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Abstract

A comprehensive analysis of (p)ppGpp signaling in bacteria

Molly Hydorn

(p)ppGpp is a signaling molecule produced by bacteria in response to stresses, particularly
amino acid starvation. RelA/SpoT homolog (RSH) enzymes synthesize (p)ppGpp when an
uncharged tRNA enters an actively translating ribosome, stalling protein synthesis. (p)ppGpp
slows bacterial growth by inhibiting translation, transcription, and DNA replication, and it
upregulates the transcription of stress response genes. (p)ppGpp has also been shown to increase
pathogenicity, virulence, and antibiotic tolerance. For example, persister cells — cells that are
tolerant to antibiotic exposure and result in persistent and chronic infections — are thought to
arise from a subpopulation of cells that are high in (p)ppGpp. Current methods of detecting
(p)ppGpp are limited to bulk measurements using inaccessible techniques, making analysis of
(p)ppGpp metabolism and its physiological consequences challenging. Here, I develop RsFluc, a
novel tool for (p)ppGpp detection in B. subtilis, and validate it using HPLC-MS and known
(p)ppGpp induction methods. I use RsFluc to assess (p)ppGpp metabolism in B. subtilis and
assay the environmental stimuli that trigger (p)ppGpp signaling. I evaluate the downstream
responses to (p)ppGpp using RsFluc, transcriptional reporters, and protein synthesis labeling

techniques. I develop RsGFP, a tool for (p)ppGpp detection at the single-cell level. Using



RsGFP, I evaluate heterogeneity in (p)ppGpp throughout growth and the factors that contribute
to that heterogeneity. I utilize these (p)ppGpp detection tools to develop a novel single-cell RNA
sequencing (scRNA-seq) technique that enables researchers to assay heterogeneity in (p)ppGpp
while simultaneously assessing differential gene expression at the single-cell level. I use RsGFP
to evaluate the relationship between heterogeneity in (p)ppGpp and heterogeneity in regrowth
and antibiotic tolerance. Lastly, collaborators and I developed a technique for labeling cells for
protein synthesis while performing scRNA-seq, gaining insights into physiological states and

how these states may affect transcription.
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Chapter 1

1 Introduction

1.1 A history of (p)ppGpp
Bacteria must adapt to their constantly changing environment to grow and divide. To meet

the challenges and demands of growth and division, bacteria have evolved various strategies for
signaling and physiological reprogramming to respond to stress. One key stress is nutrient
depletion. In 1969, Cashel and Gallant initiated an investigation into the bacterial response to
amino acid starvation in the Gram-negative model organism, Escherichia coli. They were
inspired by work showing that when an E. coli culture was starved for their amino acids, the
bacteria exhibited drops in the levels of stable RNA synthesis needed for growth and division
(1), indicating some coordination of amino acid metabolism and nucleic acid synthesis. Fangman
and Neidhart demonstrated that the trigger for this response was an increase in the population of
uncharged transfer RNA (tRNA) molecules in cells (2, 3). The same response was also observed
when antibiotics blocked protein synthesis in the Gram-positive pathogenic bacterium
Staphylococcus aureus (4) and in E. coli (5). This phenomenon was referred to as the “stringent
control” (6), or more commonly, the stringent response. Notably, the RC locus in E. coli was
identified, and Stent and Brenner showed that when mutated, the bacterium no longer exhibited
this coordination between nucleic acids and amino acid availability (7). They referred to this
mutated strain as RC™ (7). However, the function of this RC gene, later known as reld, remained
unclear, and Cashel and Gallant aimed to clarify it.

Cashel and Gallant cultivated a wild-type (WT) RC gene strain of E. coli in the presence

of amino acids until the culture reached an exponential growth phase. The cultures were then



filtered, and the cells were resuspended in medium supplemented with radioactive phosphate,
both with and without amino acids. After a brief labeling period in the new media, both samples
were analyzed using thin-layer chromatography (TLC) to separate the different phosphate
compounds. When the cells were resuspended with amino acids, 18 distinct spots appeared on
the autoradiograph, four of which were previously identified as ribonucleotide triphosphates
(GTP, ATP, UTP, and CTP). When the cells were resuspended without amino acid
supplementation, a 19™ spot emerged on the chromatogram, which Cashel and Gallant referred to
as the “magic spot” (6). They showed that the WT strain, but not the RC™! strain, could form this
magic spot when starved for a single amino acid, leading them to hypothesize that the compound
at the magic spot was the product of the RC gene. They also found that the RC™! strain did not
undergo a downshift in RNA biosynthesis, as observed in the WT strain after starvation,
suggesting that this newly identified compound may be essential for the downregulation of
freshly formed RNA.

The following year, Cashel and Kalbacher identified one of these magic spot nucleotides
(MSI) as a tetra-phosphorylated guanosine with diphosphate groups on both the 5° and 3’
carbons, coining it ppGpp (8). They reasoned that the second magic spot nucleotide (MSII) was
pppGpp, collectively coined (p)ppGpp (Figure 1.1). It was later described that the ppGpp
molecule was made by adding a pyrophosphate group donated by an ATP molecule to the 3’
hydroxyl group of a GDP molecule (9). Haseltine and Block showed that the biosynthesis of
(p)ppGpp required a translating ribosome complex with an uncharged, codon-specific tRNA
stalled in the ribosome’s active site (10). This stalled complex was required for the “stringent
factor,” the enzyme responsible for producing (p)ppGpp, which is located at the E. coli RC™

locus, to initiate the conversion of GDP and GTP into ppGpp and pppGpp, respectively.
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Figure 1.1 Chemical structure of guanosine penta- and tetraphosphate, (p)ppGpp.
Line structure drawing of (p)ppGpp.

Rhaese et al. demonstrated that the accumulation of (p)ppGpp also occurs in Bacillus
subtilis, a spore-forming Gram-positive model organism (11). They showed that the formation of
(p)ppGpp is triggered by the stalling of protein synthesis, as confirmed by inhibiting protein
synthesis with chloramphenicol (12). Since (p)ppGpp accumulation was demonstrated in both F.
coli and B. subtilis, researchers now had two model organisms—one Gram-positive and one
Gram-negative—to study (p)ppGpp metabolism and its physiological effects. This expanded our
understanding of the bacterial stringent response, laying the foundation for a new field of
research into how these molecules impact microbes, both commensal and pathogenic.

1.2 (p)ppGpp metabolism

1.2.1 (p)ppGpp synthesis



(p)ppGpp synthesis is primarily mediated by the superfamily of proteins called long
RelA/SpoT homologue proteins (RSH) (13, 14). These enzymes feature a bifunctional N-
terminal domain (NTD) that includes both a hydrolase (HD) and synthetase (SYNTH) domain,
along with a regulatory C-terminal domain (CTD) that often contains a ThrRS, GTPase, SpoT
domain (TGS), and an aspartate kinase, chorismate mutase, and TyrA domain (ACT) (14)

(Figure 1.2).

NTD CTD
l ¥ 1

BsRel N ) SYNTH TGS m— c

EcRelA N HD SYNTH TGS m- c

EcSpoT N HD SYNTH TGS m— c

Figure 1.2 Domain architecture of RSH proteins.

Schematic depicting the typical RSH domain architecture of bifunctional B. subtilis Rel,
monofunctional E. coli RelA, and bifunctional E. coli SpoT, containing HD and SYNTH
domains in the NTD, and regulatory TGS and ACT domains in the CTD.

The most extensively characterized (p)ppGpp synthetases are E. coli monofunctional
synthetase RelA, which has a vestigial hydrolase domain (15), and B. subtilis bifunctional Rel
enzyme, which initiates (p)ppGpp synthesis during amino acid starvation in their respective
species. E. coli also contains a bifunctional RSH protein called SpoT, which produces a small
amount of (p)ppGpp (16). Phylogenetic analysis has shown that most 8- and y-Proteobacteria
possess both a monofunctional RelA and a bifunctional Rel/SpoT, indicating that an evolutionary
duplication event occurred. Conversely, other bacteria, such as Firmicutes like B. subtilis, have
only a single bifunctional Rel/SpoT (14).

These RSH proteins function as (p)ppGpp synthetases when deacylated tRNA enters the A

site of an actively translating ribosome, causing stalling and stopping protein synthesis at that
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site (10, 17). RSH proteins often serve as the primary (p)ppGpp hydrolases, and their synthetase
domains are typically in a closed or inactive state, acting as hydrolases unless they detect
starvation signals. Monofunctional RSH proteins are usually held in an inactivated conformation
until they detect starvation signals. RSH CTD RNA binding motifs interact with ribosomes to
regulate hydrolase and synthetase activity, as shown by structural studies (18). This switching
between hydrolase and synthetase is controlled by the CTD TGS and ACT motifs in RSH
enzymes, which bind to uncharged tRNAs and rRNA, inducing a conformational change that
switches the enzyme to the active, synthetase-on state (19-22). Once this signal is recognized,
the enzymes adopt the active synthetase form and begin converting cellular GTP and GDP into
pppGpp and ppGpp, respectively (Figure 1.3). Structural analysis identified the catalytic site of
these RSH proteins, revealing a conserved catalytic aspartic acid residue—Asp264 in B. subtilis

Rel, Asp275 in E. coli RelA, and Asp259 in E. coli SpoT (19).
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Figure 1.3. RSH HD to SYNTH switch regulated by CTD recognition of de-acylated
tRNA and ribosome.

RSH proteins function primarily as (p)ppGpp hydrolases, unless bound to an actively
translating ribosome with a deacylated tRNA entering the A-site of the ribosome,
triggering stalling and indicating amino acid starvation. This signal confers a
conformational change in RSH proteins, allowing the enzymes to become synthetase
active and start converting GTP and GDP into pppGpp and ppGpp, respectively.

This synthesis of (p)ppGpp has also been shown to be positively allosterically regulated by
(p)ppGpp itself, the very product that is produced by RSH proteins, leading to a commitment to a
stringent response during starvation conditions (23, 24). This allosteric activation can be initiated
by both pppGpp and ppGpp but has been found to generate higher enzymatic activity when
stimulated with pppGpp using E. coli RelA (24). The allosteric site was identified as a binding
pocket containing a conserved tyrosine residue essential for allosteric activation (24), specifically
Tyr200 in B. subtilis Rel and Tyr211 in E. coli RelA. Interestingly, E. coli SpoT does not display
this allosteric activation despite the conservation of the allosteric site (24). Allosteric activation
is crucial for full enzyme activity in vitro and for growth in minimal media in living bacteria,
suggesting that this mechanism evolved to coordinate the different Rel/RelA molecules within a

cell that would otherwise not interact (24).



While RSH proteins are the primary (p)ppGpp synthetases, there are also small alarmone
synthetases (SAS) that produce (p)ppGpp in specific species. These enzymes contain only a
SYNTH domain, excluding the CTD and HD domains. Different bacteria have these enzymes in
various combinations (25). E. coli has two RSH proteins, RelA and SpoT, while B. subtilis has
one RSH protein, Rel, and two SAS proteins, SasA and SasB (Figure 1.4). These SAS proteins
were identified through sequence analysis, and their (p)ppGpp synthetase activity was confirmed
both in vitro and in a rel4 deletion strain, which restored (p)ppGpp synthesis (26). While Rel
activity in B. subtilis is regulated by amino acid starvation, the regulation of SAS proteins has
been an ongoing area of research. SasA is upregulated in response to cell wall stress via the two-
component signaling system WalKR (27-29). SasB is expressed during exponential growth in
LB (26), but its activity is enhanced by allosteric activation with pppGpp and inhibited by pGpp
(30, 31). Interestingly, RelQ, a SasB homolog in Enterococcus faecalis, is allosterically inhibited

when mRNA is present, and this inhibition can be overcome by (p)ppGpp binding (32).
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Figure 1.4 Schematic of B. subtilis (p)ppGpp synthetases.

B. subtilis contains three identified (p)ppGpp synthetases, one RSH enzyme, Rel, and two

SAS enzymes, SasA and SasB. SasA is upregulated in response to cell wall stress. SasB

is regulated transcriptionally and allosterically.
1.2.2  (p)ppGpp hydrolysis

The main hydrolases of (p)ppGpp in bacteria are the RSH family enzymes (14—16). As

mentioned earlier, B. subtilis Rel and E. coli SpoT are bifunctional, containing active SYNTH
and HD domains, enabling them to degrade (p)ppGpp from cells back to GDP and free
pyrophosphates. However, E. coli RelA has a nonfunctional HD domain, acting only as a
(p)ppGpp synthetase.

The primary conformation of bifunctional RSH proteins is the hydrolase state unless

otherwise triggered by amino acid starvation (14). This RSH enzyme activity may support a low
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basal level of cellular (p)ppGpp, which is essential for cell maintenance. This low, basal level of
(p)ppGpp homeostasis is thought to be crucial for maintaining cell shape (33, 34), energy levels
after exponential growth (34), stability of rRNAs (35), growth rate and DNA synthesis (35, 36),
and amino acid biosynthesis (16, 37).

While RSH enzymes are the primary (p)ppGpp hydrolases, there are some reports of
secondary (p)ppGpp hydrolases, mainly small alarmone hydrolases (SAH) and B. subtilis NahA.
SAHs are duplications of the hydrolase domain in the genome that break down (p)ppGpp into
GDP and free pyrophosphates (14). These SAH enzymes are rare but have been found in certain
bacteria and even in the mitochondria of some eukaryotes ((14), Table 1). Recent research on the
B. subtilis Nudix-hydrolase enzyme (NahA) has shown that this enzyme helps degrade and
prevent the overaccumulation of (p)ppGpp in B. subtilis by converting (p)ppGpp into the smaller
alarmone, pGpp (38, 39). However, because NahA hydrolyzes (p)ppGpp into pGpp, it is not
considered a true (p)ppGpp hydrolase and may serve other roles, such as removing a
pyrophosphate from the 5’ end of mRNA (40). This hydrolysis activity will be discussed in more
detail in section 1.2.3.

1.2.3 Crosstalk with other signaling molecules

(p)ppGpp is among the many signaling molecules that bacteria produce in response to
stimuli. For example, cyclic AMP (cAMP), a signaling nucleotide in eukaryotes, was first
discovered in E. coli and shown to be involved in stress signaling triggered by glucose depletion
(41). Other crucial bacterial signaling nucleotides include cyclic-di-GMP (42), cyclic-di-AMP
(43), AppppA (44), and the small alarmone pGpp (38). While each has a wide range of specific

trigger stimuli and regulatory mechanisms, there are some similarities and overlaps in their



metabolisms and downstream signaling, particularly in crosstalk with (p)ppGpp and among
themselves (45).

c-di-GMP is produced from two GTP molecules by diguanylate cyclase (DGC) (46) and
broken down by c-di-GMP-specific phosphodiesterases (PDEs) into pGpG (47). The synthesis of
c-di-GMP is believed to be triggered by various environmental signals, including oxygen stress
(48), nutrient starvation (49), and antibiotics (50). c-di-GMP interacts with several effector
proteins, such as those involved in cell replication, cellulose production, motility, and
extracellular polymeric substance (EPS) synthesis (51). Additionally, this molecule influences
gene expression by binding sigma factors and RNA elements called riboswitches (51). Its overall
role is to regulate bacterial life cycles, switching between planktonic and biofilm states (51). A
study in Caulobacter crescentus demonstrated that the small molecule binding protein SmbA
binds both c-di-GMP and (p)ppGpp, with each binding producing opposing effects (52). When
(p)ppGpp binds to SmbA, it activates the protein, leading to increased growth on glucose and
enhanced reactive oxygen species (ROS) quenching in response to redox stress (Figure 1.5A).
Conversely, when c-di-GMP binds to SmbA, it inhibits the protein, triggering a metabolic switch

that suppresses growth on glucose.
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Figure 1.5 Crosstalk between (p)ppGpp and other signaling nucleotides.

A) (p)ppGpp inhibits c-di-GMP binding of effector protein SmbA in Caulobacter
crescentus by competitively binding, affecting downstream c-di-GMP regulatory
processes. B) (p)ppGpp inhibits c-di-AMP degradation by binding PDE in B. subtilis and
S. aureus. c-di-AMP binding protein CbpB in Listeria monocytogenes and DarB in B.
subtilis stimulate (p)ppGpp production when in apo form, leading to a regulatory
feedback mechanism of crosstalk between c-di-AMP and (p)ppGpp. C) NahA processes
(p)ppGpp to pGpp in B. subtilis. pGpp then inhibits (p)ppGpp synthetase SasB activity
through allosteric competitive inhibition, introducing a negative feedback mechanism.

Bacteria also use c-di-AMP signaling, often referred to as the "essential poison" in
literature (53). c-di-AMP is produced from two ATP molecules by diadenylate cyclase (DAC)
and is broken down by c-di-AMP-specific PDEs into pApA (54-57). This molecule is vital for
managing osmotic stress, surviving acid stress, protecting DNA, and resisting antibiotics (57). Its
targets include potassium (K*) and osmolyte transporters (58) as well as proteins that maintain
DNA integrity (43). Crosstalk between c-di-AMP and (p)ppGpp occurs through mechanisms
such as allosteric regulation or direct inhibition of enzymes involved in nucleotide metabolism.
In B. subtilis (59) and S. aureus (60), (p)ppGpp binds to c-di-AMP PDE, preventing its

breakdown and raising c-di-AMP levels. Notably, c-di-AMP can also inhibit Rel activation
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through the c-di-AMP binding protein CbpB in Listeria monocytogenes (61) and the homolog
DarB in B. subtilis (62). When CbpB/DarB are in their apo form, they bind to Rel to promote
(p)ppGpp synthesis, even without a stalled ribosome. When c-di-AMP binds to CbpB/DarB, this
complex cannot form, resulting in no (p)ppGpp production. This creates a feedback loop
between c-di-AMP and (p)ppGpp (Figure 1.5B).

pGpp is a smaller alarmone signaling nucleotide, previously thought to be another form of
(p)ppGpp. However, recent studies show it has distinct functions and should be considered a
separate pathway (38, 39). This smaller alarmone nucleotide can be produced by the same
enzymes that generate (p)ppGpp themselves, such as Rel (63) and SAS (64) enzymes. pGpp
regulates a small subset of (p)ppGpp targets in B. subtilis (38), and it also controls (p)ppGpp
production. The Wang Lab found that when SasA was expressed in an otherwise (p)ppGpp°
background, pGpp accumulated (39). However, this buildup did not occur when cells lacked
NahA due to a AnahA mutation. This led to the discovery that NahA is a pyrophosphohydrolase
that converts (p)ppGpp to pGpp by releasing pyrophosphate or phosphate groups (38). pGpp has
also been shown to inhibit B. subtilis ppGpp synthetase SasB activity by competitively binding
to an allosteric site, which is stimulated by pppGpp binding (31). This creates a negative
feedback loop to prevent (p)ppGpp overaccumulation (Figure 1.5C).
1.3 Physiological significance of (p)ppGpp signaling
1.3.1 Translation

One of the main effects of (p)ppGpp signaling is growth arrest. In part, this occurs because
(p)ppGpp inhibits bacterial translation. In bacteria, translation happens in four main steps:
initiation, elongation, termination, and ribosome recycling (65-67). These steps are facilitated by

GTPases, including initiation factor 2 (IF2), elongation factor G (EF-G), EF-Tu, and Hf1X.
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(p)ppGpp targets several of these GTPases to regulate translation by competitively inhibiting
them.

Initiation of protein synthesis involves assembling the large (50S) and small (30S)
ribosomal subunits with mRNA, initiating tRNA (fMet-tRNA™¢) and initiation factors to start
new polypeptide production. One of these initiation factors, IF2, was identified as a (p)ppGpp-
binding protein and metabolic sensor (68—70). Diez et al. confirmed that IF2 binds to (p)ppGpp
in B. subtilis using Differential Radial Capillary (DRACaLA) binding assays (71). The binding
of (p)ppGpp to IF2 inhibits ribosomal assembly in vitro, as shown by fluorescence resonance
energy transfer (FRET). Additionally, (p)ppGpp binding to IF2 prevents recognition of fMet-
tRNAMet (69, 70). (p)ppGpp also interacts with the ribosome assembly GTPase ObgE in E. coli
(72), further extending the influence of (p)ppGpp on translation initiation.

EF-Tu facilitates translation elongation in complex with GTP and aminoacyl-tRNA (aa-
tRNA), which delivers aa-tRNA to the A-site to enable transpeptidation and ongoing polypeptide
synthesis (73). After EF-Tu hydrolyzes GTP during delivery, it becomes free to repeat the
process until termination (74). EF-G coordinates the translocation of tRNA and mRNA from the
A- to P-site and P- to E-site, driven by GTP hydrolysis (75). Both EF-Tu and EF-G have long
been recognized as targets of (p)ppGpp inhibition (76-79).

Ribosome recycling is a vital process for maintaining cell function and preserving energy
(80). HfIX is a ribosomal recycling factor recently identified in E. coli (81). HfIX operates by
dissociating 70S ribosomes and then remaining bound to the 50S subunit, before detaching from
it upon GTP hydrolysis (82). (p)ppGpp was shown to bind HfIX in both E. coli (83) and S.
aureus (84). Although the exact mechanism remains unclear, (p)ppGpp is thought to inhibit

ribosome recycling, which slows protein synthesis and contributes to growth arrest (67).
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Figure 1.6 (p)ppGpp signaling affects numerous bacterial physiologies.

(p)ppGpp has been shown to inhibit translation, DNA replication, and purine biosynthesis
in various bacterial species. (p)ppGpp has been shown to upregulate amino acid
biosynthetic pathways and those involved in pathogenesis, and to increase antibiotic
tolerance. (p)ppGpp has been shown to play a role in upregulation of specific genes and
downregulation of others via various mechanisms across bacterial species.

1.3.2 Transcription

Amino acid starvation leads to a widespread reduction in stable RNA synthesis (1). In E.
coli, (p)ppGpp regulates transcription by directly binding to the RNA polymerase (RNAP)
machinery (85), initiating a response through the transcriptional regulator DksA (86—89). DksA,
a transcriptional regulator that is constantly expressed, interacts with RNAP, and both DksA and
(p)ppGpp bind simultaneously to RNAP to control specific promoters. When (p)ppGpp and
DksA bind to RNAP, the expression of genes for flagella, ribosomal proteins, and fatty acid
synthesis is suppressed, while genes involved in amino acid biosynthesis are activated (90-92).

This regulatory response enables the cell to prepare for environments with limited nutrients by
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downregulating genes associated with rapid growth and upregulating those involved in stress
response.

Potrykus et al. demonstrated that ribosomal RNA (rRNA) content is regulated by (p)ppGpp
and that the coupling of growth rate to rRNA content is lost in an E. coli mutant lacking
(p)ppGpp synthesis (35). (p)ppGpp, DksA, and RNAP work together to conserve energy by
downregulating ribosome biogenesis during amino acid starvation, with these promoter regions
typically being GC-rich and targeted for downregulation through sequence recognition by RNAP
(93-95). While (p)ppGpp signaling downregulates rRNA, amino acid biosynthetic pathways are
upregulated because they contain AT-rich promoter regions. In B. subtilis, however, (p)ppGpp
does not directly bind RNAP, nor does it have a DksA homolog. The decreased GTP pools
resulting from increased (p)ppGpp signaling (37) regulate transcriptional changes since G-start
transcripts are not highly transcribed when GTP levels fall (96). rRNA-initiating nucleotides in
B. subtilis are mostly GTP, which requires high levels of the nucleotide to initiate ribosome
biogenesis.

(p)ppGpp-dependent transcriptional changes in B. subtilis are mainly mediated indirectly
through the GTP-binding regulator CodY (97). CodY is a transcriptional repressor—although in
some cases it has been shown to act as an activator—of hundreds of B. subtilis genes, including
those involved in sporulation, competence, flagellar function, amino acid and sugar transporters,
and amino acid biosynthetic operons (98—101). When GTP binds to CodY, it acts as a repressor
of the genes downstream of the DNA-binding site. (p)ppGpp levels inhibit GTP synthesis (37),
causing apo CodY to no longer bind to the DNA upstream of these genes, which allows
transcription to proceed. (p)ppGpp modulates transcription by inhibiting translation, leading to a

decrease in response regulator levels (102). When (p)ppGpp levels are high, protein synthesis
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rates decline, transcriptional repressor levels decrease, and the transcription of genes within the
repressor’s regulon increases.
1.3.3 DNA synthesis and genome maintenance

(p)ppGpp coordinates the transition from high growth to the stationary phase by targeting
central dogma processes in bacteria, as discussed in previous sections. In bacteria, these
processes are closely linked and occur simultaneously. While a transcript is being synthesized
from DNA, it is actively translated by polysome complexes of ribosomes. Similarly, DNA
replication and transcription are tightly coupled, as they occur on the same template
simultaneously. Maintaining genome integrity during replication is essential for keeping these
processes closely linked and ensuring bacterial survival. (p)ppGpp has been shown to support
this maintenance in model organisms like E. coli and B. subtilis (25).

In E. coli, (p)ppGpp has been shown to inhibit replication initiation (103, 104) and block
DNA replication elongation in B. subtilis (104, 105). DNA replication is usually measured by the
ratio of the abundance of ori, the origin of replication, to the abundance of DNA in the
termination region, ter, often expressed as the ori/ter ratio. Fernandez-Coll et al. found that
ori/ter ratios are high during exponential growth and decrease as growth rates slow, and this
regulation occurs in a (p)ppGpp-dependent manner in E. coli (36). They demonstrated that
(p)ppGpp targets the expression of DNA gyrase machinery, slowing replication initiation by
altering supercoiling at the origin of replication. Wang et al. demonstrated that in B. subtilis,
DNA primase is the primary target of (p)ppGpp inhibition, and that initiation of replication is not
affected by increased (p)ppGpp levels (105).

(p)ppGpp also plays a key role in DNA repair (106—110), often through its interaction with

transcription machinery (111, 112). Weaver ef al. suggested a mechanism for this regulation in
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E. coli based on structural insights (113). RNAP has an additional (p)ppGpp binding site during
elongation rather than initiation, and binding of (p)ppGpp to this site encourages DNA repair in
response to stress and genotoxin exposure by promoting RNAP backtracking. This also provides
a new perspective on previous findings that (p)ppGpp induces DNA repair by causing
transcriptional pausing (114, 115). Overall, these fundamental processes of the central dogma are
carefully managed by (p)ppGpp signaling to slow growth during nutritional stress, safeguard
genome integrity, and enable cells to reprogram for environments with fewer nutrients.
1.3.4 Purine and amino acid biosynthesis

Guanosine nucleotide metabolism, especially GTP and GDP, is closely linked to amino
acid starvation (37). This link is crucial for conserving energy and responding to nutrient
shortages. When cells detect amino acid starvation, they must adapt by producing the amino
acids needed for cellular maintenance and growth. This shift redirects metabolism from purine
synthesis to amino acid production and is controlled through (p)ppGpp signaling mechanisms.

A key response to amino acid starvation is increased amino acid synthesis from the carbon
and nitrogen sources available in the cell. An inability to produce amino acids is called amino
acid auxotrophy. Bacteria that cannot make (p)ppGpp due to mutations in (p)ppGpp synthetase
genes are known as (p)ppGpp°. There is increased amino acid auxotrophy in (p)ppGpp® bacteria,
especially in branched-chain amino acid biosynthetic pathways, as reported across different
bacterial species (16, 37, 88, 101, 116-118).

(p)ppGpp signaling downregulates purine biosynthetic pathways by directly inhibiting
metabolic enzymes and altering the expression of genes involved in purine biosynthesis.
(p)ppGpp® has been shown to cause GTP dysregulation, leading to toxic overaccumulation of the

nucleotide (37, 118). In E. coli, (p)ppGpp signaling targets the GTPases Hpt, Gpt, PurF, and Gsk
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to lower GTP production through competitive inhibition (118). In B. subtilis, the GTPases Hpt,
Gpt, and Gsk are also targeted by (p)ppGpp (37). Additionally, the 12-gene pur operon
responsible for converting phosphoribosyl pyrophosphate (PRPP) into the purines ATP and GTP
in B. subtilis is anti-induced by (p)ppGpp binding to PurR, the repressor of the pur operon (119).
1.3.5 Pathogenesis and virulence

During infection and host colonization, bacteria encounter stresses such as low pH,
temperature fluctuations, hypoxia, and oxidative stress, all of which (p)ppGpp helps mediate in
stress response. For example, some gut microbes rely on (p)ppGpp signaling within the gut
during fasting and feeding periods (120). Additionally, certain virulence factors may be
expressed differently depending on whether (p)ppGpp signaling is present or absent. (p)ppGpp
has been identified as a key molecule for the pathogenesis and virulence of specific bacterial
pathogens during human infections (121).

One such pathogen that requires a complete stringent response for successful host infection
is Staphylococcus aureus, which has become increasingly important as methicillin-resistant .
aureus (MRSA) cases rise in hospitals. Clinical isolates have been identified that are defective in
(p)ppGpp hydrolysis, leading to increased colonization during nutrient stress (122). (p)ppGpp is
also necessary for the upregulation of virulence factors in S. aureus (123). In Streptococcus
pneumoniae, one of the most common human pathogens, (p)ppGpp plays a critical role in
modulating translation during a mouse infection model, as well as in gene expression required
for producing pneumolysin toxin (124). Mycobacterium tuberculosis, the pathogen responsible
for tuberculosis in humans, shows decreased pathogenicity and virulence in re/ mutant strains
during guinea pig infection (125). Pseudomonas aeruginosa, the pathogen involved in most

cystic fibrosis-related fatalities, displays decreased cytotoxicity in human lung cell lines and
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reduced inflammatory cell infiltration in a mouse infection model when mutated to (p)ppGpp®,
indicating that (p)ppGpp signaling is essential during infection (126).
1.3.6 Antibiotic tolerance and resistance

Antibiotics generally target bacteria by blocking essential macromolecular synthesis, such
as DNA, RNA, or proteins. Since (p)ppGpp inhibits these key processes, a well-known
association exists between (p)ppGpp and antibiotic resistance and tolerance. For this thesis,
resistance is defined as a higher minimal inhibitory concentration (MIC) caused by the genetic
presence of a resistance factor, while tolerance is defined as the ability to survive brief exposure
to lethal antibiotic levels without an increase in MIC (127).

In MRSA, the link between methicillin resistance and the stringent response has been
widely examined. Methicillin resistance results from the mecA gene, which encodes a penicillin-
binding protein (PBP) with very low affinity for methicillin and other B-lactam antibiotics (128).
Researchers found that when amino acid starvation was induced and cells were treated with
methicillin, MRSA showed resistance to oxacillin due to increased expression of mecA4 and other
PBP genes (129). In B. subtilis, resistance is lost in (p)ppGpp? cells treated with antibiotics
tiamulin, lincomycin, and iboxamycin (130).

In S. aureus, acute amino acid starvation leads to increased tolerance to vancomycin (131).
A clinical isolate of Enterococcus faecium with a constitutively active Rel enzyme showed
higher multi-antibiotic tolerance and vancomycin resistance (132). S. aureus clinical isolates
have also been found with mutations in rel, resulting in a hyperactive SYNTH domain, which
provides multidrug tolerance (133). Furthermore, researchers have shown decreased tolerance

when (p)ppGpp synthetases are mutated to become inactive or are blocked by small molecules in
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Enterococcus faecalis (134), Staphylococcus aureus (135), Clostridium difficile (136), and
Bacillus subtilis (137).
1.3.7 Single-cell heterogeneity in (p)ppGpp

Since (p)ppGpp plays a key role in downregulating many energy-consuming processes and
upregulating stress response genes and pathways, understanding how (p)ppGpp levels vary
within a population and how this variation affects bacterial physiology is crucial. Until recently,
existing methods for (p)ppGpp detection, discussed in more detail in 1.4, were not suitable for
assessing heterogeneity in (p)ppGpp levels within a population, creating a gap in knowledge.
However, studies can suggest that (p)ppGpp varies among a population even if they cannot
measure (p)ppGpp levels directly.

Libby et al. examined how specific cell wall stresses can lead to increased SAS expression
in B. subtilis and found that a small population, less than 1%, had very high sasA expression
(29). Using a fluorescent reporter, they sorted cells with high sasA4 expression through
Fluorescence-Activated Cell Sorting (FACS) and treated them with ciprofloxacin. These cells
showed increased tolerance to ciprofloxacin, suggesting that a small subpopulation might have
higher synthetase levels and, therefore, more (p)ppGpp, which boosts tolerance. Diez ef al.
demonstrated that (p)ppGpp could influence protein synthesis heterogeneity in B. subtilis by
using a fluorescent protein synthesis marker, O-propargyl puromycin (OPP) labeling. They
observed a bimodal population with cells showing little to no protein synthesis and others with
moderate to high synthesis during the late transition phase (71). This bimodal distribution
resulted from epistatic interactions between sasA4 and sasB, indicating that finely tuned

regulation of (p)ppGpp metabolism produces a heterogeneous and bimodal population (31).
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Variation in (p)ppGpp levels among individual cells in E. coli has long been thought to
contribute to differential antibiotic tolerance (138).

Could heterogeneity in (p)ppGpp levels contribute to the formation of different
subpopulations, each with distinct characteristics? Although current technologies do not yet
allow us to answer this question, some (p)ppGpp-dependent genes could be regulated differently
in a population with single-cell heterogeneity in (p)ppGpp levels. For example, sporulation
pathways might be activated in a subpopulation of cells with higher (p)ppGpp (139), leading to a
group of cells that eventually become sporulating. This heterogeneity, resulting in a
subpopulation with lower activity, has prompted research into what are known as “persister”
cells—cells that exhibit increased antibiotic tolerance and cause persistent infections (140).
While the role of (p)ppGpp in persister cell formation remains highly debated and contested
(141-145), heterogeneity in this small signaling molecule could potentially influence their
development.

1.4 Current methods of (p)ppGpp detection
1.4.1 Radiolabeling and thin-layer chromatography (TLC)

The earliest method for detecting (p)ppGpp dates back to the discovery of (p)ppGpp itself.
Cashel and Gallant identified the magic spots using thin-layer chromatography (TLC) pulsed
with radioactive isotope *’P-phosphate (6), employing nucleotide separation methods described
only a few years earlier by Randerath and Randerath (146). These methods allowed for the
distinct separation of nucleotides by running the TLC in two dimensions. Since then, methods
have been modified to enable separation and analysis in one dimension (147). When running in

one dimension, conditions must be optimized to ensure separation between similar nucleotides.
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For example, pGpp and GTP may migrate similarly on the TLC unless buffer conditions are
adjusted to improve this separation.

Briefly, bacteria are fed with 32P-phosphate-supplemented media, and nucleotides are
harvested from the bacteria, usually through lysis and buffer reconstitution. The lysates are then
run on TLC. TLC methods are also used to quantify (p)ppGpp production in vitro from
biochemical assays, typically by isolating nucleotides from enzymes and quenching reactions
with acetone. To visualize the TLC results from bacterial harvests and in vitro assays,
researchers employ phosphor imaging screens, which often include quantification features in the
software. TLC plates from pure in vitro assays can also be visualized simply with UV light.
1.4.2 High-performance liquid chromatography and mass spectrometry (HPLC-MS)

A powerful technique for analyzing and quantifying nucleotides from bacterial cultures is
high-performance liquid chromatography (HPLC) combined with mass spectrometry (MS), often
referred to as HPLC-MS. One initial challenge was that two different HPLC methods provided
different advantages and costs: small-anion exchange (SAX) HPLC and ion-pair reverse-phase
(IPRP) HPLC (148). Varik et al. optimized a combination of these two methods to enable the
analysis, separation, and measurement of nucleotides (149). The technique was further improved
when combined with HPLC-MS, using columns that offer even higher resolution, as shown by
Zbornikova et al. (150).

A brief description of the experimental protocol involves growing a culture to the desired
density or under specific conditions, followed by concentrating the cells on a cellulose acetate
filter. The filter is then washed with lysis buffer containing an internal standard, lyophilized, and
resuspended in water. The samples can be subsequently separated, validated, and quantified

using HPLC-MS.
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This method offers improved separation techniques but requires a more complex
biochemical setup than is typically available in most bacteriology labs. It can also be relatively
insensitive for (p)ppGpp detection, needing large culture volumes to reach detection limits or
relying on amino acid starvation to produce high levels of nucleotides in smaller volumes.
1.4.3 A gap in our understanding

These two methods, described in 1.4.1 and 1.4.2, are the most reliable ways to detect
(p)ppGpp in a culture. Each method has its own advantages and disadvantages. TLC is accessible
but relies on radioactivity for sensitive detection. HPLC-MS provides better separation of
nucleotides, but its readings are less sensitive.

Both methods tend to rely on artificial induction of the stringent response rather than
measuring natural (p)ppGpp levels. Techniques for inducing the stringent response include
amino acid starvation (118), blocking aminoacyl-tRNA charging with the isoleucyl-tRNA
synthetase inhibitor mupirocin (151), and isoleucyl starvation caused by excessive valine, as
shown by Cashel and Gallant (6). This causes a rapid, nonphysiological spike in (p)ppGpp
compared to levels during normal growth (149). Not only does it produce a sharp increase in
(p)ppGpp, but it also depletes other nucleotides, quickly exhausting the key building blocks of
RNA (149). Additionally, culturing bacteria in low-phosphate media supplemented with 32P-
phosphate can induce osmotic stress and phosphorus starvation.

Dynamic sampling is difficult when measuring (p)ppGpp with HPLC-MS or TLC. The
environment of a growing culture is constantly changing, and at any moment, cells might
encounter a challenge that causes a spike in (p)ppGpp production.

Lastly, both methods provide useful information and can offer a quantitative measurement

of (p)ppGpp detection, but that value represents the entire culture from which it is sampled.
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Given the implications of heterogeneity on (p)ppGpp levels and its downstream effects, it would
be highly valuable to gain single-cell insights into the variability of (p)ppGpp levels within a
population. Overall, these limitations of the two methods reveal a gap in our understanding of the
technology, preventing a full comprehension of the dynamic, biological, and variable nature of
(p)ppGpp signaling.
1.5 Riboswitches
1.5.1 A primordial mode of gene regulation

Riboswitches are structured elements of noncoding RNA that bind metabolic ligands and
regulate the expression of downstream genes in bacteria (152). The Breaker group identified a 5°
untranslated sequence of mRNA in the E. coli btuB gene that can bind coenzyme B2 without
protein assistance to regulate bfuB expression, leading to the first discovery of a riboswitch
(153). A riboswitch is typically located in the 5’ untranslated region (UTR) of an mRNA,
forming at least one ligand-binding aptamer domain that determines the expression platform.
This platform contains an anti-terminator and a terminator that take different conformations
depending on whether the ligand is present or absent. Alternative folding of the expression
platform, driven by ligand binding to the aptamer, is used to regulate transcription, translation, or
other gene expression processes (154, 155). Riboswitches are considered one of the oldest gene
regulation mechanisms, existing in ancient organisms before the evolution and emergence of
proteins (156—158).

Since their discovery in 2002, and with the help of improved bioinformatic analysis, the
number of identified riboswitches has increased rapidly. Over 55 riboswitch classes, each
defined by unique ligands, have been identified (159). Riboswitch experts believe that even more

riboswitch classes are hidden within bacterial and eukaryotic genomes, waiting to be discovered
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(160). Riboswitches are classified by the natural ligand they bind, and their type and subtype are
based on differences in aptamer structure related to the same ligand (152). Some known
riboswitch classes bind S-adenosyl methionine (SAM), Mn?*, PRPP, ¢-di-GMP, and c-di-AMP,
and these ligands often control the expression of metabolic pathways involved in ligand use or
metabolism (159). Riboswitch gene regulation offers a valuable tool for researchers to easily
detect ligand availability in vivo by placing these RNAs upstream of reporter genes, such as
fluorescent proteins and B-galactosidase (161-163).

1.5.2 ykkC riboswitches

One of the most diverse groups of riboswitches is the ykkC class (164). Different ykkC
riboswitch subclasses bind PRPP (165), guanidine (166), (deoxy)cytidine or adenosine
diphosphate ((d)CDP/ADP) (167), and (p)ppGpp (168), which will be explained in more detail in
1.5.3. These subclasses share high sequence and structural similarity, making them difficult to
distinguish and dependent on the genetic context.

The primary subtype of ykkC riboswitches, subtype 1, is guanidine-binding (166).
However, during the initial study of these riboswitches, researchers found that certain ykkC motif
RNAs (subtype 2) had specific mutations at nucleotide positions within the ligand-binding
pocket, which were confirmed by structural studies (169). This subtype 2 classification can be
further divided into 2a through 2d, based on the ligand it binds (164).

1.5.3 Discovery of (p)ppGpp binding riboswitches

When further characterizing ykkC subtype 2a riboswitches, Sherlock ef al. noted that these

riboswitches do not bind guanidine, unlike subtype 1, and are often located upstream of

branched-chain amino acid (BCAA) biosynthetic genes (168). Because of this genetic context,
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(p)ppGpp became a candidate ligand. After extensive bioinformatic analysis and in vitro testing,
the first class of (p)ppGpp-binding riboswitches was discovered and validated (Figure 1.7A, B).
Sherlock et al. investigated a putative (p)ppGpp riboswitch in the Desulfitobacterium
hafniense genome upstream of the i/vE operon ((168), Fig. 4). They reconstituted this riboswitch

into an in vitro expression system. They monitored transcription in the presence of various
concentrations of ppGpp. They found that when there was little to no ppGpp, the predominant
transcript formed was a truncated transcript, likely due to termination. However, when the
ppGpp concentration was high, the primary transcript was the full-length product (Figure 1.7C).
From this, the researchers concluded that the D. hafniense ilvE riboswitch functions as a
transcriptional terminator when ppGpp is not bound, allowing transcription to continue when the

ligand is bound.
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Figure 1.7 Discovery of a new class of (p)ppGpp binding riboswitches.

A) Consensus sequence of ykkC subtype 2a (p)ppGpp binding riboswitches, adapted from
Sherlock et al. (2018). B) Genes predicted to be regulated by (p)ppGpp riboswitches,
adapted from Sherlock et al. (2018). C) (p)ppGpp binding allows for downstream D.
hafniense ilvE gene transcription, while little to no (p)ppGpp binding results in premature
transcription termination.

Jagodnik et al. further examined these (p)ppGpp riboswitches and explored how they bind

differently to pppGpp and ppGpp (170). In this study, they identified (p)ppGpp riboswitches that
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attach to the penta- or tetraphosphate molecule in various ways. For example, the Clostridiales
bacterium natA aptamer prefers pppGpp about 10 times more than ppGpp, while the Oxobacter
pfennigii livK aptamer favors ppGpp roughly 6 times more than pppGpp. The D. hafniense ilvE
riboswitch binds strongly to both pppGpp and ppGpp.

Taken together, these findings demonstrate the potential use of the D. hafniense ilvE
riboswitch for research in (p)ppGpp detection. Hypothetically, there is no downstream reporter
gene expression at low cellular (p)ppGpp levels, while reporter expression occurs when
(p)ppGpp levels are elevated. Using this regulatory unit upstream of a reporter gene offers a new
solution to the long-standing challenge of detecting (p)ppGpp. Other researchers are already
exploring this approach (171). A riboswitch-based (p)ppGpp detection system allows for the
rapid, sensitive, and comprehensive detection of the alarmone at both single-cell and population
levels under natural growth conditions—without triggering a complete stringent response
through acute starvation methods. This riboswitch-based (p)ppGpp detection method is the
primary focus of this thesis. It will be further characterized, validated, and used in the upcoming
chapters.

1.6 Scope of this thesis

In this thesis, I present a novel solution for detecting (p)ppGpp in bacteria and utilize this
tool to characterize (p)ppGpp metabolism, triggers, heterogeneity, and physiological effects. I
describe the development of an inducible luminescent (p)ppGpp reporter, RsFluc, in B. subtilis. 1
then detail RsFluc validation and characterization, both in vitro and in vivo. I utilize RsFluc to
examine (p)ppGpp metabolism through mutations affecting synthetase catalysis and allosteric
activation. I analyze RsFluc activity in response to environmental conditions and correlate the

signal with growth arrest and reduced protein synthesis. I introduce a single-cell fluorescent

28



(p)ppGpp reporter, RsGFP, in B. subtilis, and use it to conclude heterogeneity in (p)ppGpp levels
and how variation at the single-cell level relates to specific physiologies. I measure RsGFP
fluorescence throughout growth and discuss how environmental factors contribute to
heterogeneity and signal differences between exponential and transition phases. I investigate
heterogeneity in bacterial transcriptomes at high (p)ppGpp levels and correlate (p)ppGpp with a
subpopulation identified via single-cell RNA sequencing (scRNA-seq). I explore the links
between heterogeneity in (p)ppGpp and bacterial growth, as well as antibiotic tolerance. I also
describe collaborative efforts to develop a method that labels cells for protein synthesis via OPP
incorporation while providing their transcriptomic profile. I introduce a methodology for gaining
transcriptomic insights in conjunction with protein synthesis measurements. I validate this
method by analyzing a regulon identified within a high-protein synthesis cluster. Finally, I

summarize and discuss these findings, suggesting future research directions to expand this work.
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Chapter 2

2 Development of a novel luminescent in vivo (p)ppGpp reporter in B. subtilis

This chapter has been adapted from Hydorn ef al. 2025 (172).
2.1 Design of an inducible, luminescent (p)ppGpp reporter

In designing a (p)ppGpp reporter for use in living B. subtilis, | aimed for a tool that is
accessible for researchers, tunable to optimize different conditions, and dynamic—providing
real-time measurement of fluctuations in (p)ppGpp levels throughout growth. A previously
published reporter gene with demonstrated dynamic readout is firefly luciferase (139). Mirouze
et al. demonstrated that when fused downstream of promoter sequences, firefly luciferase
provides a novel reporter system with enhanced temporal dynamics, accurately reflecting
changes in transcription during growth. For adjusting expression levels, I chose the IPTG-
inducible promoter, Pyyperspank, because it allows tunability between conditions to optimize the
signal-to-noise ratio of a luminescent reporter. I inserted a sequence corresponding to the
(p)ppGpp-sensitive riboswitch from the promoter of Desulfitobacterium hafniense ilvE (168)
between an inducible promoter (Ppyperspank) and the luc gene encoding firefly luciferase (RsFluc;
Figure 2.1). This construct was integrated at the sacA locus, and luminescence measurements
were performed during growth in S7/glucose defined medium supplemented with casamino acids

(S7T+CAA), unless otherwise specified, using a microplate reader.
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ilvE riboswitch

Phvspank i ’
I—Sg pa_sp firefly luciferase

B
Phyperspank lacO Hindll D. hafniense ilvE riboswitch
TTGACTTTATCTACAAGGTGTGGCATAATGTGTGTAATTGTGAGCGGATAACAATTAAGCTTAGT TATAAATGAAAG! GTATTATAACAGCAGGAAGT
+
GTACCTAGGGTTCCGGGAGCTGCTCCGTCTGGTCCGAGCGGTACAAAATCCAGAGCATGGATTTACACCGTGGGCAGAAAATACCCGAGCGGAAAGTTCC
anti-terminator
Firefly luciferase
BamHI RBS
TCGAGAGGGTAGGAACACCGCTCGGTTTTCTATAATATTCAGAGGATCCCCAGCTGCGCAA. AAAGTCACATT 5G. B 5
terminator

Figure 2.1 Luminescent (p)ppGpp reporter design in B. subtilis.

A) Schematic of the (p)ppGpp reporter RsFluc depicting the inducible promoter Phyperspank
fused to the (p)ppGpp-sensitive riboswitch of D. hafniense ilvE followed by the gene
encoding firefly luciferase. B) Shown is the Phyperspank promoter sequence (red), the lac
operator binding sequence (blue), and the D. hafniense ilvE riboswitch gBlock sequence
(green), with anti-terminator and terminator sequences bolded and underlined, and the
M9 and M 11 mutations from Sherlock et al. 2018 annotated. In gray, the Shine-Dalgarno
ribosome binding sequence (RBS). In orange, the 5’ end of the firefly luciferase gene.
Restriction enzymes HindIII and BamHI sites are bolded.

Raw luminescence readings were normalized to ODsoo (RLU/OD) (Figure 2.2, blue). I
observed two waves of luminescence: one immediately after the start of growth and a second,
larger one during the early transition phase, near the point when the growth rate slows down.
Although the timing and size of the second wave (~220 min) were consistent across many
biological replicates, the first wave was significantly more variable, possibly due to the
proximity to the culture dilution performed at the experiment's start. Both waves depended on the

presence of the riboswitch in the reporter construct, as a reporter (RsFluc®) lacking the

intervening riboswitch sequence showed significantly reduced luminescence (Figure 2.3A). The
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remaining response suggests that (p)ppGpp might also stimulate transcription initiation from

Phyperspank-
— RsFluc
RsFlucmut 4
0
6000 - — RsFluc (p)ppGpp

— 0.1

RLU/OD
00940

—0.01

T T
240 360 480

Time (mins)

T
0 120

Figure 2.2 RsFluc (p)ppGpp reporter luminescence throughout growth.
Luminescence (RLU/ODeoo) of RsFluc (blue; JDB4496) and mutant RsFluc™" (green;
JDB4631) in wildtype backgrounds and RsFluc in a Arel4AAsasAAsasB background (red,
JDB4512). Growth (OD600) of RsFluc in wildtype background (black; JDB4496).
Representative replicate in technical triplicate.

An RsFluc-expressing strain with deletions in the genes encoding all three B. subtilis
(p)ppGpp synthetases (reld, sasA, sasB; (p)ppGpp®) showed significantly reduced luminescence
(Figure 2.2, red), aligning with the expectation that the signal reflects (p)ppGpp levels.
Additionally, I built mutant RsFluc reporters incorporating two previously characterized
riboswitch mutations (168): one that reduces sensitivity to (p)ppGpp by disrupting the binding
pocket (M9, Figure 2.1B), and another that enhances termination (M 11, Figure 2.1B), thereby
increasing response specificity. Reporters with either mutation displayed lower luminescence

(Figure 2.3B, C), and a reporter with both mutations (RsFluc™") was markedly diminished
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(Figure 2.2, green). Since these mutations are not known to block (p)ppGpp binding entirely,
their effects are less severe than in a (p)ppGpp® mutant strain, which may lead to secondary
physiological effects due to the absence of the signaling molecule, particularly in transcription

and translation (65, 67).
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Figure 2.3 Luminescence activity of RsFluc reporter mutants.

Luminescence (RLU/ODeoo) of: A) RsFluc (blue; JDB4496) and mutant RsFluc construct
lacking a riboswitch sequence (orange, RS?; JDB4524), B) RsFluc (blue) and M11
mutant RsFluc (green; JDB4522), and C) RsFluc (blue) and M9 mutant RsFluc (pink;
JDB4599). Growth of RsFluc (ODs0o) (black). Representative replicates in technical
triplicates.

(p)ppGpp collectively refers to ppGpp and pppGpp. The D. hafniense ilvE riboswitch

shows no preference in vitro for binding either pppGpp or ppGpp (170), indicating that RsFluc is
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equally sensitive to both molecules in vivo. Aptamers with a preference for pppGpp or ppGpp
have been identified (170). For example, the Clostridiales bacterium natA aptamer exhibits about
a 10-fold preference for pppGpp compared to ppGpp, while the Oxobacter pfennigii livK
aptamer shows roughly a 6-fold preference for ppGpp (170). I generated versions of the RsFluc
reporter containing these aptamers instead of D. hafniense ilvE, named RsFluc"4 and RsFluc'™'K,
respectively. The similarity between RsFluc and the ppGpp-sensitive reporter RsFluc'™¥ (Figure
2.4, purple) aligns with previous findings that ppGpp levels are greater than those of pppGpp
(173). Additionally, the pppGpp-sensitive reporter RsFluc™** displayed a delayed expression

compared to the other reporters (Figure 2.4, cyan).
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livK
4000 - RsFluc

RLU/OD

| | 1
240 360 480
Time (mins)

T
0 120

Figure 2.4 Luminescence of (p)ppGpp, pppGpp, and ppGpp RsFluc reporters.
Luminescence (RLU/ODeoo) of RsFluc (black; JDB4496), RsFluc™** (purple; JDB4730),
and RsFluc'™¥ (cyan; JDB4731). Representative replicate in technical triplicates.
2.2 Biochemical validation of (p)ppGpp reporter
To further confirm that (p)ppGpp luminescence activity was due to changes in (p)ppGpp

levels, we measured (p)ppGpp using HPLC-MS at different points in the growth curve with
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varying RsFluc activities. We selected early growth stages with low luminescence, the period of

peak luminescence, and after the luminescence declined. This work was conducted in

collaboration with Elizabeth Fones and Carrie Harwood. Values were normalized to ODgoo and

to a parallel measurement in a (p)ppGpp® strain, showing lower (p)ppGpp levels before and after

the peak (Figure 2.5). The corrected luminescence data closely matched actual (p)ppGpp

concentrations across sampling times, indicating that our (p)ppGpp reporter was both dynamic

and accurate.
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Figure 2.5 (p)ppGpp reporter luminescence reflects cellular ppGpp concentration.
ppGpp concentration determined by HPLC-MS (black closed circles) and corresponding
reporter (JDB4496) luminescence corrected for (p)ppGpp? (JDB4512) luminescence by
subtraction (blue open circles). HPLC-MS experiments conducted by Elizabeth Fones
under the support of Carrie Harwood. Representative replicate in technical triplicate.

Calculation of the absolute concentration of (p)ppGpp yielded an estimate of approximately

60 nM/ODsoo (Figure 2.6A). Notably, we observed only modest declines in GTP in the wild-type

strain (Figure 2.6B). During the spike in luminescence, ppGpp accounted for approximately 20%
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of the guanosine nucleotide pool (Figure 2.6C). The HPLC-MS data indicated that ATP levels

remained relatively constant throughout the sampling time points (Figure 2.6D).
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Figure 2.6 HPLC-MS quantification of nucleotide levels sampled during growth.
Nucleotide quantifications in the WT (black, JDB4496) and a (p)ppGpp® background
(red, JDB4512) of A) ppGpp, B) GTP, C) guanosine pools, and D) ATP, as analyzed via
HPLC-MS collected at specified intervals. HPLC-MS experiments conducted by
Elizabeth Fones under the support of Carrie Harwood. Representative replicate done in
technical triplicates.

2.3 Physiological validation of (p)ppGpp reporter
2.3.1 Changes in luminescence levels reflect changes in reporter transcription

The RsFluc reporter depends on protein synthesis because luciferase is a protein reporter,
and (p)ppGpp inhibits translation by binding (71). To confirm that changes in (p)ppGpp reporter

luminescence truly reflect alterations in the full-length transcription of the firefly luciferase gene,
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I used fluorescent in situ hybridization (FISH) microscopy with fluorescent probes that bind to
mRNA inside the cell. The FISH probes were designed to hybridize to yfp mRNA, which was
engineered downstream of Pjyperspank and D. hafniense ilvE riboswitch at the amyE locus in the
RsFluc background strain. I verified that the RsFluc reporter signal correlates with changes in
transcriptional readthrough using FISH (Figure 2.7). About 10 minutes after the increase in
reporter transcription observed at TP3 (Figure 2.7B), RsFluc luminescence peaks (Figure 2.7A).
The transcription of the reporter then returns to baseline levels in subsequent time points (Figure

2.7B), and the RsFluc signal diminishes similarly (Figure 2.7A).
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Figure 2.7 RsFluc transcriptional activity assayed by FISH.

A) Samples of a strain carrying both RSFluc and ilvE-riboswitch-YFP reporters
(JDB4623) were collected and analyzed via FISH at specified time points (TP1-TP5: TP1
=80, TP2 =120, TP3 =200, TP4 = 220, and TP5 = 240 mins) throughout the
luminescence curve (RLU/ODeggo) and imaged via fluorescent microscopy. B) The
population distribution of single cell fluorescence at each time point (TP1, n =202; TP2,
n=333; TP3,n=481; TP4, n=315; TP5,n=197).

2.3.2 Reporter responds to acute amino acid starvation
I characterized how perturbations that stimulate in vivo (p)ppGpp synthesis affect RsFluc
activity. Since uncharged tRNAs activate RelA-dependent (p)ppGpp synthesis (10), many such

perturbations influence aminoacyl-tRNA charging. For example, a culture grown in amino acid-
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rich medium that is shifted to a medium lacking amino acids exhibits decreased aminoacylation
(174) that triggers (p)ppGpp synthesis (175). Consistently, a spike in RsFluc activity occurred
shortly (~30 min) after the down-shift (Figure 2.8, black), and this response was reduced in a
strain expressing the RsFluc™" reporter (Figure 2.8, blue). The timing of this reaction highlights
the temporal relationship between our reporter and (p)ppGpp levels. Amino acid starvation leads
to a rapid decrease in tRNA charging (~5 min (176)) and an increase in ppGpp synthesis (~10-15
min (177)). The difference between these times and what I observe with RsFluc suggests that

activation of the riboswitch and subsequent firefly luciferase expression occur in less than 20

minutes.
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Figure 2.8 RsFluc reporter response to nutrient downshift.
Luminescence (RLU/ODeoo) of RsFluc (black; JDB4496) and RsFluc™" (blue; JDB4631)

after amino acid downshift at Teo (dashed line). Representative replicate done in technical
triplicate.
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Inhibitors of tRNA synthetases offer an alternative means of controlling tRNA charging.
For example, mupirocin, which inhibits isoleucyl-tRNA synthetase,(177) promotes (p)ppGpp
synthesis (151). Consistently, cells expressing RsFluc treated with mupirocin showed a notable
increase in luciferase production. This change was not observed in cells expressing the
(p)ppGpp-insensitive RsFluc™ reporter, indicating that the effect was specific to alterations in

(p)ppGpp levFigure 2.9.
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Figure 2.9 RsFluc response to mupirocin treatment.

Luminescence (RLU/ODeoo) of RsFluc (black; JDB4496) and RsFluc™ (blue; JDB4631)
after 0 and 60 mins of 50 ng/mL mupirocin treatment. Significance was determined by a
two-tailed t-test; p-value < 0.05 for RsFluc, with no significant difference for RsFluc™!.
Representative replicate done in technical triplicate.

I investigated the mupirocin concentration that causes the maximum stimulation of RsFluc
activity, finding that 100 ng/ml was more effective than 50 ng/ml (Figure 2.10A). The significant

reduction in growth with 100 ng/ml mupirocin (Figure 2.10B) indicates that at this concentration,
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mupirocin likely exerts physiological effects beyond (p)ppGpp synthesis, such as directly

inhibiting protein synthesis.
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Figure 2.10 RsFluc response to mupirocin titration.

A) Luminescence (RLU/ODsoo) of RsFluc (JDB4496) at start (To) of treatment (black)
and after 60 mins of treatment, Tso (blue) with varying concentrations of mupirocin.
Significance determined by two-way ANOVA with multiple comparison, comparing To
and Teo under each treatment. 50 ng/mL mupirocin (*) had a p-value of 0.0036 whereas
other treatments were not significant. B) Growth (ODsoo) of RsFluc before and after the
time of mupirocin addition (dotted line) as treated with DMSO (black), 10 pg/mL (blue),
25 pg/mL (brown), 50 pg/mL (cyan), and 100 pg/mL (green) mupirocin. Representative
replicate done in technical triplicates.
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Both direct (**P-radiolabeling) (178) and indirect (transcriptional profiling) (179) assays
observe (p)ppGpp synthesis during a diauxic shift when bacteria adapt to grow on a secondary
carbon source after glucose exhaustion. I measured RsFluc activity during a diauxic shift from
glucose to arabinose as the sole carbon source (i.e., without amino acid supplementation),
following a protocol (139) based on the original observations of Monod and B. subtilis (180).
The transient flattening of the growth curve in the culture grown in 0.5 mg/ml glucose & 2.0
mg/ml arabinose is characteristic of a diauxic shift and is accompanied by a prominent spike in
RsFluc activity at ~240 min, indicating a substantial increase in (p)ppGpp levels (Figure 2.11,
blue). In contrast, growth in 2.5 mg/ml glucose (Figure 2.11, black) did not result in significant

changes in either growth or luciferase activity.

8000 — 0.8
6000 — — 0.6
(@]
(@) o
> 4000 - —-0.4 O
EI 3
2000 - — 0.2
— 2.5 mg/mL glucose
— 0.5 mg/mL glucose
0 2.0 mg/mL arabinose 0.0

T T
240 360 480

Time (mins)

T
0 120

Figure 2.11 RsFluc response to diauxic shift.

Luminescence (RLU/ODegoo) of RsFluc (JDB4496) grown in defined minimal media
containing either 2.5 mg/mL of glucose (black) or 0.5 mg/mL glucose and 2.0 mg/mL
arabinose (blue). Respective ODgoo measurements are shown in grey and light blue,
respectively. Representative replicate done in technical triplicate.
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2.3.3 RsFluc signal attenuated by (p)ppGpp synthetase inhibitor

In addition to evaluating RsFluc response to (p)ppGpp induction, I examined how RsFluc
reacts to (p)ppGpp inhibition. In personal communications with Frederico Gueiros-Filho, 2-
aminoethoxydiphenyl borate (2APB) was identified as a potential (p)ppGpp synthetase inhibitor
through high-throughput in vitro screening of compounds. I tested the effect of 2APB on the
RsFluc signal. I cultured RsFluc with DMSO solvent and 2APB and observed that the RsFluc
signal decreased when 2APB was added to the culture (Figure 2.12). This is consistent with the

report by Gueiros-Filho, which indicates that 2APB inhibits (p)ppGpp synthetase.
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Figure 2.12 RsFluc response to 2APB.
Luminescence (RLU/ODeoo) of RsFluc (black, JDB4496) and RsFluc + 40 uM 2APB
(pink). Representative replicate done in technical triplicate.

2.3.4 Reporter coincides with known (p)ppGpp-dependent transcriptional pathways

To further confirm that RsFluc activity reflects (p)ppGpp levels, I measured the
expression of a firefly luciferase fusion to the purE promoter, which is sensitive to (p)ppGpp
concentrations (119), using strain construction with Sathya Nagarajan's assistance. Specifically,

(p)ppGpp promotes PurR DNA binding, leading to increased repression of purE transcription.
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Consistent with earlier findings (119), P,.z-luciferase activity was influenced by the absence of
(p)ppGpp (Figure 2.13, compare orange and purple). I noted the lowest P,,z-luciferase activity
(orange) around the same time RsFluc activity (black) rose (~180 min), with a subsequent

increase in P,z activity as RsFluc declined (Figure 2.13).
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Figure 2.13 RsFluc activity coincides with known (p)ppGpp-dependent purine
metabolism pathways.
Luminescence (RLU/ODeoo) of RsFluc (black; JDB4496) and a P,z luciferase promoter
fusion in wildtype (orange; JDB4803) and (p)ppGpp® (purple; JDB4804) backgrounds.
Representative replicate done in technical triplicate
2.4 Conclusions
I constructed and validated the RsFluc and RsFluc™" reporters using both in vitro and in
vivo assays. RsFluc™" activity is not fully attenuated, which agrees with in vitro transcription
data on individual M9 and M 11 mutants ((168), Fig. 4). However, RsFluc™" attenuation offers a

control in a wild-type strain, unlike a (p)ppGpp® strain, which may show secondary effects due to

the lack of synthetase activity (181). RsFluc accurately reflects nucleotide abundance as
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measured by HPLC-MS, indicates changes in reporter transcription, responds to known
(p)ppGpp inducers and inhibitors, and aligns with identified (p)ppGpp-dependent genetic
pathways. Overall, these data support the conclusion that RsFluc activity reflects (p)ppGpp

levels.

46



Chapter 3

3 Investigating (p)ppGpp metabolism and bacterial physiology in B. subtilis using
a novel reporter

This work is adapted from Hydorn et al. 2025 (172). After validation and characterization,
I employed RsFluc to investigate (p)ppGpp metabolic pathways. As discussed in 1.2, the
metabolism of (p)ppGpp in B. subtilis has been well characterized through in vitro biochemical
assays; however, the development of RsFluc enables in vivo exploration of metabolism with high
temporal resolution. Additionally, I use RsFluc to study growth rate and protein synthesis by
closely monitoring changes in (p)ppGpp levels and drawing conclusions about different
physiological states at various points along the RsFluc curve.
3.1 Evaluating synthetase contributions to (p)ppGpp metabolism
3.1.1 Rel acts as the primary synthetase during natural growing conditions

I investigated the source of the (p)ppGpp responsible for the RsFluc signal during natural
growth in S7T+CAA medium. B. subtilis RelA, SasA (RelP), and SasB (RelQ) are the known
(p)ppGpp biosynthetic enzymes (26, 182). Consistently, an RsFluc-expressing strain lacking all
three proteins (ArelAAsasAAsasB) shows significantly reduced luminescence compared to the
wild-type parent (Figure 2.2). I examined the contributions of each protein to RsFluc activity by
monitoring cells carrying single mutations in their respective genes during growth (Figure 3.1A;
see Figure 3.1B for the corresponding growth curve). While all three mutations affected
expression during growth, a strain lacking RelA synthetase activity due to an inactivating point
mutation (D264G) in the synthetase domain (26) showed the most significant impact (blue,

Figure 3.1A), nearly identical to the triple mutant Are/AAsasAAsasB strain (red). In contrast,
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single AsasA (green), AsasB (orange), or the combination AsasAAsasB (Figure 3.1C, brown)

mutants displayed at most only modest delays in RsFluc signal.
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Figure 3.1 Relative contributions of (p)ppGpp synthetases to RsFluc activity during
natural growth conditions.

Luminescence (RLU/ODeoo) of A) RsFluc in wildtype (black; JDB4496),
ArelAAsasAAsasB (red; IDB4512), AsasA (green; JDB4515), AsasB (orange; JDB4516),
and relA-D264G (blue; JDB4741), and C) AsasAAsasB (brown; JDB4511) backgrounds
during growth in S7+CAA medium. B) Growth (ODeoo) of RsFluc in wildtype (black),
ArelAAsasAAsasB (red), AsasA (green), AsasB (orange), and relA-D264G (blue) in
S7+CAA medium. Representative replicate done in technical triplicate.

3.1.2 Rel and SasB allosteric activation are required to mount a full (p)ppGpp response
In vitro, both Rel (24) and SasB (30, 31) are allosterically activated by pppGpp, which is

produced by Rel. SasB Phe-42 is a critical residue in this regulation, and a SasB mutant with an

F42A substitution is no longer allosterically activated in vitro by pppGpp (30, 31). The RsFluc

activity of a strain carrying a chromosomal sasB-F424 allele was delayed during growth (Figure
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3.2A, blue; see B for the corresponding growth curve). Therefore, this delay results from the lack
of SasB stimulation. Rel is also subject to allosteric regulation in vitro by pppGpp, with Tyr-200
being necessary for this effect (24). Introducing a Rel Y200A mutation into the chromosomal re/
gene delayed the increase in RsFluc activity during growth compared to the wild-type parent
strain (Figure 3.2A, purple; see B for the corresponding growth curve). Overall, these
observations provide the first evidence of the in vivo role of allosteric regulation in (p)ppGpp

metabolism during growth.
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Figure 3.2 Allosteric activation of synthetases Rel and SasB necessary for full
RsFluc activation.

A) Luminescence (RLU/ODggo) and B) growth (ODeoo) of RsFluc in wildtype (black;
JDB4496), relA-Y200A (purple; JDB4528), and sasB-F424 (blue; JDB4711)
backgrounds in S7T+CAA medium. Representative replicate done in technical triplicate.

3.1.3 Full synthetase activity necessary in response to acute starvation

I investigated the contributions of each protein to RsFluc activity by testing cells with
single and combined mutations in synthetase genes during amino acid downshift, as described in
Section 2.3.2. The (p)ppGpp° strain (ArelAAsasAAsasB) cannot survive these conditions (101)
and was therefore not included in these experiments. Individual Asas4 and AsasB mutations
caused delays in RsFluc activation after downshift (green, orange; Figure 3.3A, B). The rel4-

D264G strain was again severely affected, and under these conditions, the Asas4AsasB strain
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was similarly impaired (blue, brown; Figure 3.3A, B), unlike during natural growth (Figure

3.10).
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Figure 3.3 Contribution of (p)ppGpp synthetases to RsFluc acute amino acid
starvation response.

A) Luminescence (RLU/ODgoo) and B) growth (ODeoo) of RsFluc in wildtype (black;
JDB4496), AsasA (green; IDB4515), AsasB (orange; JDB4516), AsasAAsasB (brown;
JDB4511), and relA-D264G (blue; JDB4741) backgrounds during amino acid downshift,
indicated by the dashed line. Representative replicate in technical triplicate.

I also examined how allosteric activation of synthetase contributes to the rapid response to
starvation by testing cells with single allosteric mutations in synthetase genes. Similar to what
occurs during normal growth (Figure 3.2), mutations rel4-Y200A and sasB-F42A both caused a
delay in the RsFluc response to amino acid starvation (purple, blue; Figure 3.4A; see B for the
growth curves). Interestingly, unlike during natural growth, RsFluc in the rel4-Y2004
background reaches full activation, albeit delayed, indicating that Rel does not require allosteric
activation to produce a complete response during acute amino acid starvation. However,

allosteric activation may still facilitate full activity during growth.
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Figure 3.4 Contributions of allosteric activation of (p)ppGpp synthetases to RsFluc
acute amino acid starvation response.
A) Luminescence (RLU/ODggo) and B) growth (ODeoo) of RsFluc in wildtype (black;
JDB4496), relA-Y200A (purple; JDB4528), and sasB-F424 (blue; JDB4711)
backgrounds during amino acid downshift, indicated by the dashed line. Representative
replicate done in technical triplicate.
3.2 Evaluating hydrolase contributions to (p)ppGpp metabolism
3.2.1 Rel hydrolase activity necessary to regulate (p)ppGpp synthesis and maintain cell
viability
Regulation of RSH enzymes goes beyond directly affecting their biosynthetic activity, as
many RSH enzymes, including Rel, also hydrolyze (p)ppGpp, indirectly opposing the synthetic
process. Exploring the role of Rel-dependent (p)ppGpp hydrolysis in RsFluc expression is
complex because of its essential role in the presence of any (p)ppGpp synthetases, including Rel
itself (182). Inspired by a previous study (183), I developed a system that allows for the
temporary expression of a mutant Rel protein lacking hydrolytic activity (D78A; (22)) controlled
by the Py bacitracin-inducible promoter (184) (Figure 3.5A). I first verified that expressing an
inducible wild-type relA allele restored RsFluc activity in a (p)ppGpp® background (compare
blue and gray; Figure 3.5B). Expression of the Rel-D78 A mutant protein slowed growth (Figure

3.5C), consistent with increased (p)ppGpp levels, and caused a broadening of RsFluc activity

peaks before and after those observed with wild-type Rel expression (Figure 3.5B, red).
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Therefore, Rel hydrolase activity is essential for controlling the timing of (p)ppGpp production

and keeping (p)ppGpp levels below those that are toxic to growth.
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Figure 3.5 RelA hydrolase activity contributes to dynamics of RsFluc activity.

A) Schematic of bacitracin-inducible relA4 constructs. B) Luminescence (RLU/ODgoo) of
RsFluc in wildtype (black, JDB4496), ArelAAsasAAsasB with Pji.-reld (blue, JDB4675),
ArelAAsasAAsasB with Pjia-relA-D78A (red, JIDB4676) and ArelAAsasAAsasB (gray,
JDB4512) strains. RelA expression induced by 5 pg/mL bacitracin at Too (dashed line).
C) Growth (ODsoo) of RsFluc in wildtype (black), ArelAAsasAAsasB with Pjiq-rel4
(blue), and ArelAAsasAAsasB with Pj.-relA-D78A (green) strain. RelA expression
induced by 5 pg/mL bacitracin at Too (dashed line). Representative replicate done in
technical triplicate.

3.3 Assessing the role of nucleotide crosstalk in (p)ppGpp metabolism
3.3.1 Role of pGpp crosstalk in (p)ppGpp metabolism

As discussed in 1.2.3, pGpp is a smaller alarmone signaling nucleotide, previously thought
to be another form of (p)ppGpp; however, recent studies on the target proteins of this molecule
reveal that it may have distinct functions and should be regarded as a separate pathway (38, 39).

pGpp has been shown to regulate the feedback mechanism of (p)ppGpp metabolism itself. It was
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previously shown that when SasA was expressed in an otherwise (p)ppGpp® background, there
was an accumulation of pGpp (39). However, this accumulation did not occur when cells were
devoid of NahA through a AnahA mutation. This discovery later led to the identification of NahA
as a pyrophosphohydrolase, which converts (p)ppGpp to pGpp by releasing a pyrophosphate or
phosphate group (38). pGpp has since been shown to inhibit B. subtilis ppGpp synthetase SasB
activity by competitively binding an allosteric site, which is stimulated by pppGpp binding (31).
This introduces a negative feedback mechanism to control (p)ppGpp overaccumulation (Figure
1.5C).

To investigate how this feedback may influence RsFluc activity during natural growth in
S7+CAA, I used an RsFluc assay in a strain with a single mutation in nah4, the gene encoding
the NahA protein. Compared to the wildtype background, the Anah4 mutation appeared to have
little or no effect on RsFluc activity (Figure 3.6). Therefore, NahA's degradation of (p)ppGpp
into pGpp does not significantly contribute to (p)ppGpp metabolism during natural growth in

S7+CAA, in line with previous findings in LB (31).
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Figure 3.6 NahA contribution to RsFluc activity.

Luminescence (RLU/ODeoo) of RsFluc in wildtype (black; JDB4496) and AnahA (purple;
JDB4567) backgrounds. Representative replicate done in technical triplicate.
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3.3.2 Role of c-di-AMP crosstalk in (p)ppGpp metabolism

As discussed in 1.2.3, crosstalk between c-di-AMP and (p)ppGpp occurs through allosteric
regulation or, in some cases, direct inhibition of nucleotide metabolic enzymes. In B. subtilis,
(p)ppGpp binds to c-di-AMP PDE to directly inhibit its breakdown, maintaining high c-di-AMP
levels (59). Additionally, c-di-AMP has been shown to inhibit Rel activation via the c-di-AMP
binding protein DarB (62). When DarB is in its apo form, it complexes with Rel to promote
(p)ppGpp synthesis even without a stalled ribosome (Figure 1.5B). When c-di-AMP binds to
DarB, the complex cannot form, resulting in no (p)ppGpp production.

To investigate if this crosstalk mechanism influences (p)ppGpp metabolism during natural
growth in S7+CAA, I investigated RsFluc activity in a strain with a single mutation in darB, the
gene encoding the DarB protein. Compared to a wild-type background, a AdarB mutation
appeared to have little to no effect on RsFluc activity (Figure 3.7). Therefore, DarB activity does
not seem to significantly contribute to (p)ppGpp metabolism in B. subtilis during natural growth

in S7T+HCAA.
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Figure 3.7 DarB contribution to RsFluc activity.

Luminescence (RLU/ODeoo) of RsFluc in wildtype (black; JDB4496) and AdarB (blue;

JDB4568) backgrounds. Representative replicate done in technical triplicate.
3.4 Investigating (p)ppGpp production in variable environmental amino acid

abundance
3.4.1 (p)ppGpp synthesized during amino acid starvation
The importance of Rel (p)ppGpp synthesis activity for RsFluc expression (Figure 3.1A)

suggests that amino acid availability primarily drives (p)ppGpp production. To explore this idea,
I examined how RsFluc activity relates to the levels of amino acids in the growth medium.
Consistently, higher amounts of casamino acids (CAA) delay the peak of RsFluc activity (Figure
3.8A) without significantly impacting growth. When no amino acids are added, RsFluc activity

drops notably, especially after exiting exponential growth (Figure 3.8B). This activity is higher

than with the RsFluc™" (p)ppGpp-insensitive reporter (blue), indicating that it genuinely reflects

(p)ppGpp levels.
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Figure 3.8 RsFluc activity and amino acid availability.

Luminescence (RLU/ODeoo) of: A) RsFluc in prototroph (JDB4656) cultured in S7
supplemented with 0.005% (blue), 0.01% (black), and 0.02% (green) casamino acids, and
B) RsFluc (black) and RsFluc™ (blue) in prototroph background without amino acid
supplementation. Representative replicate done in technical triplicate.

3.4.2 Amino acid biosynthetic operons upregulated in response to amino acid starvation
in a (p)ppGpp-dependent manner

I examined how changes in RsFluc activity correlate with well-known (p)ppGpp-dependent
physiological events in B. subtilis, such as gene activation (101) and decreased protein synthesis
(185). Specifically, inducing the stringent response with arginine hydroxamate results in
(p)ppGpp-dependent activation of several amino acid biosynthetic genes (101). I developed
firefly luciferase fusions to the promoters of three of these genes (Psera-luc, Ping-luc, Pue-luc)
and compared their timing with that of RsFluc activity. All reporters showed luciferase activity
with very similar timing to RsFluc (Figure 3.9A). Consistent with earlier findings, a rel4-D264G

mutation significantly reduced activity of all reporters (Figure 3.9B) (101).
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Figure 3.9 Correlation of amino acid biosynthetic gene expression and RsFluc
activity.
Luminescence (RLU/ODeoo) of: A) RsFluc (black, JDB4496), Pse4-luc reporter (blue,
JDB4759), Ping-luc reporter (green, JDB4792), and P.ez-luc reporter (red, JDB4798) in
the wildtype background and B) reporters as A in the rel4-D264G genetic background.
Representative replicate done in technical triplicate.
3.5 (p)ppGpp and B. subtilis growth rates
3.5.1 (p)ppGpp production wave coincides with a decrease in growth rate
(p)ppGpp has been shown to regulate growth in B. subtilis by inhibiting transcription of
rRNA and ribosomal proteins (185), global translation initiation (71), and DNA replication
elongation (104, 105). A rise in (p)ppGpp levels should be accompanied by a decrease in growth
in wild-type background cells. Interestingly, I observed that the spike in RsFluc activity, which
occurs robustly around 220 minutes (Figure 2.2, blue), coincided with the transition from
exponential to stationary phase growth (Figure 2.2, black). To explore this further, I visualized
RsFluc activity alongside the growth rate, . The sharp increase in RsFluc activity (Figure 3.10,
blue) aligns with a steep decline in the culture’s growth rate (Figure 3.10, black). Therefore, the

RsFluc reporter kinetics can effectively capture the (p)ppGpp signaling dynamics that lead to

slowed growth.
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Figure 3.10 Temporal relationship between growth rate and RsFluc activity.
Luminescence (RLU/ODeoo) of RsFluc (blue, JDB4496) and growth rate (black). Growth
rate/hr (n) at a given time (t) is defined as In[ODeoo(t) — ODsoo(t-60)]. Representative
replicate done in technical triplicate

3.5.2 Protein synthesis rates decline as (p)ppGpp is produced

The increase in RsFluc coincides with a sharp decrease in growth rate (Figure 3.10, black).
The linear correlation between protein synthesis—especially ribosomal proteins—and growth
rate (185) suggests that the rise in RsFluc is linked to reduced protein synthesis. To compare the
timing of protein synthesis and (p)ppGpp changes, I added OPP (O-propargyl-puromycin) to
cells before (Figure 3.11A, arrow “TP1”’) and during (“TP2”) the increase in RsFluc. Click
conjugation of OPP with a fluorophore (Figure 3.11B, ‘wildtype”) and subsequent measurement
showed OPP labeling significantly decreased from TP1 to TP2 (Figure 3.11C). Because
(p)ppGpp inhibits translation initiation (71), I investigated whether this change in OPP labeling
depended on (p)ppGpp. I collected samples of (p)ppGpp? cells at the same time points and
processed them similarly (Figure 3.11B, ‘(p)ppGpp?’). Unlike wildtype cells, OPP labeling in
ppGpp° cells did not decline between TP1 and TP2; in fact, it increased (Figure 3.11D),

supporting the role of (p)ppGpp in reducing protein synthesis.
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Figure 3.11 Temporal relationship between protein synthesis and RsFluc activity.
A) Luminescence (RLU/ODgoo) of RsFluc in wildtype (blue, JDB4496). Samples were
taken at time points TP1 (120 min) and TP2 (240 min). B) Representative composite
(fluorescent, phase) images of cells at TP1 and TP2 in either wildtype (JDB4496) or
ArelAAsasAAsasB (‘(p)ppGpp?’; JIDB4512) backgrounds. C) and D) quantification of
images from B. Representative replicate done in technical triplicate.
3.6 Conclusions
I used RsFluc to study (p)ppGpp metabolism during amino acid starvation, both during
growth and after nutrient downshift. These results align with previous findings that Rel is the
main synthetase of (p)ppGpp in B. subtilis (26). This research also allowed us to examine
(p)ppGpp dynamics in a hydrolase mutant of B. subtilis for the first time, helping us better

understand how biochemical characteristics relate to in vivo (p)ppGpp metabolism. I observed

how RsFluc responded to different levels of amino acid supplementation, supporting the idea that
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amino acid starvation is a key driver of (p)ppGpp production. I showed how RsFluc correlates
with various physiological states related to growth and protein synthesis. These findings support

earlier evidence that protein synthesis inhibition occurs via (p)ppGpp binding to IF2 (71).
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Chapter 4

4 Assessing heterogeneity in (p)ppGpp and single-cell physiological variation
As discussed in 1.3.7, assessing single-cell variation in (p)ppGpp and its physiological

consequences within a heterogeneous population could provide new insights into the fields of
sporulation, competence, and persister cell formation. When designing a single-cell (p)ppGpp
reporter for use in live B. subtilis, | drew inspiration from the design of RsFluc (Figure 2.1),
which was extensively characterized and validated in Chapter 2. Although RsFluc offers
numerous benefits for researchers, measuring luminescence at the single-cell level is a very
challenging task. To create a single-cell (p)ppGpp reporter, I considered fluorescent protein
reporters, as they can be measured with higher resolution using techniques like microscopy and
flow cytometry. A fluorescent reporter for (p)ppGpp had previously been developed utilizing an
RNA aptamer, Broccoli, engineered between the aptamer and the expression platform of a
(p)ppGpp-binding riboswitch (171). However, this reporter was not as thoroughly characterized
and validated as our own RsFluc system. A common protein used in gene reporter constructs in
bacteria is green fluorescent protein (GFP), which is fused downstream of promoter sequences to
produce a fluorescent output that quantifies gene expression levels (102). Using a fluorescent,
single-cell reporter will enable investigations into heterogeneity in (p)ppGpp levels and the
physiological effects of this variation.
4.1 Development of an inducible, fluorescent (p)ppGpp reporter
4.1.1 Designing a single-cell, fluorescent (p)ppGpp reporter

To construct our in vivo single-cell (p)ppGpp reporter, I inserted a sequence corresponding
to the (p)ppGpp-sensitive riboswitch from the promoter of Desulfitobacterium hafniense ilvE

(168) between an inducible promoter (Piyperspank) and the gfpmut2 gene, which encodes
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GFPmut2, a bright and rapidly maturing GFP mutant (RsGFP; Figure 4.1). This construct was
integrated at the sacA locus, and fluorescence measurements were taken during growth in
S7/glucose defined medium (S7), unless otherwise noted, using single-cell microscopy imaging.

A

ilvE riboswitch

Phrﬁgnk

GFPmut2

Phyperspank lacO wnam  D- hafniense ilvE riboswitch

TTGACTTTATCTACAAGGTGTGGCATAATGTGTGTAATTGTGAGCGGATAACAATTAAGCTTAGTTATAAATGAAAGAATGTATTATAACAGCAGGAAGT

M9

A

GTACCTAGGGTTCCGGGAGCTGCTCCGTCTGGTCCGAGCGGTACAAAATCCAGAGCATGGATTTACACCGTGGGCAGAAAATACCCGAGCGGAAAGTTCC
anti-terminator
BamHI RBS
TCGAGAGGGTAGGAACACCGCTCGGTTTTCTATAATATTCAGAGGATCCCCAGCTGCGCAA AAAGTCACATT

terminator

Figure 4.1 Fluorescent (p)ppGpp reporter design in B. subtilis.

A) Schematic of the (p)ppGpp reporter RsGFP depicting the inducible promoter Phyperspank
fused to the (p)ppGpp-sensitive riboswitch of D. hafniense ilvE followed by the gene
encoding GFPmut2. B) Shown is the Phyperspank promoter sequence (red), the /ac operator
binding sequence (blue), and the D. hafniense ilvE riboswitch gBlock sequence (green),
with anti-terminator and terminator sequences bolded and underlined, and the M9 and
MI11 mutations from Sherlock et al. 2018 annotated. In gray, the Shine-Dalgarno
ribosome binding sequence (RBS). In cyan, the 5’ end of the GFPmut2 gene. Restriction
enzymes HindIII and BamHI sites are bolded.

I also employed the M9 and M 11 mutations identified by Sherlock et al. ((168), Fig. 4) and

characterized as RsFluc™" in Chapter 2 to generate RsGFP™".
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4.1.2 Heterogeneity in (p)ppGpp throughout growth

I measured RsGFP fluorescence signals throughout growth in wild-type B. subtilis cells
using microscopy. As cells progress from the exponential to the transition phase of growth
(Figure 4.2C), the fluorescence intensity of the RsGFP reporter increased (Figure 4.2A,
‘RsGFP’). Quantifications of this microscopy show that the increase in fluorescence signal is
heterogeneous within the population (Figure 4.2B). These measurements were background-
subtracted for autofluorescence in the GFP channel. I also measured the RsGFP™ reporter
intensity throughout growth (Figure 4.2C). I observed that, while reporter intensity increased
over time (Figure 4.2A, ‘RsGFP™"), this increase was reduced and less heterogeneous compared
to RsGFP (Figure 4.2B). Consistent with findings in RsFluc in 3.5.1, the increase in fluorescence
occurs as the cells exit exponential growth and enter the transition phase, a period of slowed

growth.
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Figure 4.2 RsGFP fluorescence throughout growth.

A) Representative GFP fluorescent microscopy images of wildtype B. subtilis strains
carrying RsGFP (JDB4632) and RsGFP™" (JDB4661) reporters and B) violin plots of the
quantification of microscopy images, background corrected for GFP autofluorescence
(RsGFP: 120 mins, n = 131; 180 mins, n = 185; 240 mins, n = 103; 300 mins, n = 199,
and RsGFP™": 120 mins, n = 71; 180 mins, n = 130; 240 mins, n = 244; 300 mins, n =
178) throughout different points along the C) growth curve in S7.
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4.1.3 Role of environmental conditions in single-cell variation of (p)ppGpp

As found in 3.4.1 using RsFluc, environmental conditions significantly influence both
amino acid starvation—induced (p)ppGpp production (Figure 3.8 A) and basal (p)ppGpp levels
(Figure 3.8B). To examine how environmental factors affect (p)ppGpp production and variation
at the single-cell level, I used S7 media with different amino acid sources or no supplementation,
as detailed in Appendix A: Materials and methods. I first measured RsGFP and RsGFP™" signals
during the exponential and transition phases of growth in S7. I observed that RsGFP
fluorescence was reduced during exponential growth and increased significantly during the
transition phase (Figure 4.3, ‘RsGFP’). Similarly, the RsGFP™ signal also increased, but the
increase was less pronounced compared to the RsGFP (Figure 4.3, ‘RsGFP™""). This suggests
that the fluorescence increase is specifically linked to a rise in (p)ppGpp throughout growth in
S7. This aligns with the higher luminescence observed in RsFluc compared to RsFluc™" in S7
without supplementation (Figure 3.8B). Additionally, I noted that the fluorescence increase
between the exponential and transition phases in RsGFP varied heterogeneously, as shown by the

broad range and interquartile range (IQR) (Figure 4.3B, ‘RsGFP’).
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Figure 4.3 RsGFP fluorescent signal in S7.

A) Representative GFP fluorescent microscopy images of wild-type B. subtilis strains
carrying RsGFP (JDB 4632) and RsGFP™" (JDB4661) reporters and B) violin plots of
the quantification of microscopy images (RsGFP: exponential, n = 134; transition, n =
180; and RsGFP™": exponential, n = 253; transition, n = 173) in exponential and
transition phases of growth in S7, background corrected for GFP autofluorescence.
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I then assessed RsGFP in a defined medium supplemented with amino acids, S7T+CAA,
which was used to characterize and validate RsFluc activity in Chapter 2 and is detailed in 0. I
imaged RsGFP-containing B. subtilis cells during exponential and transition phases of growth in
S7+CAA and observed that fluorescence intensity increased moderately (Figure 4.4, ‘RsGFP’). I
also noted that cells containing RsGFP™" showed a moderate increase in signal throughout
growth in S7+CAA, somewhat attenuated compared to RsGFP (Figure 4.4, ‘RsGFP™""). This
aligns with the modest attenuation seen in RsFluc™" (Figure 2.2, green) compared to RsFluc
(Figure 2.2, blue). The increase in fluorescence of RsGFP during growth in S7T+CAA is modest
but appears relatively heterogeneous, characterized by a wide range, IQR, and multimodality
(Figure 4.4B, ‘RsGFP”). However, RsGFP™" also exhibits this same heterogeneity, indicating

that it is not a result of single-cell variation in (p)ppGpp production (Figure 4.4B, ‘RsGFP™"").
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Figure 4.4 RsGFP fluorescent signal in S7T+CAA.

A) Representative GFP fluorescent microscopy images of wildtype B. subtilis strains
carrying RsGFP (JDB4632) and RsGFP™" (JDB4661) reporters and B) violin plots of the
quantification of microscopy images (RsGFP: exponential, n = 118; transition, n = 266;
and RsGFP™": exponential, n = 210; transition, n = 41) in exponential and transition
phases of growth in S7+CAA, background corrected for GFP autofluorescence.
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Upon comparing these different media, I concluded that S7 medium without
supplementation caused a significant increase in RsGFP compared to RsGFP™" and exhibited a
heterogeneous distribution as cells progressed from the exponential to the transition phase of
growth (Figure 4.3). S7T+HCAA medium resulted in a lower induction of RsGFP (Figure 4.4) but
produced a consistent and strong induction of RsFluc at around 220 minutes (Figure 2.2).

4.2 Heterogeneity in (p)ppGpp and bacterial physiology
4.2.1 Single-cell variation in (p)ppGpp and the B. subtilis transcriptome

Physiological and transcriptional heterogeneity exists within a bacterial population, leading
to distinct clonal subpopulations that provide evolutionary and ecological advantages (71, 186—
189). Many studies on heterogeneity have relied on fluorescent transcriptional reporters, which
are typically limited to 4 or 5 spectrally distinct reporters at a time. However, recent advances in
bacterial single-cell transcriptomics now enable the profiling of transcriptome-wide
heterogeneity across thousands of cells (190-195). Recently, our collaborator Adam Rosenthal
developed a technique for single-cell RNA sequencing (scRNA-seq) using transcriptome-wide
probes (29,765 unique probes from the B. subtilis ProBac-seq probe set (190)) and ProBac-seq
protocols (196). This ProBac-seq protocol isolates single cells via microfluidic droplets and
hybridizes each cell with a unique probe set equipped with barcode identifiers and PCR handles
for sequencing.

Together with Adam Rosenthal, we developed a method to analyze heterogeneity in
(p)ppGpp and transcriptomes using the RsFluc reporter. Rosenthal designed probes compatible
with the luciferase gene used in RsFluc. To examine heterogeneity in (p)ppGpp production, I
sampled RsFluc in wild-type B. subtilis for scRNA-seq, probing for /uciferase along with the

29,765 unique probes from the existing probe set. [ sampled at 210 minutes during growth in
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S7+CAA, when RsFluc was beginning to increase (Figure 4.5), as I anticipated a rise in reporter
transcription shortly before reaching the maximum RsFluc signal in these conditions (Figure

2.7).
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Figure 4.5 RsFluc sampled for scRNA-seq.

Luminescence (blue, RLU/ODgo0) and growth (black, ODeoo) of RsFluc (JDB4496)

sampled for scRNA-seq at the time indicated by the dashed line, done in technical
triplicate.

We discovered that shortly before the maximum RsFluc signal (Figure 4.5), the
transcriptomes of the cells were distinct. Differential gene expression analysis identified eight
separate cell clusters in the RsFluc sample (Figure 4.6A). We observed that the luciferase probes
were present in a minimal number of cells and were differentially enriched in cluster 4 (Figure
4.6B). Analysis of the differentially expressed genes in cluster 4 showed that genes involved in
sporulation, competence, polyketide synthesis, and extracellular polysaccharide production were
upregulated (Figure 4.6C). Purine biosynthesis genes were downregulated (Figure 4.6C),
consistent with previous findings that high (p)ppGpp anti-induces purine biosynthesis pathways
(119). Additionally, genes related to DNA replication and cell division were found to be

downregulated (Figure 4.6C).
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Figure 4.6 Heterogeneity in transcriptomes.

scRNA-seq experiments and analysis performed by Adam Rosenthal. A) UMAP two-
dimensional representation of the cell clusters of scRNA-seq of wild-type B. subtilis cells
containing RsFluc (JDB4496). B) luciferase transcripts are more frequent in cluster 4. C)
Volcano plot of genes up- and down-regulated in cluster 4. Black dots represent probes
with a significant p-value<0.05, and blue dots represent probes with a significant p-
value<0.01. Fluc probes in orange, polyketide synthesis in magenta, EPS in brown,
competence in cyan, sporulation in maroon, purine biosynthesis in green, replication and
division in red.
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4.2.2 Assessing regrowth in a subpopulation of cells high in (p)ppGpp

(p)ppGpp slows growth by inhibiting translation, replication, and rRNA transcription, as
discussed in 1.3. Growth laws indicate a positive correlation between nutrient availability,
growth, and the RNA:protein ratio, which reflects an increase in rRNA content (197). This
RNA:protein ratio is tightly regulated in growing bacteria through (p)ppGpp signaling to
optimize ribosomal biogenesis efficiency (198). It is possible that in a population with variable
(p)ppGpp levels, there is also variability in growth among individual cells. This growth
variability was studied recently using scRNA-seq techniques to analyze growth law patterns and
transcriptional profiles in B. subtilis. The study found that a slow-growing subpopulation was
enriched with stress response genes, which may indicate higher (p)ppGpp levels compared to the
overall population (199).

To examine the relationship between (p)ppGpp and regrowth using our RsGFP reporter, |
employed fluorescence-activated cell sorting (FACS) to isolate a highly fluorescent RsGFP
population, RsGFP"2" and compared it to a simple random sampling (SRS) of the RsGFP
population, RsGFPSRS, The cells were grown to the transition phase in S7, where we expect a
bright RsGFP signal and a heterogeneous population (Figure 4.3). The cells were diluted to an
optimal density in S7 and analyzed using flow cytometry on the cell sorter, utilizing forward
scatter and the FITC channel laser for GFP fluorescence (Figure 4.7A). After establishing a
population distribution, I selected 20,000 cells from the top 5% of GFP fluorescence, of a
specific size. I sorted this as the RsGFP"eh group, which likely exhibits elevated (p)ppGpp
signaling throughout growth. I also randomly selected 20,000 cells of similar size, without
specifying for GFP fluorescence, and sorted these as the RsGFPSRS group. Following sorting, the

cells recovered in S7 were plated to determine the colony-forming units (CFU) per given volume
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(CFU/mL). The CFU/mL was then measured every 30 minutes, with the increase normalized to
the initial cell concentration post-recovery at 0 minutes. I observed that the RsGFPhigh
subpopulation modestly increased in cell count over time, rising by 65% in the 90 minutes after
recovery (Figure 4.7B, black). The RsGFPSRS subpopulation showed a more significant increase
of 141%, more than doubling the cell count (Figure 4.7B, blue). These two subpopulations
exhibited different patterns of recovery and regrowth after FACS, suggesting that heterogeneity

in (p)ppGpp levels correlates with heterogeneity in growth within the population.
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Figure 4.7 FACS and regrowth assay of RsGFP subpopulations.

A) Forward scatter and GFP plot of wildtype B. subtilis cells containing RsGFP
(JDB4841). ‘GFP hi’ grouping represents the top 5% fluorescing cells of a given size
sorted as RsGFPhieh, All’ grouping represents a simple random sample (SRS) of all cells
of a given size sorted as RsGFPSRS, B) Percent increase in CFU/mL count over time after
sorting, normalized to CFU/mL at Ty in RsGFP"g" (black) and RsGFPSRS (blue).
Biological triplicates.
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4.2.3 Assessing antibiotic tolerance in a subpopulation of cells high in (p)ppGpp
Cell-to-cell variability has been proposed as a potential source of persister cell formation in
both Gram-positive and Gram-negative organisms (29, 143, 200, 201). Recently, Fung et al.
investigated how single-cell heterogeneity in a shared (p)ppGpp-GTP switch resulted in different
survival outcomes after antibiotic treatment (202). I aimed to explore how variations in (p)ppGpp
levels at the single-cell level might influence survival after antibiotic exposure. To do this, I used
FACS to sort a highly fluorescent RsGFP population, RsGFP"¢" and compared it to the SRS of
the RsGFP population, RsGFPS®S, The cells were grown to the transition phase in S7, as |
expected a bright RsGFP signal and a heterogeneous population (Figure 4.3). The cells were
diluted to an optimal density in S7 and analyzed by flow cytometry on the cell sorter, using
forward scatter and FITC channel laser for GFP fluorescence (Figure 4.8A). After establishing
the population distribution, I selected 20,000 cells from the top 5% of GFP fluorescence within a
specific size range. I sorted them as the RsGFP"e" group, which is likely to exhibit elevated
(p)ppGpp signaling throughout growth. Additionally, I randomly selected 20,000 cells of similar
size without selecting for GFP fluorescence and sorted them as the RsGFPSRS group. After
sorting, the cells recovered in S7 were plated for CFU/mL counts. The cells were then treated
with ciprofloxacin, an antibiotic that inhibits DNA gyrase as used previously (29), and plated for
CFU/mL at regular intervals after treatment. I observed that the survival percentage of the
RsGFP"¢" population showed a biphasic killing curve following ciprofloxacin treatment (Figure
4.8B), a shape consistent with a persister population (140). In contrast, the survival percentage of
the RsGFPSRS population rapidly declined after ciprofloxacin exposure (Figure 4.8B). I also
noted that the variability between replicates in the RsGFP"gh group was substantial (Figure

4.8B), which warrants further investigation.
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Figure 4.8 FACS and ciprofloxacin survival assay of RsGFP subpopulations.

A) Forward scatter and GFP plot of wildtype B. subtilis cells containing RsGFP
(JDB4841). ‘GFP hi’ grouping represents the top 5% fluorescing cells of a given size
sorted as RsGFPheh, All’ grouping represents a simple random sample (SRS) of all cells
of a given size sorted as RsGFPSRS, B) Percent survival over time after treatment with 1
ug/mL ciprofloxacin normalized to CFU/mL at Ty in the RsGFP"#" (black) and
RsGFPSRS (blue) groups. Biological triplicates.

4.3 Conclusions
RsGFP offers a valuable tool for examining heterogeneity in (p)ppGpp within a population.
Here, I demonstrated how RsGFP can be used to analyze environmental factors that contribute to

heterogeneity and various physiological responses, including transcriptional differences, growth,
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and antibiotic tolerance. RsGFP can be applied in future studies to explore the sources of
heterogeneity in (p)ppGpp, other physiological effects, or systems where luminescence

measurements are not suitable.
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Chapter S

5 Validation of a clickable oligo for scRNA-seq

The work described in this chapter of the thesis is a result of a collaborative effort between
Jonathan Dworkin, Christopher Baumann, Adam Rosenthal, and me. This chapter is adapted
from Baumann, Hydorn, ef al., in revision (203). My contributions to this work are described in
5.2.2, and the findings from Baumann and Rosenthal are detailed in 5.1 and 5.2.1.

As discussed in Section 4.2.1, scRNA-seq can be a powerful tool for gaining insight into
the heterogeneity of transcription profiles within bacterial populations. However, the
transcriptome at any given moment may not accurately reflect the cell’s current activity. Because
single-cell RNA sequencing (scRNA-seq) measurements provide only a snapshot in time (204,
205), it is challenging to infer a cell's physiological state from just an inventory of transcripts.
We focused on combining scRNA-seq techniques with physiological state labels, particularly
using the protein synthesis marker OPP in B. subtilis, to better understand the connection
between transcriptome heterogeneity and physiological states.

5.1 Assessing the relationship between single-cell variation in protein synthesis and
the B. subtilis transcriptome

To develop a technique that links each cell’s translation rate measurement, we reasoned
that replacing the incorporation of fluorophores during OPP labeling protocols for microscopy
with the incorporation of a user-defined oligonucleotide would provide a sequencing-based
signal detectable via single-cell methods. To accomplish this, we adapted the OPP labeling
method to include an oligonucleotide probe (oligo®™") dual labeled with a click-chemistry azide
molecule on the 3° end and a PCR handle for sequencing on the 5’ end, compatible with the

probe-based bacterial sScRNA-seq method (196) (Figure 5.1A, B).

77



We then obtained combined single-cell signals of transcription and translation at a specific
point during the transition phase of the growth curve (300 minutes, Figure 5.1C). Cells were
exposed to OPP for 20 minutes, fixed in formaldehyde, and treated with the oligo®™ according
to our optimized protocols. After click-incorporation, an aliquot of the cells was imaged,
confirming single-cell suspension and heterogeneity in translation rates (Figure 5.1D). The
remaining cell sample was then incubated with transcriptome-wide probes (29,765 unique probes
from the B. subtilis ProBac-seq probe-set (190)) and a probe complementary to oligo®¥"th-
processed using ProBac-seq protocols (196) with slight modifications. When overlaying the
signal from the OPP probe onto the cells, a significant enrichment of the OPP signal is observed
in cluster 4 (Figure 5.1F), indicating that this cell population exhibits higher translational

activity, consistent with the fluorescence observation of bright cells (Figure 5.1D).
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Figure 5.1 Single-cell RaTe Sequencing provides a tandem measurement of RNA
and translation in single cells.

Adapted from Chris Baumann and Adam Rosenthal. a. Cells are incubated with OPP for
a given duration of time, then fixed, permeabilized, and conjugated with
azide+fluorophore-containing DNA oligonucleotide. OPP-labeled cells are then
hybridized with probe sets complementary to the mRNA and OPP oligo sequences.
Unbound probes are thoroughly washed to prepare labeled cells for single-cell
encapsulation. b. Cells and barcoded beads are separated into single-cell emulsions using
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microfluidic single-cell encapsulation. c. OPP was added to cells at 300 minutes, during
the transition stage of growth, and a sample for analysis was harvested and fixed 20
minutes after the addition of OPP. d. A representative image from the sample after
Azide+Fluorophore DNA oligonucleotide conjugation. e. UMAP two-dimensional
representation of the cell clusters f. The OPP signal is higher in cluster 4, as seen when
the single-cell signal from the OPP probe is projected onto the UMAP. OPP
distribution signal in each cluster is displayed in both a violin plot (top) and a
corresponding cell plot (bottom)
5.2 Investigating the role of increased translation of transcriptional activator AlsR
in the high alsSD-expressing subpopulation
5.2.1 The high OPP oligo cluster also exhibited increased ALS-SD transcription.
Differential gene expression revealed several transcriptomic signatures that differentiate
cell clusters (Figure 5.2A). Cluster 4, associated with high translational activity, contains cells
overexpressing genes involved in arginine synthesis, acetoin synthesis, and proton motive force,
among other processes (Figure 5.2A). In the context of Bacillus subtilis physiology, several of
these processes were previously identified as heterogeneous by our groups and others, both in the
transition growth phase (188, 190) and in biofilms (206, 207). Besides the enrichment of these
functional genes, gene-set enrichment analysis also implicates a transcriptional repressor (Rex)
and a transcriptional activator (AlsR) as potential genetic regulators of gene expression in this
cell cluster (Figure 5.2A). Two of the most differentially expressed genes in this cluster, a/sS and
alsD, encode components needed for acetoin biosynthesis, a key overflow metabolite produced
by B. subtilis during the transition phase of growth and in biofilms. Rosenthal previously found
these genes to be heterogeneous during the transition phase of growth using a different growth

medium (188). By using a fluorescent reporter for the promoter of the a/sSD operon, they

confirmed the heterogeneity of these genes under our culture conditions (Figure 5.2B).
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Figure 5.2 Distinct transcriptomic profiles and specific genetic regulators correlate

with high translation rates in single cells.

Adapted from Chris Baumann and Adam Rosenthal. a. Top panels display the cells in
cluster 4 and normalized single-cell expression of alsD and Ildh transcripts, upregulated in
cluster 4. The middle panel displays volcano plots of gene sets enriched in cluster 4,
specifically the Rex regulon. The a/sS and alsD values in the Rex volcano plot are
colored in blue because the alsSD promoter has an imperfect Rex consensus motif with
low binding affinity. Overexpressed genes verified in these gene sets are colored green;
alsS and alsD are putative Rex-regulated genes and are colored in blue. b. A YFP
reporter for the alsSD promoter is heterogeneous in S7+CAA media.

5.2.2 Increased protein synthesis correlated with increased AlsR protein levels

Heterogeneity in alsS expression could result from differences in levels of AlsR, the

transcriptional activator of the a/sSD operon (208). Specifically, cells enriched in acetoin

biosynthesis genes also show higher OPP probe signals (Figure 5.1F and Figure 5.2A), indicating

that variations in translation rates influence heterogeneity in AlsR protein levels and,

consequently, differential expression of alsS. To explore this possibility and measure AlsR levels
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in single cells, I engineered a strain expressing an AlsR-GFP fusion at the native locus. This
construct restores AlsR function, as the activity of the PalsS-firefly luciferase transcriptional

reporter was similar in strains expressing AlsR and AlsR-GFP (Figure 5.3).
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Figure 5.3 AIsR-GFP complements AlsR in regulating transcription of alsS.
Luminescence (RLU/ODeoo) of Puss-firefly luciferase (JDB4784, black) and alsR:: alsR-
GFP Puss-firefly luciferase (JDB4787, blue). Representative replicate done in technical
triplicate.

I incubated the AlsR-GFP strain with OPP and labeled it with the Click-iT AlexaFluor 594
picolyl azide. After imaging (Figure 5.4A) and analysis, I identified the top 25% of OPP-labeled
cells as the “high protein synthesis” (HPS) group (Figure 5.4B). I also took a random sample of
the entire population, of equal size (n = 298), which I refer to as “random sampling” (RS)
(Figure 5.4B). Comparing the two groups showed that the HPS had significantly higher AlsR-
GFP fluorescence than the RS group, indicating higher AlsR protein levels (Figure 5.4B). I then
examined the correlation between AlsR-GFP and OPP signals in individual cells, finding a
positive correlation (R?= 0.5571) between protein synthesis rates (OPP labeling) and GFP
(AlsR-GFP) protein levels (Figure 5.4C). Therefore, differences in protein synthesis likely

explain the heterogeneity in alsS transcription. While heterogeneity in alsSD operon expression
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may be driven by differences in alsR transcription, the alsR gene does not show significant

differential expression between clusters observed in scRNA-seq (Figure 5.4D).
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Figure 5.4 High protein synthesis rates account for increased AlsR protein levels.
Prepared with Chris Baumann and Adam Rosenthal. a. AlsR-GFP expressing cells
(JDB4786) after OPP incorporation and AlexaFluor™ labeling, shown in phase, GFP,
mCherry, and merged channels. b. AIsR-GFP signal distribution in high protein
synthesis cells (n = 298), defined by taking the top quartile of OPP-AlexaFluor
fluorescing cells, and in a simple random sample (SRS, n = 298), background corrected
for autofluorescence. **** p <0.0001 (Mann-Whitney U test). c. AIsR-GFP signal (x-
axis) and OPP-AlexaFluor signal (y-axis) for all cells in population (n = 1195). Linear
regression analysis yielded a line of best fit with the following parameters: y = 20.02x +
1421, R2=0.5571. d. The combined single-cell probe signal from all alsR probes is
highlighted on the UMAP. ****Bonferroni corrected P value: alsS cluster 4 = 1.46E-11.
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alsD cluster 4 =1.37E-209. alsR signal is not statistically differentially abundant in
cluster 4.

5.3 Conclusions

Here I introduce a method for measuring bacterial transcriptomes and protein synthesis at
the single-cell level, thereby connecting a cell's physiological state with its underlying gene
expression. Our findings reveal a subpopulation of cells that exhibit higher protein synthesis
rates and overexpress genes associated with overflow metabolism. I also demonstrate that the
protein levels of AlsR, a crucial regulatory protein for key genes in this subpopulation, increase,
despite its transcription not being significantly elevated, thereby establishing a link between
regulator protein abundance and the transcription of its downstream targets. Additionally, I
demonstrate a new technique further to explore the relationship between physiological state and

transcriptomic profiles.
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Chapter 6

6 Conclusions and Future Directions

6.1 Conclusions

6.1.1 Development, characterization, and validation of a novel luminescent (p)ppGpp
reporter

In Chapter 2 of this thesis, I developed, characterized, and validated a novel tool for
investigating (p)ppGpp dynamics in B. subtilis, referred to as RsFluc. I examined the effect of
point mutations in the D. hafniense ilvE riboswitch on luminescent signals (Figure 2.2, Figure
2.3). I created pppGpp- and ppGpp-specific RsFluc candidates (Figure 2.4). Together with
collaborators, I characterized RsFluc activity throughout growth. I measured absolute (p)ppGpp
concentrations in the population using HPLC-MS techniques (Figure 2.5), as well as ATP and
GTP levels (Figure 2.6). I confirmed that fluctuations in luminescent signals accurately reflected
transcriptional changes of the reporter gene (Figure 2.7). I tested the RsFluc and RsFluc™"
responses to known and well-characterized amino acid starvation triggers, such as nutrient
downshift (Figure 2.8), mupirocin treatment (Figure 2.9, Figure 2.10), and diauxic shift (Figure
2.11). Finally, I tracked RsFluc activity alongside transcriptional reporter assays of genes known
to be anti-induced by (p)ppGpp (Figure 2.13).

(p)ppGpp has well-characterized global effects (25) that could influence RsFluc expression,
extending beyond the riboswitch element, making it more challenging to interpret RsFluc
activity. However, this is unlikely for two reasons. First, the activity of the RsFluc™" reporter,
which contains a mutation in the i/vE riboswitch that reduces its in vitro sensitivity to (p)ppGpp
(168) is diminished compared to the wild-type RsFluc reporter (Figure 2.2). This reduction is

similar to what is seen with the mutant RsFluc reporter lacking the entire RS element (RS°,

86



Figure 2.3A). Therefore, these findings in a wild-type background indicate that a significant
effect on luciferase activity can be detected even in a strain that can produce (p)ppGpp. Second,
although (p)ppGpp clearly inhibits overall protein synthesis (71), this inhibition would likely
suppress the response of a reporter like luciferase, thereby reducing the observed (p)ppGpp-
dependent increase in RsFluc activity. As a result, this increase is probably underestimated
compared to the actual effect, due to the compensatory inhibition of (p)ppGpp on luciferase
synthesis.

It’s a long-standing belief that the effect of (p)ppGpp on bacterial physiology in B. subtilis
primarily occurs through reductions in GTP levels and GTP dysregulation during high (p)ppGpp
states (101). However, my analysis of GTP levels during peak (p)ppGpp shows that GTP is only
slightly decreased (Figure 2.6B). This inconsistency may be due to a missing crucial time point
in our sampling, where GTP levels could have been significantly dysregulated, and homeostatic
mechanisms had already been activated. It may also result from the acute starvation methods
often used to study (p)ppGpp, rather than natural growth conditions of gradual nutrient limitation
(209).

Treatment with a small molecule that decreases tRNA aminoacylation, such as mupirocin,
an isoleucyl-tRNA synthetase inhibitor, is a standard laboratory method to induce (p)ppGpp
synthesis (177). I observe that mupirocin increases RsFluc expression (Figure 2.9), but the
response is not linear; 50 ng/mL mupirocin causes a greater increase than 25 ng/mL, but less
than 100 ng/mL (Figure 2.10A). Since higher mupirocin levels decrease tRNA charging, which
itself inhibits protein synthesis, 100 ng/mL mupirocin could impair protein synthesis enough to
affect the expression of the luciferase reporter. The fact that 100 ng/mL mupirocin has a

significantly greater impact on growth than 50 ng/mL (Figure 2.10B) supports this explanation.
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Therefore, interpreting the effects of 100 ng/mL mupirocin is complicated by the role of

(p)ppGpp in inhibiting protein synthesis (71). Similar issues may arise with other molecules that

induce (p)ppGpp synthesis by affecting tRNA charging, suggesting that careful titration may be

necessary to properly account for indirect effects on protein synthesis (209).

6.1.2 Comprehensive evaluation of (p)ppGpp synthetase and hydrolase contributions to
(P)ppGpp metabolism

In Chapter 3, I used the carefully characterized and validated RsFluc (p)ppGpp reporter to
assess the contributions of various (p)ppGpp synthetases, hydrolases, and crosstalk effectors on
(p)ppGpp metabolism in B. subtilis during growth in S7T+CAA. I demonstrated that Rel is the
primary (p)ppGpp synthetase during normal development (Figure 3.1). I showed that mutations
to residues identified as allosteric activation sites in Rel and SasB reduced (p)ppGpp production
and affected temporal regulation (Figure 3.2). I found that full synthetase activity is necessary for
a timely and scaled response to nutrient downshift (Figure 3.3, Figure 3.4). I characterized the
role of Rel as the primary (p)ppGpp hydrolase (Figure 3.5). I investigated the role of pGpp
crosstalk with (p)ppGpp metabolism via NahA pyrophosphohydrolase activity (Figure 3.6).
Finally, I examined c-di-AMP crosstalk mechanisms with (p)ppGpp metabolism through DarB
activation of Rel (Figure 3.7).

When comparing the contributions of Rel, SasA, and SasB to (p)ppGpp metabolism during
growth, it was clear that Rel was the primary synthetase of (p)ppGpp under these conditions
(Figure 3.1A). Mutations AsasA, AsasB, and AsasAAsasB (Figure 3.1C) had minimal to no
impact on (p)ppGpp metabolism. This suggests that the primary mechanism for (p)ppGpp
production in this context is through amino acid starvation, rather than transcriptional changes

(32) or cell wall stress (29), which primarily regulate SasB and SasA activity and expression,
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respectively. The removal of allosteric activation in Rel significantly affected (p)ppGpp
metabolism (Figure 3.2A). This suggests that auto-allostery activation is crucial for initiating a
comprehensive (p)ppGpp response, consistent with the notion that auto-allostery has evolved to
coordinate various Rel proteins within a cell, thereby slowing growth and protein synthesis (24).
I demonstrated that, unlike in natural growth conditions, all (p)ppGpp synthetases (Figure
3.3) and full activity (Figure 3.4) are necessary for temporal regulation and a complete (p)ppGpp
response after downshift. This suggests that these SAS enzymes and allosteric activation may
have evolved to support survival during acute starvation. This study provides a new in vivo
context for the B. subtilis (p)ppGpp synthetase and its allosteric network (Figure 6.1). In
summary, Rel functions as the main synthetase during natural growth and acute starvation. Auto-
allosteric activation of Rel is essential for synthetase activity in both conditions. Both SAS
enzymes are required for acute amino acid starvation, with allosteric activation of SasB being

critical for this activity.
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Figure 6.1 Schematic of (p)ppGpp synthetase allosteric network in B. subtilis.
(p)ppGpp is mainly produced by the RSH enzyme Rel in B. subtilis. Rel exhibits auto-
allostery to stimulate a positive feedback loop. SasB, whose expression and activity are
thought to be regulated by transcriptional changes, is allosterically stimulated by pppGpp
produced from Rel to synthesize (p)ppGpp. SasA is believed to be expressed in response
to cell wall stress and remains active to create (p)ppGpp.

The RsFluc reporter offers a new technique for analyzing (p)ppGpp metabolism; however,
studying (p)ppGpp hydrolysis is particularly challenging. Hydrolysis activity is crucial when
synthetases are present. It is helpful to understand the role of hydrolysis in (p)ppGpp
metabolism, as it is thought to regulate basal, homeostatic (p)ppGpp levels (20). Using the
methods I developed in this thesis, I introduced a powerful new tool for assessing how hydrolysis
affects (p)ppGpp dynamics. We observed that after inducing a Rel hydrolase mutant in a
(p)ppGpp® background, (p)ppGpp quickly accumulated (Figure 3.5). This indicates that

hydrolysis activity is crucial for regulating Rel and maintaining (p)ppGpp levels over time. We
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observed a spike in RsFluc activity (Figure 2.2), and in a hydrolase mutant strain, the shape of
that spike is lost (Figure 3.5). This study provides an in vivo context for previously established in
vitro data.

Both pGpp (31, 39) and c-di-AMP (62) have been shown to interact with (p)ppGpp
metabolic pathways in B. subtilis. With the RsFluc, I set out to investigate how these crosstalk
mechanisms may affect (p)ppGpp metabolism. I found that neither NahA (Figure 3.6) nor DarB
(Figure 3.7) activity affects (p)ppGpp metabolism, contrary to previous findings. However, these
crosstalk mechanisms may still operate under different conditions. Researchers studied the
crosstalk between pGpp and (p)ppGpp during sharp induction of (p)ppGpp (39). C-di-AMP and
(p)ppGpp crosstalk was examined during low potassium conditions (62). Although I was unable
to observe an effect, RsFluc can be used to explore other conditions for a more comprehensive
investigation of crosstalk.

6.1.3 Assessing the environmental factors that contribute to (p)ppGpp synthesis

In 3.4, I examined how environmental conditions influence (p)ppGpp metabolism and
response. | evaluated RsFluc under different levels of amino acid supplementation (Figure 3.8).
Then, I analyzed the relationship between RsFluc activity and luciferase-based transcriptional
reporters of amino acid biosynthetic genes (Figure 3.9).

Since it was clear that Rel was the main synthetase during growth in S7T+CAA, I reasoned
that the primary factor affecting the RsFluc signal was the amino acid limitation the population
faced as it exhausted the supplemented amino acids. I hypothesized that lowering the amino acid
concentration would cause an earlier peak in RsFluc compared to the 0.01% casamino acids
(CAA) used in other assays. Conversely, increasing amino acids should delay the RsFluc peak.

This pattern appeared when I conducted the assay (Figure 3.8A). By the same reasoning, |
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expected no amino acid supplementation to lead to even higher RsFluc levels, but surprisingly,
RsFluc activity remained relatively stable and low (Figure 3.8B). However, compared to the
RsFluc™" signal, RsFluc levels are higher (Figure 3.8B), indicating that basal (p)ppGpp levels
are elevated under these conditions, and the population is well adapted to synthesize amino acids
from S7 nutrients without supplementation.

The hypothesis that increased (p)ppGpp levels contribute to higher amino acid biosynthesis
is further supported by the observation that RsFluc activity closely correlates with amino acid
biosynthetic reporters in a (p)ppGpp-dependent way (Figure 3.9). When the RsFluc activity
spikes, the transcriptional reporters for the serA, ilvB, and metE genes also increase, and this
does not happen in a rel4-D264G background strain. This suggests that elevated (p)ppGpp levels
during growth in media without amino acid supplements enhance amino acid biosynthesis gene
expression, allowing cells to adapt to the environment without exhausting external amino acids.
Therefore, the RsFluc signal in media without supplementation remains high and doesn’t exhibit
a spike, unlike in media with supplements.

6.1.4 (p)ppGpp and growth arrest

In 3.5, I showed that the rise in RsFluc coincides with a sharp decline in the growth rate
(Figure 3.10). I demonstrated that the increase in RsFluc coincides with a decrease in protein
synthesis, as measured by OPP labeling, in a (p)ppGpp-dependent manner (Figure 3.11).
Previous studies have demonstrated that (p)ppGpp directly inhibits protein synthesis by
preventing the translation initiation factor IF2 from binding (71). One of the significant
determinants of growth rates in the regulation of protein synthesis is that protein synthesis and

growth rates are positively correlated (210).
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I hypothesized that the population-level OPP labeling would decrease as RsFluc activity
increased due to higher (p)ppGpp levels and the resulting inhibition of protein synthesis caused
by this increase in (p)ppGpp. I then proposed that this regulation of protein synthesis would be
absent in a (p)ppGpp° background, since these cells do not produce (p)ppGpp to inhibit IF2
activity. This pattern was observed in my experiments (Figure 3.11). Notably, this same time
point corresponds to a sharp decline in growth rate (Figure 3.10). It is likely that the increase in
(p)ppGpp, indicated by higher RsFluc, not only coincides with the decrease in growth, but also
directly affects growth mechanisms such as 1.3protein synthesis, DNA replication, and cell
division, leading to the overall decline in population growth rate.

6.1.5 Development and characterization of a fluorescent (p)ppGpp reporter

In4.1.1 and 4.1.2, I discuss the development of a fluorescent in vivo riboswitch-based
reporter, called RsGFP (Figure 4.1). I then characterized the RsGFP fluorescence throughout
growth in S7 and observed that the signal intensified as the cells progressed from the early
exponential phase to the transition phase (Figure 4.2). I also noticed that the fluorescence of
RsGFP was heterogeneous within the population (Figure 4.2B), indicating variation in (p)ppGpp
levels at the single-cell level.

Creating a tool to assess single-cell variation in (p)ppGpp was a top priority when starting
this work. Previous research in the lab found that mutations in (p)ppGpp synthetases reduce
heterogeneity in protein synthesis rates within the population (71). Other experiments showed
that about 1% of cells within a population exhibit high expression of (p)ppGpp synthetase, SasA,
and this elevated SasA expression leads to increased antibiotic tolerance (29). At the time of
these studies, it was not possible to directly measure (p)ppGpp levels in living cells or at the

single-cell level, which would allow testing whether (p)ppGpp levels are linked to heterogeneity

93



in protein synthesis or increased antibiotic tolerance. Since then, a fluorescent (p)ppGpp reporter
has been developed, utilizing a fluorophore-binding RNA motif constructed between the aptamer
and the expression platform of the 7. oceani 112 ilvE riboswitch (171). In this study, variants of
the riboswitch with different insertions were characterized to optimize fluorescence signal and
ligand specificity in vitro and in vivo, but some key experiments were missing, such as
correlating fluorescence with nucleotide abundance and investigating the mechanism of
termination (transcriptional, translational, or otherwise). Because I established these experiments
using the RsFluc reporter in Chapter 2, I utilized those findings to develop the RsGFP for
assessing (p)ppGpp at the single-cell level. While RsGFP offers clear advantages as a reporter
for single-cell studies, it is worth noting that the half-life of GFP is significantly longer than that
of luciferase or RNA. The half-life of luciferase in B. subtilis is approximately 5 minutes (139).
Although mRNA half-lives vary considerably, they are generally less than 7 minutes (211). GFP
half-lives have been reported to range from 2 hours (212) to 5.6 hours (213). This complicates
the interpretation of the RsGFP signal, as it reflects total (p)ppGpp signaling in a cell rather than
the current (p)ppGpp level. Nonetheless, RsGFP fluorescence still provides valuable insights into
how (p)ppGpp may influence cell physiology.
6.1.6 Evaluating environmental factors’ contribution to heterogeneity in (p)ppGpp within
a population

In 4.1.3, I examined how environmental factors, particularly amino acid supplementation in
the media, affected the RsGFP signal. I tested RsGFP and RsGFP™" in S7 without
supplementation. I observed that the fluorescence intensity of RsGFP increased significantly,
varying between the exponential and transition phases in a (p)ppGpp-dependent manner (Figure

4.3). I also tested RsGFP and RsGFP™" in S7+CAA and found that the fluorescence intensity of
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RsGFP modestly increased between the exponential and transition phases in a (p)ppGpp-
dependent manner (Figure 4.4).

This work was motivated by findings in 3.4.1 that amino acid supplementation in the media
affected the kinetics of (p)ppGpp signaling, and that S7 medium without supplementation
showed basal, elevated production of RsFluc and thus higher (p)ppGpp levels. Using RsGFP to
assess basal, homeostatic (p)ppGpp signaling is particularly helpful due to its increased half-life,
as mentioned in Section 6.1.5. While the RsFluc signal does not show significant fluctuations or
disruptions to (p)ppGpp production (Figure 3.8B), it’s clear that these cells are producing higher
amounts of (p)ppGpp, indicated by a substantial increase in RsGFP signal (Figure 4.3). The
modest rise in RsGFP fluorescence in S7T+CAA was surprising, given the results observed with
RsFluc activity (Figure 2.2). This might be due to differences in maturation time between
luciferase and GFP. Luminescence increased about 10 minutes after RsFluc transcription (Figure
2.7), suggesting the luciferase protein matures in less than 10 minutes. GFP maturation has been
reported to take around 30 minutes (214). Since the RsFluc spike occurs very close to the decline
in growth rate that marks the transition phase, sampling RsGFP at this transition may miss
increases in fluorescence.

6.1.7 Heterogeneity in transcription profile and (p)ppGpp levels

In 4.2.1, alongside Adam Rosenthal, I examined heterogeneity in (p)ppGpp and
transcriptomes in B. subtilis using RsFluc reporter sampled for scRNA-seq at the time point
before the spike in luminescence in S7T+CAA. We showed that at this time point, as determined
by FISH assays (Figure 2.7, Figure 4.6), the population divided into distinct subpopulations with
different transcriptional signatures (Figure 4.6A). We found that the RsFluc reporter grouped

separately in cluster 4 (Figure 4.6B). Cluster 4 was upregulated in specific stress response genes,
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including those involved in polyketide synthesis, EPS genes, and genes related to sporulation,
competence, and the (p)ppGpp reporter itself (Figure 4.6C). Conversely, cluster 4 was
downregulated in genes involved in purine biosynthesis, DNA replication, and cell division
(Figure 4.6C).

This collaboration led to the development of a new technique to investigate both (p)ppGpp
levels and transcriptional profiles. As detailed in 1.3.2, (p)ppGpp regulates transcription through
several mechanisms in bacteria. In B. subtilis, this regulation mainly occurs via drops in GTP
levels, which affect G start transcripts and alter CodY repression (181). Our assay could offer
new insights into novel mechanisms of (p)ppGpp-dependent transcriptional regulation.
Additionally, our observations support that (p)ppGpp anti-induces PurR repression of the
purEKBCSQLFMNHD operon (119), as we saw these genes downregulated in the cluster with
high (p)ppGpp (Figure 4.6C), providing new context that this regulation happens at the single-
cell level rather than just at the population level, as seen in previous assays.

6.1.8 Single-cell regrowth variation

In 4.2.2, I investigated differential regrowth and (p)ppGpp within a population using the
RsGFP reporter and FACS. I observed that the RsGFP"¢" subpopulation experiences slower
regrowth after sorting compared to a RsGFPS®S subpopulation (Figure 4.7).

It has long been established that (p)ppGpp inhibits growth by affecting translation,
replication, and rRNA transcription, as discussed in 1.3. Growth laws demonstrate a positive
correlation between nutrient availability, growth, and the RN A:protein ratio, which is indicative
of increased rRNA content (197). This RNA:protein ratio is precisely controlled in growing
bacteria through (p)ppGpp signaling to optimize ribosomal biogenesis (198). Some evidence

suggests that growth rates can vary significantly within a population (199). Due to limitations in
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(p)ppGpp detection methods, directly measuring how heterogeneity in (p)ppGpp contributes to
single-cell growth variability was challenging. Using RsGFP and FACS provides a way to test
this idea. I demonstrated for the first time that differences in (p)ppGpp levels within a population
are linked to differences in regrowth.

6.1.9 Single-cell antibiotic tolerance variation

In 4.2.3, T examined the relationship between antibiotic tolerance and heterogeneity in
(p)ppGpp within a population using the RsGFP reporter and FACS. I observed that the
RsGFP"gh subpopulation did not have significantly higher antibiotic tolerance to ciprofloxacin
treatment, characterized by a biphasic killing curve, compared to the RsGFPSRS subpopulation
(Figure 4.8).

As discussed in 1.3.7, it has often been hypothesized that heterogeneity in (p)ppGpp
contributes to the formation of a subpopulation of cells characterized by increased antibiotic
tolerance, known as “persisters” (143). Previous methods could not directly assay heterogeneity
in (p)ppGpp in single cells, which is necessary to test this hypothesis. Recently, a study found
that a shared GTP-(p)ppGpp switch correlates with increased antibiotic tolerance to vancomycin
(202). Another study focused on characterizing persisters and found that their transcriptome was
consistent with a low protein synthesis group (201), as would be expected in a high (p)ppGpp
subpopulation. However, neither of these studies directly assayed (p)ppGpp. The development of
the RsGFP reporter offers a solution to this problem and provides a new approach to
investigating these hypotheses. I showed that the RsGFP"e" subpopulation exhibited increased
antibiotic tolerance compared to the RsGFPSRS subpopulation, and this RsGFP"e" also displayed
a biphasic killing curve consistent with persister populations (127). This was the first direct

demonstration that elevated (p)ppGpp levels are linked to increased antibiotic tolerance. Much
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remains to be investigated to fully understand this tolerance, which will be discussed in Section

6.2.5.

6.1.10 Development of a novel technique for labeling cells for protein synthesis and
transcriptomics

In Chapter 5, we developed a novel technique, in collaboration with Christopher Baumann
and Adam Rosenthal, for studying both transcriptional profiles and physiological states,
particularly protein synthesis. We validated this technique by discovering new biology related to
AlsR regulation by protein synthesis levels. We demonstrated that when cells were labeled with
OPP and a clickable oligo to measure protein synthesis, along with probes for the B. subtilis
genome, the labeling was differentially enriched in one cluster (Figure 5.1). We then showed that
the high OPP cluster also had increased levels of a/sSD transcripts (Figure 5.2B), which are
regulated by the transcriptional activator AlsR (208). Using a functional AIsR-GFP fusion
protein (Figure 5.3), I then demonstrated that higher protein synthesis levels were associated
with increased AlsR protein levels (Figure 5.4).

This was the first demonstration of a technique that directly links transcriptomic data with
physiological states. Additionally, this work uncovered a novel mechanism of transcriptional
regulation through variations in protein synthesis rates. We demonstrated that higher protein
synthesis rates are associated with increased AlsR, which presumably supports increased alsSD
transcription. This illustrates transcriptional regulation via differential protein synthesis. Recent
studies have shown another example of this regulation in a (p)ppGpp-dependent manner (102).
6.2 Future Directions

6.2.1 Effect of (p)ppGpp on transcriptome in B. subtilis

98



Through the work presented in 4.2.1, (p)ppGpp heterogeneity is shown to be linked to
heterogeneity in transcriptomes within a population. Work presented in 5.2.2 demonstrated that
heterogeneity in protein synthesis levels leads to heterogeneity in transcriptomes. Recent studies
have shown that (p)ppGpp-dependent regulation of protein synthesis affects the transcription of
specific genes (102). The heterogeneity observed in (p)ppGpp drives heterogeneity in
transcriptomes, rather than merely correlating with it, but the mechanisms underlying this
process have yet to be uncovered.

One possible new mechanism demonstrated in this work and others (102) is the regulation
of transcriptional activators or repressors through protein synthesis. Another mechanism yet to
be investigated involves differential RNA stability in the presence or absence of (p)ppGpp.
Recently, a group discovered that NahA, the enzyme that hydrolyzes (p)ppGpp to pGpp, also
functions to hydrolyze the 5° cap of mRNAs from tri- (‘5-ppp) to monophosphate (5’-p) (40).
This 5’-ppp cap is believed to protect mRNAs from RNase degradation (215). Interestingly, B.
subtilis possesses an additional enzyme that performs this degradation (216) and exhibits a
sequence preference for guanosine nucleotide in the second position (217). Due to the structural
similarities between the 5’-ppp mRNA and (p)ppGpp molecule, enzyme pyrophosphohydrolase
activity on mRNA may be inhibited by (p)ppGpp binding. RsFluc, RsGFP, and other tools and
methods explored in this work could facilitate investigations into (p)ppGpp-dependent
mechanisms of mRNA stability, which could significantly alter the transcriptomes of cells within
a population.

6.2.2 (p)ppGpp triggers in a variety of environmental conditions
Many of these studies discussed in previous sections aimed to investigate (p)ppGpp during

natural growth or acute starvation conditions, but many researchers are also interested in the role
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of (p)ppGpp across different stresses, such as heat (183) and cold (218) shock responses, osmotic
stress (62), and acidic stress (219). RsFluc is a powerful and high-throughput tool that can be
used to assess (p)ppGpp signaling in various conditions, including the stressors mentioned or
even different nutrient sources.
6.2.3 Exploration of the correlation between RsGFP and similarly clustered genes at the
single-cell level

Transcriptomic analysis of a strain containing RsFluc reveals a cluster of cells within the
population that are differentially overexpressing the RsFluc reporter gene, as well as a variety of
other genes that are differentially regulated. However, it remains unclear whether these genes are
being up- or downregulated in a (p)ppGpp-dependent manner. These results warrant further
investigation into the role of (p)ppGpp in the differentially regulated genes, such as those
involved in sporulation, competence, EPS, and polyketide synthesis, which are upregulated, as
well as the DNA replication and cell division genes, which are downregulated (Figure 4.6C).
6.2.4 Investigating the sources of heterogeneity in (p)ppGpp within a population

The mechanisms that cause heterogeneity in RsGFP and consequently in (p)ppGpp
production within a population are still unknown. It could result from intrinsic noise or external
environmental stimuli. To better understand heterogeneity in a bacterial population and to
develop effective therapeutics, researchers should explore the sources driving this variability in
(p)ppGpp production. I observed that strains grown in S7 without amino acid supplementation
showed high heterogeneity, suggesting that noise in (p)ppGpp production or amino acid
biosynthesis could be responsible for the variation. This needs further investigation and should
be a focus of future research.

6.2.5 Investigating single-cell variation in (p)ppGpp and antibiotic tolerance
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This work demonstrated that a subpopulation of cells expressing high levels of RsGFP was
not significantly more tolerant to ciprofloxacin exposure than the overall population. However,
these results warrant further investigation to conclusively determine whether heterogeneity in
(p)ppGpp drives a subpopulation with increased antibiotic tolerance. First, it is essential to assess
the experimental factors that contribute to variability between replicates. There is considerable
variability and a high standard deviation across repeats (Error! Reference source not found.B),
making it necessary to identify the sources of this variation to draw stronger conclusions.
Second, some controls are needed for these experiments. It would be especially informative to
see whether this pattern persists or disappears in RsGFP™ and RS°-GFP strains, which would
help determine if (p)ppGpp signaling causes increased RsGFP or if a less specific mechanism is
involved. Lastly, understanding how (p)ppGpp might enhance antibiotic tolerance requires
further investigation. Transcriptomic data could identify genes involved in (p)ppGpp-dependent
regulatory pathways that lead to increased survival. Alternatively, because (p)ppGpp inhibits
replication, ciprofloxacin may be less effective as an antibiotic, as it targets DNA gyrase activity.
All of these topics are potential subjects for future research.

6.2.6 Expanding novel click-oligo technique for additional assays

This work introduced a method to measure translation rates and transcriptomes in single
cells; however, several other click-chemistry-based labeling assays exist and could be adapted to
incorporate specific oligonucleotide probes for multiomic rate-based measurements. A recent
study employed click-based oligonucleotide attachment to measure nascent RNA in single
eukaryotic cells, utilizing an adapted GRO-seq run-on transcription assay that labeled newly
synthesized transcripts with a click moiety (220). In addition to these examples, standard click-

chemistry-based EdU assay kits could be adapted to link DNA synthesis rates to single-cell
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transcriptomics, and a click-based TUNEL staining kit can be used to measure DNA nicks and

free 3’ ends. Together, these physiological measurements can provide context to transcriptomic
signatures, which can be challenging to interpret due to dynamic factors such as burst kinetics.

Use of these different labels in transcriptomic data should be further explored, similar to the

OPP-based translational labeling examined in this work.
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Appendix A: Materials and methods

Strain construction

Strains were derived from B. subtilis 168 trpC2 except as noted and are listed in Table 1. Strains
were constructed by transformation using conventional methodology and where necessary,
media was supplemented with either 100 pg/mL spectinomycin, 10 pg/mL kanamycin, 5 pg/mL
chloramphenicol, or 1X MLS. Reporters at sac4 were constructed using pSac-cm (221) derived
plasmids (Table 2), confirmed via whole plasmid sequencing via Plasmidsaurus or Genewiz, and
sacA integration was confirmed by assaying growth on TSS/glc and nongrowth on TSS sucrose
plates. Constructs at amyE were constructed using pDG1730 derived plasmids, confirmed via
whole plasmid sequencing, and amyFE integration was confirmed by assaying on LB starch
plates. Bacitracin-inducible constructs were designed as described previously (184), using P
promoter upstream of induced gene (Table 2). Marker free site-directed mutagenesis of the B.
subtilis chromosome was done using pMINIMad2 methodology as described (222), confirming
via whole plasmid sequencing and mutated locus sequence by amplification and Sanger

sequencing (Genewiz).

(p)ppGpp reporter construction

The various (p)ppGpp reporter strains were constructed by fusing their respective gBlocks (Table
3) downstream of IPTG-inducible promoter, Ppyperspank, and upstream of firefly luciferase or
GFPmut2 gene, using a pSac-cm cloning vector via conventional restriction enzyme and Gibson
assembly cloning techniques. Plasmids were sequenced verified and are listed in Table 2. The
vectors were transformed into B. subtilis, selecting on LB Agar supplemented with 5 pg/mL

chloramphenicol, and sacA integration was verified using TSS/glc and TSS sucrose plating.
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Media composition
S7 media is composed of 1X MOPS (Teknova), 1.32 mM K;HPO4, 1% glucose, 0.1% glutamic
acid, 40 pg/mL L-Trp. S7+CAA media is composed of 1X MOPS (Teknova), 1.32 mM K,HPOsu,

1% glucose, 0.1% glutamic acid, 0.01% casamino acids, 40 pg/mL L-Trp.

Luminescence measurements

Luminescence was measured in a Tecan Infinite M200 Pro instrument with continuous shaking
at 37°C, taking ODgoo and luminescence reads every 10 minutes. Cultures were grown from
single colonies grown overnight on LB plates at 37°C. Single colonies were picked into 2 mL
S7+CAA (1X MOPS (Teknova), 1.32 mM K>HPO4, 1% glucose, 0.1% glutamic acid, 0.01%
casamino acids, 40 pg/mL L-Trp), unless otherwise stated, and grown at 37°C in a roller drum
for ~3.5 hours. ODgoo measurements were taken to ensure colonies remained in early exponential
phase (between ODsoo 0.3-0.6). The cultures were then diluted to ODs0o=0.05 in 0.5 mL fresh
S7+CAA supplemented with 4.7 mM D-luciferin (Goldbio) and 10 uM IPTG (Goldbio). Note
that a spectrophotometer ODsoo reading of 0.05 is equivalent to a plate reader reading of ~0.01.
Cultures were aliquoted in triplicate in wells amounting 150 pL each in a 96-well white-walled,
flat and clear bottom plate (Greiner Bio-One). Media only cells were used for background

subtraction.

HPLC-MS nucleotide quantification
Cultures were grown from single colonies grown overnight on LB plates at 37°C. Single colonies

were picked into 2 mL S7+CAA and grown at 37°C in a roller drum for ~3.5 hours. ODseoo
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measurements were taken to ensure colonies remained in early exponential phase (between
ODs00 0.3-0.6). The cultures were back diluted to ODsoo 0.05 in 20 mL S7+CAA supplemented
with 4.7mM D-luciferin and 10uM IPTG in baffled flasks. The cultures were incubated at 37°C
with shaking in a water bath. At 120, 180, and 300 min, 450 pL were sampled for measuring
luminescence and ODeoo via Tecan Infinite M200 Pro plate reader, aliquoting 150 pL in triplicate
wells. Media only wells were used for background subtraction. Simultaneously, 5 mL of culture
were concentrated on 0.2 um pore (d = 0.47 mm) cellulose acetate membrane filter (Sartorius)
via vacuum filtration. The filter was immediately washed with 1 mL ice cold 1M acetic acid
solution containing 1 ug/mL "N-ATP (Sigma) and 1 ug/mL '"N-GTP (Sigma) in a 50 mL
conical tube, repeatedly washing the solution over the filter surface using the force of a pipette.
Conical tubes were vortexed for 3-5 seconds, and the solution was transferred to 2 mL cryo-
vials. Solutions were stored at -80°C. Cold acid nucleotide extractions were performed by
thawing samples on ice for 60 minutes, vortexing occasionally. Samples were then re-frozen
using liquid nitrogen and lyophilized for 6 hours using a VirTis Benchtop Freeze Dryer.
Lyophilized samples were dissolved in 200 pl ice-cold HPLC-grade water, centrifuged at
maximum speed for 30 minutes, and clear supernatant was collected for quantification via
UHPLC-MS/MS.

UHPLC-MS/MS was performed using an ACQUITY Premier UPLC System coupled with a
Waters XEVO TQ-S triple quadrupole mass spectrometer. UPLC was performed on a Hypercarb
2.1x50 mm porous graphitic carbon column (3 pum particle size) using a 10-90% linear gradient
of solvent B (0.1% ammonium hydroxide in acetonitrile) in solvent A (0.1 ammonium acetate in

water, adjusted to pH 9.5 with ammonium hydroxide) within 10 minutes and a flow rate of 0.3
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ml/min. MS/MS analysis was operated in negative ionization mode and a multiple reaction

monitoring (MRM) mode was adopted. MassLynx was used to quantify peak intensities.

Amino acid downshift

After 60 min growth in the plate reader, cultures were collected in sterile microcentrifuge tubes,
pelleted by centrifugation, and resuspended in equal volume of S7 lacking CAA. Cultures were
returned to the plate reader, taking ODgoo and luminescence reads every 10 minutes for remainder

of assay.

Mupirocin treatment
After 90 min growth in plate reader, mupirocin was added to the cultures at noted concentrations,

and ODeoo and luminescence measurements were resumed for remainder of assay.

Diaucxic shift
Cultures were grown in either 2.5 mg/ml glucose or a mixture of 0.5 mg/mL glucose and 2.0

mg/mL arabinose.

OPP Labeling

Click-iT Plus OPP Protein Synthesis Assay Kit (Invitrogen) was used to label cells with OPP
following manufacturer’s instructions. 1000 pL of cells at given time points were transferred to
disposable glass tubes. OPP was added to a final concentration of 10 uM. OPP incorporation was
performed at 37 °C on a roller drum for 20 min and all subsequent steps were done at RT. Cells

were fixed by adding formaldehyde to a final concentration of 1%. Cells were fixed for 30 min,
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harvested by centrifugation at 15k x g for 3 mins, and permeabilized using 100 pL of 0.5%
Triton X-100 in PBS for 15 min. Cells were labelled using 100 pL of 1X Click-iT cocktail for 20
min in the dark. Cells were harvested and washed one time using Click-iT rinse buffer and then

re-suspended in 20-100 pL of PBS for imaging.

Fluorescence in situ hybridization (FISH)

yfp FISH probes (Table 3) were designed and synthesized with CAL Fluor® Red 590 Dye (LGC
Biosearch Technologies). FISH imaging was performed as described (190) with minor
modifications. Briefly, 2 ml cells from mid or late-log cultures grown in S7+CAA media were
collected and fixed with 1% formaldehyde (final concentration) at room temperature for 30 min.
The cells were then harvested by centrifugation at 6000 RPM for 3 min at room temperature and
washed with 0.02% saline sodium citrate (SSC, Invitrogen). The cell pellets were resuspended in
300 ul MAAM mix (4:1 V:V dilution of methanol to glacial acetic acid) and incubated at -20 °C
for 15 minutes, followed by 1X PBS (from 10X PBS, Invitrogen) wash to remove traces of
MAAM. Cells were permeabilized in 200ul PBS containing 350 U pl-1 of lysozyme (Epicenter
ready-lyse) for 30 min at 37°C. After permeabilization, cells were washed once with 500 ul PBS.
The cells were resuspended in 100 pl Stellaris® RNA FISH Hybridization Buffer containing
10% formamide and 12.5 uM reconstituted yfp oligo probes for hybridization. The cell-probe
mix was incubated in a 30°C water bath overnight. Cells were harvested and washed with 500 pl
of reconstituted Stellaris® RNA FISH Wash Buffer A containing 10% formamide and incubated
at 30°C water bath for 1 hour. The washing step was repeated one more time to remove the
excess probe. The cells were harvested and resuspended in 0.5 ml Stellaris® RNA FISH Wash

Buffer B and incubated for 5 minutes at room temperature. Finally, the cells were harvested and
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resuspended in 20-40 ul of PBS with 1ul SlowFade™ Gold Antifade Mountant (Invitrogen). A
non-fluorescent control strain, treated with yfp probes, was used as a control to subtract
background and autofluorescence in each channel. Phase contrast and fluorescence images
(mCherry (ET Sputter Ex560/40 Dm585 Em630/75)) of bacterial cells immobilized on agarose

pads were acquired.

Microscopy

Microscopy was performed on cells immobilized on 1% agarose pads prepared with PBS.
Imaging was performed using a Nikon 901 microscope with a Phase contrast objective (CFI Plan
Apo Lambda DM %100 Oil, NA 1.45), an X-Cite light source, a Hamamatsu Orca ER-AG, and
the following filter cubes: mCherry (ET Sputter Ex560/40 Dm585 Em630/75), FITC (ET Sputter
Ex480/40 Dm505 Em510/0). Phase contrast and fluorescence images of bacterial cells
immobilized on agarose pads were acquired. The image stacks were analyzed in the software Fiji
with the help of the MicrobelJ plugin (223). The straighten and intensity options in the MicrobelJ
plugin were used to measure the average fluorescence per pixel within each cell. A non-

fluorescent control strain was used to subtract background and autofluorescence in each channel.

Fluorescence-activated cell sorting (FACS)

Adapted from (29). Cultures were grown to early log phase and diluted 100-fold with additional
S7 media to obtain the optimal density of 1x10°¢ cells/mL for flow cytometry. The resulting
samples were vortexed vigorously prior to measurement to disrupt aggregates. Flow cytometry
and sorting were performed on a BD Biosciences FACS Aria [I-SORP. GFP was detected using

a blue laser (488 nm) with a 525/50 dichroic, and a 505 long pass filter. Fluorescence values
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were quantitatively compared between experiments by rescaling each experiment by the mean
fluorescence of a control sample. Sorting was performed with a 70 um nozzle at 70 PSIL.
Detection voltages were set such that the non-fluorescent control had a median value of ~100.
The sorting thresholds were chosen such that the “high” expression gate corresponds to
approximately 5% of the starting population and can be sorted in ~10 min. The simple random

sample (SRS) was a selection of cells in the population at random and can be sorted in ~30 sec.

Survival assays

Adapted from (29). 2.0 x 10* cells were sorted by fluorescence and dispensed into 2 mL of
defined growth media (S7). Cultures were incubated in a roller drum at 37 °C for 15 min, then 1
mL was treated with 1 pg/ml ciprofloxacin for 1.5 h. Serial dilutions of each population were
plated for colony forming units (CFUs) on LB every 15 mins and grown overnight at 30 °C and
survival ratios were calculated by comparing the CFU/mL values between the initial CFU/mL

count and subsequent counts.
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Appendix B: Strains, plasmids, and oligos

Table 1. Strain list

hafniense ilvE riboswitch-luciferase-cmR

Strain Genotype Source
JDB3 Prototroph (PY79) Lab
collection
JDB1772 tpC2 Lab
collection
JDE3129 MG1655 rpoZ-kanR rpoC-tetAR (1+, 2+) Gourse
Lab
JDE3168 MG1655 relA::kanR spoT::catR Gourse
Lab
JDB4294 trpC2 relA::erm sasA(ywaC)::kan yjbM.: :tet (71)
JDB4300 trpC2 relA-Y3084 (71)
JDB4440 trpC2 yjbM-F424 31)
JDB4525 trpC2 relA-Y200A4 This thesis
JDB4729 trpC2 relA D264G This thesis
JDB4496 trpC2 sacA:: Phyperspank-ilvE riboswitch-luciferase cmR This thesis
JDB4512 relA::erm ywaC::kan yjbM: :tet sacA: : Pyperspank-D. This thesis
hafniense ilvE riboswitch-luciferase-cmR
JDB4631 trpC2 sacA:: Pyperspan-M9+M 11 riboswitch-luciferase- | This thesis
cmR
JDB4524 trpC2 sacA::Phyperspank-luciferase-cmR This thesis
JDB4599 trpC2 sacA::Phyperspank-M9 riboswitch-luciferase-cm | This thesis
JDB4522 trpC2 sacA::Phyperspank-M11 riboswitch-firefly This thesis
luciferase-cm
JDB4730 trpC2 sacA::Phyperspank-Clostridiales natA This thesis
riboswitch-luciferase-cmR
JDB4731 trpC2 sacA::Phyperspank-Oxobacter pfennigii livK This thesis
riboswitch-luciferase-cmR
JDB4508 trpC2 ywaC: :kan yjbM.: :tet sacA::Phyperspank-D. This thesis
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JDB4515 trpC2 ywaC::kan sacA::Phyperspank-D. hafniense ilvE | This thesis
riboswitch-firefly luciferase-cmR

JDB4516 trpC2 yjbM: :tet sacA::Phyperspank-D. hafniense ilvE | This thesis
riboswitch-firefly luciferase-cmR

JDB4741 trpC2 relA D264G sacA::Phyperspank-D. hafniense This thesis
ilvE riboswitch-luciferase-cmR

JDB4568 trpC2 ykuL::kan sacA::Phyperspank-D. hafniense ilvE | This thesis
riboswitch-luciferase-cmR

JDB4675 trpC2 relA::erm ywaC::kan yjbM: :tet This thesis
sacA::Phyperspank-D. hafniense ilvE riboswitch-
luciferase-cmR amyE:: Plial-relA-specR

JDB4676 trpC2 relA::erm ywaC::kan yjbM: :tet This thesis
sacA::Phyperspank-D. hafniense ilvE riboswitch-
luciferase-cmR amyE::Plial-relA D78A-specR

JDB4567 trpC2 yvel::erm sacA::Phyperspank-D. hafniense ilvE | This thesis
riboswitch-luciferase-cmR

JDB4568 trpC2 ykuL::kan sacA::Phyperspank-D. hafniense ilvE | This thesis
riboswitch-luciferase-cmR

JDB4711 trpC2 yjbM F42A sacA::Phyperspank-D. hafniense ilvE | This thesis
riboswitch-luciferase-cmR

JDB4528 trpC2 relA Y2004 sacA::Phyperspank-D. hafniense ilvE | This thesis
riboswitch-luciferase-cmR

JDB4656 PY79 sacA::Phyperspank-D. hafniense ilvE riboswitch- | This thesis
luciferase-cmR

JDB4657 PY79 sacA::Phyperspank-M9+M11 riboswitch- This thesis
luciferase-cmR

JDB4759 trpC2 sacA::PserA-luciferase-cmR This thesis

JDB4765 trpC2 sacA::PhomA-luciferase-cmR This thesis

JDB4792 trpC2 sacA::PilvB-luciferase-cmR This thesis
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JDB4798 trpC2 sacA::PmetE-luciferase-cmR This thesis

JDB4793 trpC2 relA D264G sacA::PserA-luciferase-cmR This thesis

JDB4794 trpC2 relA D264G sacA::PhomA-luciferase-cmR This thesis

JDB4795 trpC2 relA D264G sacA::PilvB-luciferase-cmR This thesis

JDB4799 trpC2 relA D264G sacA::PmetE-luciferase-cmR This thesis

JDB4803 trpC2 sacA::PpurE-luciferase-cmR This thesis

JDB4804 trpC2 relA Y3084 ywaC: :kan yjbM: :tet sacA::PpurkE- This thesis
firefly -cmR

JDB4303 trpC2 sacA::Phyperspank-D. hafniense ilvE. This thesis
riboswitch-yfp-cmR

JDB4623 trpC2 sacA::Phyperspank-D. hafniense ilvE. This thesis
riboswitch-yfp-cmR amyE::P Phyperspank-D. hafniense
ilvE. riboswitch-luciferase-specR

JDB4784 trpC2 sacA::PalsS-luciferase-cmR This thesis

JDB4786 trpC2 alsR::alsR-GFP This thesis

JDB4787 trpC2 sacA::PalsS-luciferase-cmR alsR::alsR-GFP This thesis

JDB4632 trpC2 sacA::Phyperspank-D. hafniense ilvE riboswitch- | This thesis
gfpmut2-cmR

JDB4661 trpC2 sacA::Phyperspank-M9+M11 riboswitch- This thesis
gfpmut2-cmR

DS3290 PY79 amyE::Phyperspank-lytF-specR Kearns Lab

JDB4839 trpC2 amyE:: Phyperspank-IlytF-specR This thesis

JDB4841 trpC2 sacA::Phyperspank-D. hafniense ilvE riboswitch- | This thesis
gfpmut2-cmR amyE:: Phyperspank-lytF-specR

JDE3185 MG1655 pMHI11-ampR rpoZ-kanR rpoC-tetAR (1+, This thesis
2+)

JDE3187 MG1655 pMHII-ampR relA::kanR spoT::catR This thesis

Table 2. Plasmid list
Plasmid Description Source
pSac-cm B. subtilis sacA integration vector Lab collection
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pDR111

Vector for Phyperspank integration at B. subtilis amyE

Lab collection

pMINIMad2 Chromosomal integration of a mutation in B. subtilis Lab collection

pGL3 Vector containing firefly luciferase gene Lab collection

pEL47 pSac-cm-Phyperspank Lab collection

pMH9 pSac-cm-Phyperspank-(p)ppGpp riboswitch-yfp This thesis

pMHI11 pSac-cm-Phyperspank-(p)ppGpp riboswitch-firefly This thesis
luciferase

pMH13 pSac-cm-Phyperspank-M9 riboswitch-firefly luciferase | This thesis

pMH15 pSac-cm-Phyperspank-M11 riboswitch-firefly This thesis
luciferase

pMHI16 pSac-cm-Phyperspank-firefly luciferase This thesis

pMH17 pMINIMad?2 relA Y200A This thesis

pMH25 pDG1730-Phyperspank-(p)ppGpp riboswitch-firefly This thesis
luciferase

pMH31 pSac-cm-Phyperspank-M9+M11 riboswitch-firefly This thesis
luciferase

pMH39 pDG1730-Plial-relA This thesis

pMH40 pDG1730-Plial-relA D78A This thesis

pMH42 pMINIMad? relA D264G This thesis

pMH45 pSac-cm-Phyperspank-pppGpp riboswitch-firefly This thesis
luciferase

pMH46 pSac-cm-Phyperspank-ppGpp riboswitch-firefly This thesis

luciferase
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pMHS50 pSac-cm-PserA-firefly luciferase This thesis
pMH67 pSac-cm-PilvB-firefly luciferase This thesis
pMHG68 pSac-cm-PmetE-firefly luciferase This thesis
pSN27 pSac-cm-PpurE-firefly luciferase This thesis
pMHG62 pKL147-alsR 3’ frag-GFP This thesis
pMH63 pSac-cm-PalsS-firefly luciferase This thesis
pMH35 pSac-cm-Phyperspank-(p)ppGpp riboswitch-GFPmut2 | This thesis
pMH38 pSac-cm-Phyperspank-M9+M11 riboswitch-GFPmut2 | This thesis

Table 3. Oligo list

Source Number | Name Sequence
(27) MESI153 | IDT G-block GCGCACATGAGAATTCCAGCGACGCTGTT
containing the GATCCTTTTAAATAAGTCTGATAAAATGT
WT D. hafniense | GAACTAAAGTTATAAATGAAAGAATGTAT
ilvE riboswitch TATAACAGCAGGAAGTGTACCTAGGGTTC
and controlled by | CGGGAGCTGCTCCGTCTGGTCCGAGCGGT
the B. subtilis ACAAAATCCAGAGCATGGATTTACACCGT
lysC promoter, GGGCAGAAAATACCCGAGCGGAAAGTTCC
for serving as a TCGAGAGGGTAGGAACACCGCTCGGTTTT
dsDNA template | CTATAATATTCAGAGGATCCCCAGCTGCG
for in vitro C
transcription
termination
assays
This thesis 1IvE riboswitch AGTTATAAATGAAAGAATGTATTATAACA
gBlock GCAGGAAGTGTACCTAGGGTTCCGGGAGC
TGCTCCGTCTGGTCCGAGCGGTACAAAAT
CCAGAGCATGGATTTACACCGTGGGCAGA
AAATACCCGAGCGGAAAGTTCCTCGAGAG
GGTAGGAACACCGCTCGGTTTTCTATAAT
ATTCAGAGGATCCCCAGCTGCGC
This thesis natA riboswitch ACTGTCAAGCTTCAATCATATTATAATATT

gBlock

AACAATAAGAGAGTGTATCTAGGGTTCCG
GTCAATAGATGTCTGGTCCGAGCGATACA
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GGATTTCAATCTACACTTTTAGGAAAAAA
GCCTAAAGGACGAGTCTCTGCAAAGAGAT
TTGTTCTTGGGCTTTATTTTTTTATCTTTAT
TTAAGGGGGCGGCCGCTGAGTC

This thesis livK riboswitch AGTCTGAAGCTTTAATTTATAATGACAAA
gBlock TTAATTATGTTGATAAGAGGCTAACTAGG
GTTCCGATGGTTTCATGCTGGTCCAAGCGT
TAGCAAACATACTGAGGAAGGTATGTTAC
ACCGTTAGTACAAAAGGCTCGGCGGGAGG
TCTTATCCTTAGATGGACAAGGCCCCCCTA
CGAGTTTTTTTATTAAACTTGTTGACATAA
TGTGTCATTATATGGCGGCCGCTGACTG
This thesis ilvE riboswitch CCCGGGAAGCTTAGTTATAAATGAAAGAA
F1F TGTATTATAACAGCAG
This thesis rbs-YFP F2 R CCCGGGGCTAGCTTTATTTATACAGTTCGT
CCATACCGTG
This thesis ilvE riboswitch GCTCATAATGTGACTTTCCTCCTTTGCGCA
F1R GCTGGGGATCCTC
This thesis tbs-YFP F2 F ATATTCAGAGGATCCCCAGCTGCGCAAAG
GAGGAAAGTCACATTATGAGCA
This thesis | MH53 pSacA with GCGGAAAGATCGCCGTGTAAAGCTAGCCG
luciferase F CATGC
This thesis | MH54 pSacA with ATGTTTTTGGCGTCTTCCATAATGTGACTT
luciferase R TCCTC
This thesis | MH55 luciferase in CAAAGGAGGAAAGTCACATTATGGAAGA
pSacA F CGCCAAAA
This thesis | MH56 luciferase in TAGCTTGCATGCGGCTAGCTTTACACGGC
pSacA R GATCTTTC
This thesis | MH145 | M9 Q5 SDM F GGTCCGAGAGGTACAAAATCCAGAGC
This thesis | MH146 | M9 Q5 SDM R AGACGGAGCAGCTCCCG
This thesis | MH50 MI1 Q5 SDMF | CCGCTCGGTTTTTTATAATATTCAG
This thesis | MHS51 MI1 Q5 SDMR | CTGAATATTATAAAAAACCGAGCGG
This thesis | MH65 luciferase in ATTAAGCTTaggagecAGCCACCATG
pSac-cm-
Physpank F
This thesis | MH66 luciferase in CGGCTAGCTTACACGGCGATCTTT
pSac-cm-
Physpank R
This thesis | MH22 relA EcoRI F ggecccgaattcCATCTTTCGTTTTTTTCTTG
pMINIMAD?2
This thesis | MH23 relA BamHI R gggcccggatccTGGGCTTCATTCGTTTTG
pMINIMAD?2
This thesis | MH67 relA Y200A F ACCCTCAGCAAgcgTACAGAATTGT
This thesis | MH68 relA Y200A R ACAATTCTGTAcgcTTGCTGAGGGT
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This thesis | MH167 | EcoRI Plial F CAGTCAGAATTCATTGGCCAAAGCAGAAA
GGTCC
This thesis | MH168 | Sall Plial R CTGACTGTCGACTCGTTTTCCTTGTCTTCA
TCTTATAC
This thesis | MH57 relA D78A F ATTTTTGCACgcgGTCGTGGAAG
This thesis | MH58 relA D78A R CTTCCACGACcgcGTGCAAAAAT
This thesis | MH121 | Pspac RS luc GTCAAACATGAGAATTCGACTCTCTAGCT
EcoRIF TG
This thesis | MH122 | Pspac RS luc gggaaagaattcCTCACATTAATTGCGTTGCGCT
EcoRI R CAC
This thesis | MH205 | natA riboswitch | ACTGTCAAGCTTCAATCATATTATAATATT
gBlock F AACAATAAG
This thesis | MH206 | natA riboswitch | GACTCAGCGGCCGCC
gBlock R
This thesis | MH207 | livK riboswitch AGTCTGAAGCTTTAATTTATAATGACAAA
gBlock F TTAATTATGTTG
This thesis | MH208 | livK riboswitch CAGTCAGCGGCCGCCA
gBlock R
This thesis | MH209 | Notl luciferase F | CTGACAGCGGCCGCAAAGGAGGAAAGTC
ACATTATG
This thesis | MH210 | Nhel luciferase R | GCATGCGGCTAGCTTTACAC
This thesis | MH231 | BamHI PserAF | CTGACAGGATCCCGAATCCTGCTGTAAAG
ACAGC
This thesis | MH232 | HindIIl PserA R | TGACTGAAGCTTGACAAACTAAATATCTG
ATAATTTAACATATTCTC
This thesis | MH265 | BamHI PilvB F CTGACAGGATCCGAAATTGAAATGGATTG
This thesis | MH266 | Nhel PilvB R CTGACAGCTAGCGGATTTTCATCCTTTAAA
GATCATC
This thesis | MH271 | BamHI PmetEF | CAGTCAGGATCCCACATCATGTAAATAAA
AATTTCAAATTC
This thesis | MH272 | HindIIl PmetE R | AGTCTGAAGCTTTTATATGTAAAACACTCT
CTTTCACC
This thesis | NSN139 | PpurE luc F ccggcgetcaggatccGGAAATTGATCTAAAACAC
GAAC
This thesis | NSN140 | PpurE luc R ACCGGAATGCCAAGCTTAATGCTTTTGTTT
TCAGAAAAT
This thesis yfp FISH probe 1 | aaagttcttctcctttacgc
This thesis yfp FISH Probe 2 | agaattgggacaactccagt
This thesis yfp FISH Probe 3 | cccattaacatcaccatcta
This thesis yfp FISH Probe 4 | cctctccactgacagaaaat
This thesis yfp FISH Probe 5 | gtaagttttccgtatgttgc
This thesis yfp FISH Probe 6 | gtagttttccagtagtgcaa
This thesis yfp FISH Probe 7 | acaagtgttggccatggaac
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This thesis yfp FISH Probe 8 | tgaacaccccaagtcaaagt
This thesis yfp FISH Probe 9 | tcatgccgtttcatatgatc
This thesis yfp FISH Probe gggcatggcactcttgaaaa
This thesis )lzj(;) FISH Probe ttctttcctgtacataacct
This thesis )lzjljv FISH Probe gttcccgtcatctttgaaaa
This thesis )1/29 FISH Probe tgacttcagcacgtgtcttg
This thesis )lzj?%) FISH Probe taacaagggtatcaccttca
This thesis )1/;9 FISH Probe ataccttttaactcgattct
This thesis )lzj;) FISH Probe gaatgtttccatcttcttta
This thesis )1/29 FISH Probe ttgtattccaatttgtgtcc
This thesis )lzj;) FISH Probe gtttatctgcagtgatgtat
This thesis )1/;9 FISH Probe tgagctttgattccattctt
This thesis )1/29 FISH Probe ccatcttcaatgttgtgtct
This thesis )2;;9 FISH Probe atggtctgctagttgaacgce
This thesis )2/;9 FISH Probe cgccaattggagtattttgt
This thesis )2/29 FISH Probe ttgtctggtaaaagggcagg
This thesis )2;%9 FISH Probe cagattgtgtggacaggtaa
This thesis )2/;9 FISH Probe ttttcgttgggatctttcga
This thesis )2/29 FISH Probe aagaaggaccatgtggtctc
This thesis )2/29 FISH Probe tcccagcagctgttacaaac
This thesis )2/;9 FISH Probe Ttatacagttcgtccatacc
This thesis | MH259 éioRI 37alsR F CTGACAGAATTCCAAAGCAGCCCTTGTGTT
This thesis | MH260 | Xhol 3’ alsR R E?éiCAGAATTCCAAAGCAGCCCTTGTGTT

TTAG
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This thesis | MH261 | BamHI PalsS F CAGTCAGGATCCCGTTTTGTCCTTTTCAGA
AG
This thesis | MH262 | HindlIII PalsS R AGTCTGAAGCTTGCATTTTAAACGTAAAAT

TTTAAATATC
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Appendix C: Assessing (p)ppGpp in E. coli

A large number of studies on (p)ppGpp have investigated the molecule in the Gram-
negative model organism, E. coli, including the seminal study that identified the signaling
nucleotide (6). Researchers have long been utilizing E. coli in laboratories to investigate how
(p)ppGpp may play a role in pathogenicity and antibiotic tolerance (138). While other
researchers have established a riboswitch-based, fluorescent RNA reporter in E. coli (171), 1
sought to ensure our RsFluc reporter, validated and characterized in B. subtilis, functioned to
report on (p)ppGpp in E. coli.

To investigate RsFluc activity in E. coli, I transformed the plasmid carrying the shuttle
vector with the RsFluc construct (pMH11, Table 2) into wild-type MG1655. I also transformed
this into a (p)ppGpp°® (AreldAspoT) MG1655 strain. When the luminescent signal from the
wildtype strain was normalized to the (p)ppGpp? strain, there was a sharp spike of activity that
occurred as the cells were exiting exponential growth (Figure Appendix C.1). Notably, this spike
in RsFluc activity occurs in approximately the same point along the growth curve in similar
growth conditions as an observed spike in ppGpp as quantified by HPLC-MS by Varik et al.
((149), Fig. 4). Thus, the RsFluc reporter can report on ppGpp production in both Gram-positive
and -negative model organisms, B. subtilis and E. coli.

The demonstration of RsFluc in E. coli is compelling, as E. coli is a commonly used
laboratory strain for investigating other Gram-negative pathogens. When investigating possible
new therapeutics against Gram-negative infections, the use of RsFluc in E. coli could be
instrumental in evaluating how (p)ppGpp is affected by new treatments. It also demonstrates the
robustness of this reporter across different species, which can be helpful for researchers

investigating (p)ppGpp in other organisms.
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This work demonstrated that the propagation of the plasmid that carries the RsFluc
construct was a sufficient (p)ppGpp reporter in E. coli. However, this system was not optimized.
To better investigate (p)ppGpp metabolism in E. coli, it would be pertinent to integrate this
construct into the genome as a single copy, as was done in B. subtilis. It is challenging to control
for plasmid copy number; however, integration into the genome ensures that there is only one

singular copy in a growing cell until the DNA replicates.
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Figure Appendix C.1. RsFluc luminescence throughout growth in E. coli.
Luminescence (RLU/ODeoo) of RsFluc in wildtype (JDE3185) normalized to
luminescence of RsFluc in ArelAAspoT (JDE3187) background (blue). Growth (ODgoo)
of RsFluc in wildtype (black).

135



