcriptional reporter, deletion of the STPK pknH altered the magnitude of DosR-
dependent transcriptional activation during NO exposure (Fig 2.5). Consistent with this
reporter phenotype, transcriptional analyses revealed that expression of multiple DosR-
regulated genes was altered in the ApknH Mtb mutant following NO treatment (Fig 2.6).
These data indicate that STPK signaling influences the transcriptional output of the DosR
regulon under nitrosative stress conditions, like those encountered during infection.

Further, in this context, PknH can function as a molecular “brake” on DosR activity,
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restraining premature activation of the dormancy response until the bacterium
experiences a sufficiently strong environmental signal. In this model, phosphorylation of
DosR by PknH would bias the protein toward a less transcriptionally active state, thereby
preventing inappropriate activation of the DosR regulon under conditions in which entry
into dormancy would be unnecessary or energetically costly. Such a regulatory
mechanism would ensure that the dormancy program is deployed only when
environmental conditions truly warrant the metabolic transition associated with
persistence. In the absence of PknH, this regulatory brake is removed, allowing DosR-
dependent transcription to become more readily activated at intermediate NO
concentrations, as observed in the reporter assays (Fig 2.5) and transcriptional analyses of
DosR-regulated genes (Fig 2.6) described in Chapter 2.

During infection, bacteria residing within host tissues are unlikely to experience
uniform exposure to NO. Instead, macrophage-derived NO is generated locally and is
expected to form spatial gradients within infected cells and granulomatous lesions.
Consequently, individual bacteria may encounter distinct levels of nitrosative stress
depending on their precise location within host tissue. Within this spatially heterogeneous
environment, NO concentrations could act as positional cues that inform the bacterium of
its proximity to activated immune cells. In this framework, the concentration range that
produces maximal DosR activation in vitro may correspond to physiologically relevant
signaling experienced by bacteria residing within or beside activated macrophages or
other immune microenvironments. STPK-mediated modulation of DosR activity may
therefore enable Mtb to interpret these gradients of host-derived NO. By acting as a

molecular brake, PknH could prevent premature activation of the dormancy program
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when NO levels are low, while still allowing robust activation once a threshold of
immune pressure is reached. This mechanism would allow the bacterium to generate a
graded transcriptional response that reflects its position within the host environment.

How this regulation manifests throughout the course of host infection remains
unclear. One unresolved question is whether STPK-mediated tuning primarily affects the
timing of regulon engagement, the reversibility of activation, or the stability of
transcriptional states once induced. Addressing this will require approaches that capture
regulatory behavior across infection stages rather than under static conditions. Reporter
systems that track DosR-dependent transcription over time in infected cells could clarify
whether STPK signaling influences entry into, maintenance of, or exit from DosR-
mediated dormancy-associated states [59, 174].

Finally, it remains to be established how broadly this regulatory mechanism
extends beyond DosR to other RRs. Other RRs important in host adaptation, including
PhoP and KdpE, contain candidate STPK phosphosites [150], suggesting that layered
regulation is not unique to DosR. Determining whether similar modulatory relationships
operate across pathways will be necessary to define whether STPK-dependent tuning is a
specialized mechanism or a general principle of environmental response in Mtb.

Together, these considerations point toward a model in which STPK-mediated
phosphorylation contributes to regulatory flexibility during infection by modulating the
range and persistence of RR activity. Clarifying how this tuning operates in vivo
represents an important next step in understanding how Mtb maintains physiological

adaptability within heterogeneous host environments.
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3.5: Conclusion

This thesis work builds on a model in which STPKs function as a second
regulatory axis in Mtb signal transduction that operates alongside canonical TCS
pathways. By integrating biochemical, structural, and functional analyses, this work
demonstrated that STPK phosphorylation modulates RR activity, influencing DNA
binding, oligomerization, and gene expression in ways that enable graded and context-
dependent adaptation to host-derived stresses. Extension of this framework towards
additional RRs linked to Mtb virulence, such as PhoP, or other signal response pathways,
such as KdpE, will be critical for understanding how this layered regulatory strategy
applies across Mtb TCSs. Moving forward, examining real-time dynamics of RR
phosphorylation, resolving the structural consequences of these modifications, and
determining how environmental cues that activate TCSs influence STPK activity will be
a priority. Addressing these questions will be essential for developing predictive models
of signal integration and for fully understanding how intersecting phosphorylation

networks support long-term bacterial survival during infection.
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Chapter 4: Appendix

Sontag NR, Ruiz Manzano A, Ecker AMV, Galburt EA, Tan S. (2026) Serine/threonine
protein kinase phosphorylation of DosR alters target gene transcription mechanics and
regulates Mycobacterium tuberculosis response to nitric oxide stress. PLoS Genetics
22(2): €1012043. doi: 10.1371/journal.pgen.1012043.
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4.1: Chapter 2 Supplemental Information

4.1.1: Chapter 2 Supplemental Figures

sTPKk—RR DosR PrrA | PhoP KdpE

PknA No No No No

PknD No No
Weaker (up to

PknE 30 pg/ml TRIM)
Weaker (up to

s 30 pg/mL TRIM)

PknG No No No

PknH No

Weaker (up to

Pknd | 30 pgimi TRIM) No No

PknK No No No No

PknL No No No No

Figure 4.1. There is both overlap and specificity in interactions between STPKs and
TCS RRs. Summary table of interactions between the RRs PrrA, DosR, PhoP, and KdpE
with various STPKs (kinase domains only for all except PknG and PknK) as determined

by M-PFC assays. Results are representative of 2-3 independent experiments.
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Figure 4.2. Annotated MS/MS spectrum confirming phosphorylation of DosR T198
after PknH treatment. (A) MS/MS spectrum of the peptide tQAAVFATELK (m/z
629.81, z=2). Observed b and y ions, along with neutral-loss fragments (-98 Da), are
indicated. (B) Fragmentation map displaying detected ions (red = b; blue =y; green =
neutral-loss/derived fragments) confirming site localization at T198. Spectra were
searched using Mascot v2.8.3 and MSFragger in Scaffold 5.3.3 (precursor tolerance = 10
ppm; fragment tolerance = 0.05 Da; fixed Cys +57.02; variable phospho +79.97 [STY];
enzyme = trypsin, <3 missed cleavages; peptide/protein FDR < 1%; peptide probability >
90%).
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Figure 4.3. Annotated MS/MS spectrum confirming phosphorylation of DosR T205
after PknH treatment. (A) MS/MS spectrum of the peptide RTQAAVFAtELKR (m/z
524.27, z=3). Observed b and y ions, along with neutral-loss fragments (-98 Da), are
indicated. (B) Fragmentation map displaying detected ions (red = b; blue = y; green =
neutral-loss/derived fragments) confirming site localization at T205.
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Figure 4.4. Annotated MS/MS spectrum confirming phosphorylation of DosR T198
and T205 after PknH treatment. (A) MS/MS spectrum of the peptide
RtQAAVFAtELKR (m/z 550.93, z=3). Observed b and y ions, along with neutral-loss
fragments (-98 Da), are indicated. (B) Fragmentation map displaying detected ions (red =
b; blue = y; green = neutral-loss/derived fragments) confirming site localization at T198

and T205.
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Figure 4.5. Annotated MS/MS spectrum confirming phosphorylation of DosR D54
after PknH and acetyl phosphate treatment. (A) MS/MS spectrum of the peptide
VPAARPDVAVLAVRLPDGnGIELCcR of (m/z 928.5, z=3). Observed b and y ions, along
with neutral-loss fragments (-98 Da), are indicated. (B) Fragmentation map displaying
detected ions (red = b; blue = y; green = neutral-loss/derived fragments) confirming site

localization at D54.
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Figure 4.6. Changes in DosR phosphorylation status alter DNA binding affinity to
the promoter of its target gene fdxA. Electrophoretic mobility shift assays (EMSAs)
using purified recombinant C-terminally 6x-His-tagged DosR and IRDye 700-labeled
probes for the fdxA promoter are shown. A control with no protein (“NP”’) added is shown
for each gel. DosR was added at indicated concentrations for all other lanes. 40 fmoles of
fdxA promoter DNA was used in each reaction. EMSAs shown are as follows: (A)
untreated DosR, (B) DosR incubated with 50 mM acetyl phosphate (AcP), (C) DosR
phosphorylated “on-bead” with 1 uM PknH, (D) DosR phosphorylated “on-bead” with 1
uM PknD, (E) DosR phosphorylated “on-bead” with 1 uM PknH, then purified and
incubated with 50 mM AcP, and (F) DosR phosphorylated “on-bead” with 1 uM PknD,
then purified and incubated with 50 mM AcP. Data are representative of 3 independent
experiments.
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Figure 4.7. DosR binding to the AspX and fdxA promoters is specific. Electrophoretic
mobility shift assays (EMSAs) using purified recombinant C-terminally 6x-His-tagged
DosR and IRDye 700-labeled probes for the ZspX promoter (A and C) and the fdxA
promoter (B and D) are shown. A control with no protein (“NP”’) added is shown for each
gel. Purified DosR was added at 1.57 uM for all other reactions in the AspX promoter
EMSAs, and at 6.25 uM for the fdx4 promoter EMSAs. 1 fmole of each labeled promoter
DNA was used in each reaction. “+” are reactions with DosR and the indicated labeled
probe, with no competitor unlabeled probe. Where noted, unlabeled specific competitive
hspX (A) or fdxA (B) probes were added at the indicated fold molar excess. In (C) and
(D), unlabeled non-specific 7v2390c¢ promoter probes were added at 200-fold molar
excess for reactions in the “rv2390c comp” lane.
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Figure 4.8 Mutation of DosR T198/T205 sites render the protein non-functional. (A)
shows an EMSA using purified recombinant C-terminally 6x-His-tagged DosR-
T198A/T205A and IRDye 700-labeled probes for the AspX promoter. A control with no
protein (“NP”) added is also shown. DosR-T198 A/T205A was added at indicated
concentrations for all other lanes. 40 fmoles of AspX promoter DNA was used in each
reaction. Data are representative of 3 independent experiments. (B) shows a Spinach
RNA aptamer assay run with the fdxA4 promoter with different concentrations of indicated
DosR protein. The WT DosR and PknH-phosphorylated DosR (“PknH-DosR) data are as
shown in Fig 2.4A. Fluorescence (arbitrary units, “AU”) was tracked over time on a plate
reader, and steady-state rate calculated. Data are shown as means + SEM from 2-8
experiments. The numerical data underlying the graph shown in this figure are provided
in Data File 4.1.

4.1.2 Chapter 2 Supplemental Data Files List

Data file 4.1

Excel workbook. Numerical data underlying graphed average data presented.
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