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ABSTRACT  Staphylococcus aureus is an important human pathogen responsible for a
variety of infections including skin and soft tissue infections, endocarditis, and sepsis.
The combination of increasing antibiotic resistance in this pathogen and the lack of
an efficacious vaccine underscores the importance of understanding how S. aureus
maintains metabolic homeostasis in a variety of environments, particularly during
infection. Within the host, S. aureus must regulate cellular levels of the cofactor heme
to support enzymatic activities without encountering heme toxicity. Glutamyl tRNA
reductase (GtrR), the enzyme catalyzing the first committed step in heme synthesis, is an
important regulatory node of heme synthesis in Bacteria, Archaea, and Plantae. In many
organisms, heme status negatively regulates the abundance of GtrR, controlling flux
through the heme synthesis pathway. We identified two residues within GtrR, H32 and
R214, that are important for GtrR-heme binding. However, in strains expressing either
GtrR™ or GtrR*™'**, heme homeostasis was not perturbed, suggesting an alternative
mechanism of heme synthesis regulation occurs in S. aureus. In this regard, we report
that heme synthesis is regulated through phosphorylation and dephosphorylation of
GtrR by the serine/threonine kinase Stk1 and the phosphatase Stp1, respectively. Taken
together, these results suggest that the mechanisms governing staphylococcal heme
synthesis integrate both the availability of heme and the growth status of the cell.

IMPORTANCE  Staphylococcus aureus represents a significant threat to human health.
Heme is an iron-containing enzymatic cofactor that can be toxic at elevated levels.
During infection, S. aureus must control heme levels to replicate and survive within the
hostile host environment. We identified residues within a heme biosynthetic enzyme
that are critical for heme binding in vitro; however, abrogation of heme binding is not
sufficient to perturb heme homeostasis within S. aureus. This marks a divergence from
previously reported mechanisms of heme-dependent regulation of the highly conserved .

enzyme glutamyl tRNA reductase (GtrR). Additionally, we link cell growth arrest to the g\:l?:Sssazzrr;e;’av??j:gjeot:’;ih; sz;?'an
modulation of heme levels through the post-translational regulation of GtrR by the er'\c.sléaar@vumc.or'g. ’ o

kinase Stk1 and the phosphatase Stp1.
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I I eme, a tetrapyrrole ring coordinating an iron atom, is a nearly ubiquitous molecule Tine auithers cladkie fo oniiia: o ifiaesi

used as a cofactor in a variety of essential processes, including electron transport,
redox sensing, cell signaling, and enzyme catalysis (1-4). Despite the utility of heme as a
cofactor, the redox-active heme-iron can lead to the production of macromolecule-dam-
aging radicals necessitating tight control over cellular heme levels (1). Thus, organisms
that encounter and use heme encode regulatory systems to sense and alleviate heme
toxicity (5).
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Staphylococcus aureus is a gram-positive pathogen responsible for a myriad of
diseases, ranging from skin and soft tissue infections to infectious endocarditis (6).
In 2019, over one million deaths were attributable to S. aureus infection making S.
aureus the leading bacterial cause of death worldwide (7). During infection, S. aureus
likely experiences varying intracellular heme concentrations as well as requirements
for hemoproteins as evidenced by multiple strategies employed by the bacterium
to maintain heme homeostasis (5). In conditions of high environmental heme, the
heme sensor two-component system (HssRS, TCS) activates the expression of the heme
responsive transporter (HrtAB), a heme efflux pump, to alleviate heme toxicity (1, 8, 9).
HssRS can also sense endogenously produced heme; thus, HssRS activation can be used
as a readout for heme production (1, 8). The level of HssRS activation can be measured
using a reporter of Pp,; promoter activity or by assessing the ability of S. aureus to adapt
to heme toxicity using a heme adaptation assay. In this assay, activation of the HssRS
TCS by subinhibitory levels of heme in overnight cultures or by excess heme production
enables robust growth in toxic concentrations of heme (5, 9).

Heme is an important contributor to the growth and survival of S. aureus within the
hostile host environment (10-14). In conditions in which heme is required, S. aureus can
acquire host heme using the Iron-regulated surface determinant (Isd) system or it can
synthesize heme de novo (15). Strategies for maintaining appropriate heme levels are
conserved among gram-positive bacteria (5, 15); however, the mechanisms by which
the systems involved in heme uptake, synthesis, and detoxification are integrated to
maintain heme homeostasis remain unknown. The work described here aimed to define
the regulation of heme synthesis in S. aureus and to determine how the bacterium
modulates heme levels.

In all organisms that synthesize heme, production of §-aminolevulinic acid (ALA)
represents the first committed step in heme synthesis and thus control of ALA produc-
tion is critical to the regulation of heme synthesis (1, 4, 16-21). ALA synthesis occurs
through one of two pathways. Members of the domains Bacteria, and Archaea, and
the kingdom Plantae form ALA in a two-step process starting with the conversion
of glutamate-charged tRNA (tRNA") to glutamate-1-semialdehyde (GSA) by glutamyl
tRNA reductase [GtrR, formerly HemA (4)] and GSA to ALA by glutamate-1-semialde-
hyde amino-mutase [GsaM, formerly HemL (4)] through the C5 pathway (3, 22, 23).
Metazoans, however, synthesize the precursor ALA through the one-step condensation
of succinyl-CoA and glycine in the C4 or Shemin pathway (4, 23). Recently, an alterna-
tive branch of terminal heme synthesis was identified in gram-positive organisms in
which coproporphyrinogen is oxidized to coproporphyrin, which is then loaded with
iron and decarboxylated to heme. This process is named the coproporphyrin-dependent
branch of heme synthesis (24). By contrast, other organisms synthesize protoporphyrin
IX and then load the molecule with iron to form heme in the protoporphyrin-dependent
pathway (24). These differences in heme synthesis strategies between gram-positive
bacterial pathogens and the human host offer the potential for bacteria-specific heme
synthesis-disrupting therapeutics. For example, inducing endogenous overproduction
of ALA could drive the production of porphyrins, known photosensitizing molecules, in
a bacterial-specific manner sparing host cells from phototoxicity (25, 26). Additionally,
overproduction of heme depletes available iron within the cell hampering the ability of
the bacterium to populate iron-requiring enzymes important for pathogenesis (1).

Previous studies in several organisms, including S. aureus, have identified GtrR as a
key point of regulation in heme synthesis (1, 19, 27-29). Numerous studies in other
organisms report that heme binding to GtrR impacts heme synthesis by altering the
abundance or catalytic activity of GtrR (1, 16, 19, 20, 28, 30-34). GtrR protein abundance
is negatively regulated by heme status and the conserved membrane protein HemX
in S. aureus and Bacillus subtilis (1, 18). Since GtrR catalyzes one of the rate-limiting
reactions of heme synthesis, accumulation of GtrR protein in a hemX mutant drives
heme production. Elevated heme levels within a AhemX mutant are sufficient to activate
the HssRS TCS, further illustrating how HssRS signaling can be used as a readout for
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cellular heme levels (1). Despite an abundance of literature describing heme-dependent
regulation of GtrR and heme synthesis, the mechanism by which this occurs in S. aureus is
unknown.

Another mechanism of heme synthesis regulation could occur through the post-
translational modification of heme biosynthetic enzymes. Eukaryote-like serine/threo-
nine (Ser/Thr) protein kinases (eSTK) and phosphatases (eSTP) represent a conserved
strategy to tune cellular signaling and activities by altering the phosphorylation state
of proteins (35). Most strains of S. aureus encode only one eSTK/eSTP pair (Stk1/Stp1)
(36, 37). Upon sensing of lipid II, Stk1 dimerizes and autophosphorylation of activation
loops induces kinase activity. Active Stk1 catalyzes the phosphorylation of serine and
threonine residues of target proteins to induce a cellular response to stalled growth
(38, 39). Phosphatases such as Stp1 antagonize Stk1 activity by dephosphorylating Stk1
and substrate proteins (40). Stk1 and Stp1 in S. aureus work together to modulate
cell wall biosynthesis, virulence, resistance to antimicrobials, central metabolism, and
tuning of TCS signaling in response to cell growth status (36). While several examples
of Stk1-dependent phosphoregulation of enzymes have been reported (41-43), it is
unknown whether GtrR is regulated by phosphorylation.

We hypothesized that heme-bound GtrR is unstable and that this interaction enables
heme-dependent regulation of GtrR abundance in S. aureus. In this work, we identified
two residues within GtrR that are important for heme binding to GtrR in vitro. Surpris-
ingly, we found that the heme-GtrR interaction does not impact heme production in
vivo. We also identified GtrR as a substrate of Stk1 and found that inactivation of the
genes encoding either Stk1 or Stp1 impacts baseline levels of heme stress signaling,
implicating the pair in the regulation of heme synthesis. Together, the data presented
here describe a divergence from known mechanisms of heme synthesis regulation
and report the phosphorylation of a heme biosynthetic enzyme by a master cellular
regulator, connecting heme biosynthesis to cell growth status in S. aureus.

RESULTS
Recombinant S. aureus GtrR binds heme

We hypothesized that the heme-dependent regulation of GtrR abundance occurs
through direct interactions between heme and GtrR. To test this hypothesis, we purified
recombinantly expressed S. aureus GtrR from Escherichia coli and assessed whether GtrR
binds heme in vitro. GtrR was not bound to heme upon purification, evidenced by the
lack of a Soret peak. Addition of GtrR to a hemin chloride (heme) solution induced shift in
the maximal absorbance of heme from 380 nm to approximately 414 nm. The presence
of this Soret peak upon the addition of a protein is indicative of heme binding (Fig. 1).
The absence of a charge transfer maximum and the presence of a/B-bands at 540 and
567 nm, respectively, indicates that GtrR is bound to a low-spin (LS) heme species (Fig.
1A) (44, 45). Since the electronic spin state of heme often correlates with the degree
of heme coordination (46), excess dithiothreitol was used to reduce the heme-GtrR
solution. Upon reduction, the Soret band red-shifted to 421 nm and the a/B-bands were
sharpened at 526 and 557 nm also supporting the presence of an LS hexacoordinate
heme in both oxidation states (Fig. 1B) (45-50).

Conservation, domain organization, and homology model of S. aureus GtrR

We next sought to identify the residues important for GtrR binding to heme. While
canonical heme-binding motifs have been described, heme can also be bound by
proteins through several general mechanisms. Heme ligation involves amino acid
residues that coordinate heme-iron such as cysteine, methionine, histidine, lysine, and
tyrosine (51-54). Heme-protein interactions are also mediated and/or strengthened by m1-
m stacking, hydrogen bonding, and Van der Waals interactions (51, 55). Thus, it is difficult
to predict specific residues that mediate heme binding by sequence gazing alone (53).
To expand our search for heme-binding motifs in GtrR, we employed a bioinformatics
approach. A multiple sequence alignment (MSA) and phylogenetic tree were generated
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FIG 1 S. aureus GtrR binds heme in vitro. (A) Absorption spectra of heme in solution and in the presence of purified WT GtrR in dialysis buffer. The spectrum

corresponding to 50 uM free heme is shown as a solid pink line. Increasing concentrations of heme (5-50 uM, in grayscale from light to dark) were incubated
in the presence of 5 uM purified protein. (B and C) Absorption spectra of heme in dialysis buffer (B) and after reduction with the addition of excess dithionite
(C). Absorbance values at wavelengths below 500 nm are plotted on the left Y axis and absorbance values above 500 nm are plotted on the right Y axis for

visualization of a/f bands.

using GtrR protein sequences from 275 gtrR-encoding species including S. aureus strain
Newman. The ConSurf Server was then used to generate conservation scores for each
residue within S. aureus GtrR at increasing taxonomic levels (Staphylococcaceae,
Bacillales, Firmicutes, Bacteria, prokaryotes, and all other organisms encoding GtrR) (56—
59), (Fig. 2; Fig. S1). To identify residues within S. aureus GtrR that mediate heme-GtrR
interactions, a directed alanine screening strategy was employed. We previously found
that heme status impacts the protein levels of GtrR (1) and predicted that heme binding
to GtrR impacts abundance rather than activity. To this end, most residues that were
highly conserved or with predicted roles in catalysis were excluded from mutagenesis
while residues known to mediate heme-protein interactions were prioritized (51, 56-58).
The amino acid H99 was selected despite its conservation and predicted catalytic
function because heme inhibits GtrR activity in Hordeum vulgare and structure prediction
by Huang and Wang identified H99 as a likely heme-binding residue (Fig. 2) (30, 60).
Using these strategies, the S. aureus GtrR residues H32, H63, H99, H140, T156, Y167, R214,
H226, Y255, D299, D301, and H425 were selected for alanine mutagenesis (Fig. 2).

Histidine 32 and arginine 214 of S. aureus GtrR are individually important for
heme binding in vitro

To test whether the predicted heme-binding amino acid residues were important for
GtrR-heme interactions, 12 alanine substitution variant GtrRs were expressed, purified,
and their ability to bind heme was assessed. Only 7 out of the 12 variant GtrRs were
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FIG 2 Conservation, domain organization, and homology model of S. aureus GtrR. (A) Homology model of a S. aureus GtrR homodimer generated using
SWISS-MODEL with GtrR from Arabidopsis thaliana as a template (61, 62). Residues selected for mutagenesis are highlighted. On the left monomer, domains are
colored to match the domain organization modeled in B. On the right, amino acids are colored according to the degree of conservation. A scale of variable (teal)
to conserved (purple) residues is indicated in the figure. (B) Domain organization (bottom bar: Catalytic, pink; NADPH binding, green; Spinal Helix, light orange;
Dimerization, dark orange) and conservation of S. aureus GtrR primary sequence compared to increasing taxonomic levels (top bars, colored as in A).

purified successfully (Table 1), likely due to the amino acid substitution resulting in an
unstable protein. Out of the six substitutions evaluated for the ability to bind heme (Fig.
3; Fig. S2A through E), GtrR™?* and GtrR*'** were the only variants that did not induce a
spectral shift in absorbance upon exposure to heme (Fig. 3A and B). The absence of the
Soret peak and the a/B-bands seen in the GtrR™?* and GtrR™'** variants indicates a lack
of heme binding. To ensure equal amounts of GtrR protein were used in each binding
assay, aliquots were separated using SDS-PAGE, and protein was visualized using
Coomassie staining (Fig. S2F). From these experiments, we hypothesized that heme
binding to residues H32 and R214 enables negative regulation of heme synthesis
through GtrR-heme interactions in S. aureus. Therefore, we created AgtrR AhemX mutant
strains expressing HemX and either GtrR™?* or GtrR™'** jn cis to test this hypothesis.
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TABLE 1 Expression outcome for mutant GtrR proteins

Mutant GtrR Expression and purification outcome
WT GtrR Expressed and purified
H32A Expressed and purified
H63A Did not express

H99A Expressed and purified
H140A Did not express

T156A Did not express

Y167A Expressed and purified
R214A Expressed and purified
H226A Expressed and purified
D244A Did not express

Y255A Did not express
D299A Expressed and purified
D301A Expressed and purified
H425A Did not express

GtrR variants expressed in S. aureus AgtrR AhemX are catalytically active and
heme produced is utilized in cellular hemoproteins

To test whether abrogation of heme binding to GtrR alters heme homeostasis, we
constructed AgtrR AhemX strains that express HemX and myc-tagged GtrR variants
in cis from the SAPI locus, a neutral site in the genome (Table 4) (63). Table 4
contains detailed descriptions of each strain, but we abbreviated the genotypic
annotations to simplify legends and references in the text. For example, we refer to
the AgtrR AhemX strain that expresses HemX and WT N-terminally myc-tagged GtrR
as "AAPgygmyc-gtrR.hemX.”

To validate the strains expressing GtrR variants, we initially assessed GtrR expression
in these strains using immunoblots probing for the myc tag. Unfortunately, we were
unable to detect myc-tagged GtrR in any of the constructed strains. Therefore, we
evaluated whether the expression of the GtrR variants in S. aureus complements the
heme-deficient phenotype of the AgtrR AhemX mutant. Substitution of either R214 or
H32 in GtrR for alanine could result in the destabilization of the protein in vivo or impact
catalytic efficiency. These phenotypes could impact heme synthesis and heme trafficking
through mechanisms other than loss of heme-dependent regulation of GtrR. To ensure
that the H32A and R214A substitutions within GtrR did not result in defects in heme
synthesis or heme insertion into hemoproteins, strains were spotted on tryptic soy agar
to assess colony morphology and catalase status. All strains adopted a normal colony
morphology except for AgtrR, a strain incapable of heme synthesis that forms punctate
colonies (14, 64, 65). The absence of heme synthesis produces respiration-deficient “small

A o B .o Heme
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FIG 3 Histidine 32 and arginine 214 are individually important for GtrR binding to heme in vitro. Absorption spectra of increasing concentrations of heme
(5-50 pM) in the presence of 5 uM purified GtrR™** (A) or GtrR™'* (B). The spectrum corresponding to 50 uM free heme is shown as a solid pink line. Heme

concentrations ranging from 5 to 50 uM of heme are graphed in grayscale from light to dark.
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colony variants” Both quantitative and qualitative assays of catalase activity were used
to assess the production of functional catalase, an abundant hemoprotein whose activity
requires heme (1). All tested strains possessed comparable catalase activity except for
the heme-deficient AgtrR mutant and the katA::erm catalase mutant (Fig. 4B). Addition of
ALA chemically complements the heme deficiency of the AgtrR mutant and rescues
catalase activity. Combined, these data demonstrate that the GtrR™?* and GtrR¥"**
variants are functional and that expression of these variants enables the production
and incorporation of heme into representative hemoproteins at levels similar to wild
type (WT).

Disruption of heme binding to GtrR does not correlate with activation of the
HssRS two-component system

Dysregulation of GtrR abundance in S. aureus results in activation of the heme stress
response due to overproduction of heme (1, 9). To test whether abrogation of heme
binding to GtrR results in a similar stress response, we measured the ability of S. aureus
expressing either GtrR™?* or GtrR™'** to adapt to heme toxicity using a heme adaptation
assay. Activation of the HssRS TCS by subinhibitory levels of heme in overnight cultures
or by high endogenous heme levels enables robust growth under conditions of toxic
heme levels compared to non-adapted cultures (5, 9). Thus, HssRS activation serves as a
readout for heme concentrations in the cell (1, 5, 8, 66-71). A strain expressing N-
terminally myc-tagged WT GtrR in cis (AAPgypmyc-gtrR.hemX) from the SAPI locus
experiences a delay in entrance into exponential phase when not adapted to heme while
expression of only myc-tagged GtrR (AAPggmyc-gtrR) recapitulates the pre-adaptation
phenotype of a AhemX mutant (Fig. 5A) (1). Interestingly, a strain expressing C-terminally
myc-tagged WT GtrR (AAPgrgtrR-myc.hemX) enters logarithmic growth phase when
grown in toxic levels of heme faster than the strain expressing N-terminally tagged WT
GtrR AAPgypmyc-gtrR.hemX (Fig. 5A). This increase in resistance to heme toxicity
suggests that the addition of a tag on the C-terminus affects GtrR abundance or activity.
Strains expressing GtrR variants with either the non-heme-binding substitutions H32A or
R214A both grew similar to the AAPg,gmyc-gtrR.hemX strain in high levels of heme,
indicating that disrupting heme binding to GtrR does not result in overproduction of
heme (Fig. 5A). Activation of the hrtAB promoter (Pp) by HssRS, measured using a
luminescent transcriptional reporter, mirrors the phenotypes seen in the heme adapta-
tion growth curves with significantly higher HssRS signaling in the AAP gy ggtrR-myc.hemX
and the AhemX-like AAPg pmyc-gtrR compared to AAPgrmyc-gtrR.hemX grown in
tryptic soy broth (Fig. 5B; Fig. S3). Together, these data establish H32 and R214 as
residues involved in heme binding and preclude the role of heme binding through these
residues in regulating GtrR activity.

Stk1 and Stp1 impact heme stress signaling within S. aureus

GtrR was previously identified as a phosphoprotein in Synechococcus sp. and Shigella
flexneri (72, 73), suggesting that post-translational modification of GtrR serine or tyrosine
residues could be an additional mechanism to regulate heme biosynthesis in bacteria.
Recent S. aureus phosphoproteomics data sets do not identify GtrR as a phosphoprotein
(41, 74, 75) although in silico analysis of GtrR identified 15 predicted serine/threonine
phosphosites, several of which are highly conserved (Table 2; Fig. 2) (76). This led us to
investigate whether phosphorylation of GtrR by the S/T kinase and global regulator Stk1
impacts heme homeostasis in S. aureus. To assess Stk1-dependent phosphorylation of
GtrR in vitro, purified Stk1 was loaded with ATPyS, an ATP analog that, upon phosphoryla-
tion of a target protein, can be modified by treatment with the alkylating agent p-
nitrobenzyl mesylate to produce a thiophosphate ester that can be detected by
immunoblotting. ATPyS-loaded Stk1 was incubated with purified GtrR for 2 h, and then,
the reactions were separated by SDS-PAGE. Total protein was visualized by Coomassie
staining, phosphorylated proteins were detected using an anti-thiophosphate ester
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FIG 4 GtrR variants expressed in a S. aureus AgtrR AhemX mutant are catalytically active and heme produced is utilized in cellular hemoproteins. (A) S. aureus

strains were serially diluted and spot plated on TSA. After growth, hydrogen peroxide was pipetted onto the resulting colonies. Colony morphology and

qualitative catalase activity are summarized on the left (A). Strains with wild-type colony size are annotated as “WT” and small colony variants “SCV” (B) Catalase

activity of strains used in (A) was quantified using a Catalase Assay Kit. Bars are representative of the averages from three independent experiments performed

in biological triplicate with error bars representing the SEM. Significance was calculated in Graphpad Prism 8 using the Brown-Forsythe and Welch ANOVA tests

and Dunnett’s T3 multiple comparisons tests with individual variances computed for each comparison with WT; **P < 0.01; non-significant comparisons are not

shown.

antibody, and the His tag on GtrR was detected using an anti-His antibody (Fig. 6).
Control reactions containing only a single protein were included to demonstrate Stk1-
specific phosphorylation of GtrR. GtrR alone was not phosphorylated as illustrated by the
lack of a ~50 kDa band in the anti-thiophosphate immunoblot. Upon addition of Stk1,
however, a band which overlaps with His-tagged GtrR appears on the anti-thiophos-
phate immunoblot (Fig. 6). These data indicate that Stk1 modulates the phosphorylation
status of GtrR.

Deletion of stk1 sensitizes S. aureus to heme toxicity, but a Astk7 mutant is still capable
of being adapted to heme (Fig. 7A). We hypothesize that in the absence of Stk1, GtrR is
no longer phosphorylated which results in lower levels of heme production. This could
increase the amount of heme required to adapt a Astkl mutant to heme toxicity and
account for the mutant’s growth defect in toxic concentrations of heme, even when
exposed to heme overnight. To test this, we deleted stp7 and assessed the growth
phenotype of the mutant in media containing toxic levels of heme. Interestingly, the
Astp1 mutant grew equally well in the presence of high concentrations of heme regard-
less of whether the strain was adapted to heme toxicity similar to a AhemX mutant (1).
Since deletion of stk1 and stp1 alters the permeability of the cell envelope, we also
assessed heme stress levels using a luminescent reporter of hrtAB promoter (Pp,) activity
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TABLE 2 Predicted serine/threonine phosphosites within S. aureus GtrR

Journal of Bacteriology

NetPhosBac Consurf score across taxonomic level

Position Aminoacid score Predicted domain Staphylococcaceae Bacillales Firmicutes Bacteria Archaea Eukarya

40 S 0.511 Catalytic 7 8 8 8 7 7

64 T 0.512 Catalytic 9 9 8 8 7 7
109 S 0.515 Catalytic 9 9 9 9 9 9
182 S 0.506 NADPH binding 1 1 1 1 1 1
210 T 0.502 NADPH binding 8 9 7 6 6 6
235 S 0.593 NADPH binding 1 3 3 3 2 2
249 S 0.59 NADPH binding 9 9 9 9 9 9
251 S 0.546 NADPH binding 9 8 8 8 7 7
273 S 0.808 NADPH binding 6 6 6 6 5 5
290 S 0.611 NADPH binding 1 1 1 1 1 1
371 S 0.775 Spine 7 7 6 6 6 6
379 S 0.75 Dimerization 9 7 6 6 6 6
434 S 0.604 Dimerization 1 1 1 1 1 1
440 S 0.732 Dimerization 1 1 1 1 1 1
446 S 0.664 Dimerization 4 7 1 4 1 1

(77, 78). We found that the Astk7 and Astp? mutant strains have similar levels of Pp,;
activation in both TSB and 2 pM heme, suggesting that the growth differences in the
presence of high heme levels may be due to increased flux of heme across the cell
envelope rather than differences in baseline Py, promoter activation (Fig. 7B; Fig. S4;
Table 3). To genetically raise endogenous heme levels, hemX was inactivated in both the
Astk1 and Astp1 backgrounds and HssRS-dependent Py, activation was assessed. A stk1
hemX double mutant has similar Pp,; activation to the Astkl mutant, implying that
deletion of stk7 is epistatic to the overproduction of heme caused by disruption of hemX
(Fig. 7B; Fig. S4; Table 3). Again, disruption of hemXin a Astp1 mutant background has the
opposite phenotype, with high levels of Py, activation; higher even, than a AhemX
mutant (Fig. 7B; Fig. S4; Table 3). These results suggest that Stk1 and Stp1 work antago-
nistically to regulate GtrR activity and modulate heme levels in the cell.

We also used ALA supplementation to drive heme synthesis to determine whether
Stk1 and Stp1 may regulate other steps in the heme synthesis pathway. The AhemX,
Astk1, Astk1 hemX::erm, and Astp1 mutants all have lower overall Py, activation when
treated with ALA compared to WT and the Astp1 hemX::erm mutant (Fig. 7B; Fig. S4: Table
3). However, the comparison of time course data for these strains shows a similar peak in
luminescent signal at 5 h, indicating that the magnitude of Py, activation upon ALA
supplementation is comparable between WT and the AhemX, Astk1, Astk1 hemX::erm,
and Astp1 mutants (Fig. S4). ALA treatment of the Astk1 hemX::erm double mutant does
not significantly increase the levels of Py, activation compared to the Astk? mutant. The
Astp1 hemX::erm double mutant, however, has significantly higher Py, activation upon
ALA supplementation.

Stk1 and Stp1 impact heme levels in S. aureus

Since the heme-related phenotypes of Astk1 and Astp1 mutant strains differed between
the heme adaptation experiments and luminescent Pp,; reporter experiments, we
measured heme levels using high-performance liquid chromatography (HPLC). Like what
was observed in Pp, reporter experiments, deletion of either Astk1 or Astp1 does not
significantly impact heme levels compared to WT (Fig. 8). The Astp1 hemX::erm strain
produces significantly more heme than the Astp1 single mutant (Fig. 8). However, while
the Astk1 hemX::erm mutant produces slightly more heme than a Astk7 mutant, both the
Astk1 hemX:erm and Astpl hemX:erm mutants produce significantly less heme com-
pared to a AhemX mutant (Fig. 8). These data illustrate that deletion of stk and stp1
impact the regulation of heme synthesis by HemX.
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TABLE 3 Statistical significance of comparisons made in Fig. 7B°

Condition Strains compared Significance
TSB WT AhssRS ns
TSB WT AhemX *
TSB WT Astk1 ns
TSB WT Astk1 hemX::erm ns
TSB WT Astpl ns
TSB WT Astp1 hemX::erm FHEE
TSB AhemX Astk1 hemX::erm **
TSB AhemX Astp1 hemX::erm FHEE
TSB Astk1 Astk1 hemX::erm ns
TSB Astpl1 Astp1 hemX::erm FHEE
ALA WT AhssRS i
ALA WT AhemX **
ALA WT Astk1 i
ALA WT Astk1 hemX::erm i
ALA WT Astpl Fx
ALA WT Astp1 hemX::erm FHEE
ALA AhemX Astk1 hemX::erm **
ALA AhemX Astp1 hemX::erm FHEE
ALA Astk1 Astk1 hemX::erm ns
ALA Astpl Astp1 hemX::erm FHEE
Heme WT AhssRS i
Heme WT AhemX **
Heme WT Astk1 ns
Heme WT Astk1 hemX::erm ns
Heme WT Astpl ns
Heme WT Astp1 hemX::erm FHEE
Heme AhemX Astk1 hemX::erm i
Heme AhemX Astp1 hemX::erm FHEE
Heme Astk1 Astk1 hemX::erm ns
Heme Astpl Astp1 hemX::erm FHEE

“Significance was calculated in Graphpad Prism using a two-way ANOVA with Tukey'’s test for multiple comparisons
test for multiple comparisons between the strain pairs listed in the table on the right with *P = 0.05; **P =0.01; ***P
=0.001; ****P < 0.0001; ns, non-significant.

DISCUSSION

For optimal growth and survival, heme-utilizing organisms must maintain homeostatic
levels of heme. This is accomplished by modulating heme acquisition, synthesis,
degradation, and export (1). For organisms that initiate heme synthesis with the C5
pathway of ALA production, the enzyme GtrR represents a key point in the regulation of
heme production (1, 28, 79). In many of these organisms, heme binding to GtrR impacts
the regulation of GtrR, resulting in the post-translational regulation of GtrR protein
abundance or GtrR activity (20, 30, 34, 80, 81).

Heme binding to GtrR often results in the modulation of GtrR protein abundance (1,
19, 33). In E. coli, the residue C170 of GtrR mediates heme binding and GtrR*"7** accumu-
lates in the cell, suggesting that heme binding targets GtrR for degradation (28). In H.
vulgare, H99 is predicted to bind heme to enable heme-dependent regulation of GtrR
activity (60). In this work, we identified two residues within S. aureus GtrR, H32 and R214,
that mediate heme binding (Fig. 3), but disruption of heme binding has no significant
impact on heme homeostasis (Fig. 4 and 5, S3).

Spectroscopic studies of heme bound to WT GtrR are suggestive of a hexacoordina-
ted heme, meaning that two residues coordinate the iron contained within heme (Fig.
S2). Out of the two residues found to be important for heme-GtrR binding (H32 and
R214), H32 is likely one of the axial residues mediating the coordination of heme-iron,
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but arginine is not known to function in this way. While the amino acid residues flanking
H32 (LRIAHEDLY) share properties with heme regulatory motifs identified by Kuhl et al. in
a peptide-based screen for MRM, including lysine/alanine at the N-terminus and
glutamic acid/aspartic acid at the C-terminus, this peptide was not identified as a strong
heme-binding motif (82). Perhaps, upon heme binding, the NADPH binding and catalytic
domains are assembled such that a non-adjacent amino acid serves as a second axial
heme ligand. The formation of a clamp-like structure induced by heme binding could
impact GtrR catalytic activity by bringing the two domains in closer proximity (83). This
could also explain why substitution of alanine for H32 does not seem to have a heme
binding-dependent phenotype in vivo as nearby residues such as Y36 could substitute
for H32 in the heme-binding interaction. Because arginine is not likely an axial heme
ligand and substitution of R214 with alanine in S. aureus does not have an appreciable
impact on heme levels, we hypothesize that R214 forms a salt bridge with a propionate
group within heme to increase the affinity of GtrR for heme (51, 84).

The expression of several GtrR protein variants in E. coli yielded little or no GtrR
protein (Table 1). Like others (85), we found overexpression of GtrR to be difficult, with
low yields after purification and a propensity of purified GtrR to precipitate out of
solution. It is possible low yields could be due to conserved mechanisms of negative
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(A) coomassie stained, and immunoblotting used to detect (B) phosphorylated protein and (C) His-tagged GtrR. Phosphorylated protein and His-tagged GtrR
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background clarity. Both the raw (top) and processed images (bottom) are shown for each immunoblot.

regulation of GtrR abundance between E. coli and S. aureus (85, 86). It is also possible that
GtrR is unstable in solution alone since co-expression of GtrR from several species with
the downstream enzyme GsaM improves protein yield and solubility of GtrR (17, 86).
Finally, one of the mutants with poor yields could be more important for mediating
negative regulation of GtrR by heme. This could drive heme synthesis to toxic levels or
cause sequestration of aggregated GtrR to inclusion bodies. This would have led to the
omission of the residue responsible from subsequent studies.

Although we demonstrate that GtrR binds heme in vitro, it is unknown if GtrR binds
heme in vivo. Whether mutations sufficient to abrogate heme binding in vitro also disrupt
in vivo heme binding remains an open question, particularly since strains expressing the
GtrR™? and GtrR™'** variants lack an appreciable phenotype. Since recombinant GtrR
was not bound to heme upon purification from E. coli, we hypothesize that GtrR would
not be bound to heme when immunoprecipitated from S. aureus. It is likely that the
heme-GtrR interaction is weak since heme binding is not thought to play a structural or
catalytic role for GtrR. We hypothesize that the primary function of heme binding is to
impact GtrR stability since GtrR protein levels are elevated in a heme-deficient mutant
(1). This does not exclude the possibility of heme regulation of GtrR activity, though, so
future work could investigate the activity of GtrR in vitro.

In Salmonella enterica Serovar Typhimurium, heme binding to GtrR results in Lon- and
ClpAP-mediated proteolytic degradation under heme-replete conditions (19, 33). This
regulation relies on a stretch of positively charged amino acids on the C-terminus of GtrR,
which are thought to target GtrR for proteolysis (33). Interestingly, we found that the
addition of a C-terminal tag to GtrR in S. aureus impacts heme production, suggesting
that a similar mechanism of proteolytic regulation may be occurring. S. aureus lacks a Lon
protease but does encode Clp protease and adapter proteins. Trapping experiments
identified GtrR as a substrate of the Clp protease in S. aureus, implying a similar mecha-
nism of proteolytic regulation (87). Moreover, a hemX mutant accumulates GtrR, indicat-
ing that HemX may participate in the proteolytic regulation of GtrR, perhaps through the
recruitment of the Clp protease (1, 18).

Eukaryote-type Ser/Thr protein kinases and phosphatases represent a conserved
strategy used by bacteria to modulate enzyme and signaling activities in response to cell
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from three independent experiments performed in biological triplicate + SEM. Significance was calculated using two-way ANOVA with Tukey’s test for multiple
comparisons using the comparisons listed in Table 3.

growth status (88). While there have been many reports of Stk1 and Stp1 modulating
cellular signaling, Stk1 can also phosphorylate enzymes to modulate their activity (35,
89). For example, phosphorylation of PurA in S. aureus results in decreased enzymatic
activity in vitro (41). We identified GtrR as a substrate of Stk1 (Fig. 6) and found that
deletion of stk1 or stp1 impacts the sensitivity of S. aureus to heme toxicity (Fig. 7A).
Additionally, in silico analysis of S. aureus GtrR identified multiple residues which could be
phosphorylated by Stk1 (Table 2). However, activation of the Py, promoter was compara-
ble among the Astkl and Astpl mutants when measured using a reporter construct
suggesting that differences in cell envelope integrity may be responsible for the growth
difference in the presence of toxic levels of heme (Fig. 7B; Fig. S4) (77, 78).

To circumvent issues with envelope permeability, we tried to increase cellular heme
levels by inactivating hemX, the gene encoding a negative regulator of GtrR abundance.
In the Astk1 hemX::erm mutant, we hypothesize that the protein levels of GtrR are high.
However, without phosphorylation by Stk1, GtrR does not function optimally, so the
deletion of stk1 is epistatic to the absence of HemX. Conversely, disruption of hemX in a
Astp1 background results in high levels of GtrR that is maximally phosphorylated
resulting in extremely high heme levels and elevated HssRS signaling (Fig. 7B and 8, Fig.
S4). Since supplementation of ALA does not circumvent deletion of stk or stpl
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individually but does increase Pp,¢ activation in the AstpT hemX::erm double mutant, it is
likely that Stk1 and Stp1 also regulate other steps in heme synthesis (Fig. 7B). To our
knowledge, neither Stk1 nor Stp1 impacts the expression of HssRS or HrtAB suggesting
that the pair do not modulate HssRS signaling (41, 75, 90-93). This, combined with the
differences in heme production in Astk1 hemX::erm and Astp1 hemX::erm double mutants,
implies that Stk1 and Stp1 regulate heme synthesis rather than heme sensing or export.

Here, we report an instance of a heme-GtrR interaction that plays an unknown role in
regulation of heme synthesis within the pathogen S. aureus. We have also identified Stk1
and Stp1 as regulators of heme synthesis, linking heme production with a system that
responds to cell growth arrest. Further work is needed to define the function of heme
binding to GtrR, the conditions in which Stk1 and Stp1 alter the phosphostatus of GtrR
to modulate heme synthesis and to uncover the mechanistic link between cell envelope
damage and heme synthesis.

MATERIALS AND METHODS
Bacterial strains, culturing methods, and reagents

Bacterial strains and plasmids (Table 4) and oligonucleotides (Table 5) are listed in the
specified tables. S. aureus strains were grown on tryptic soy agar (TSA) or in broth
(TSB) supplemented with antibiotics when appropriate. Prior to inoculation of liquid
cultures, strains were streaked to agar plates and incubated for 24 h. Heme (hemin
chloride, Cayman Chemical) was prepared fresh at a concentration of 10 mM in 0.1
N NaOH; for experiments in which heme was used, an equal volume of 0.1 N NaOH
was used as a vehicle control. E. coli strains were grown on lysogeny broth (LB) or
LB agar (LBA), supplemented with antibiotics when necessary. For standard S. aureus
cultures, individual colonies were inoculated into 4 mL of TSB media in aerated 15-mL
round-bottomed polypropylene tubes and incubated at a 45° angle in an Innova44
incubator shaking at 180 rpm for 15-16 h. Since heme can inhibit chloramphenicol
acetyltransferase activity (83), strains harboring the pXen1 plasmid were grown in the
presence of 10 pg/mL chloramphenicol during routine culture and diluted into media
without antibiotics for growth and reporter experiments. For cloning and mutagene-
sis, all constructs were confirmed by Sanger sequencing (GeneWiz) and strains were
confirmed using whole-genome sequencing (WGS, SeqCenter). Unless otherwise noted,
all chemicals were from Sigma and molecular biology reagents were from New England
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Biolabs. Phusion 2X Hi-fidelity master mix was used for all cloning PCRs, and GoTaq Green
Master Mix (Promega) was used for all screening PCRs.

Pgtrr-gtrR.hemX chromosomal integration

Chromosomal complementation of AgtrR AhemX (AA) was performed by cloning
Pgtrg gtrR.hemX with N- or C-terminal myc tags into pJC1306, a vector that inte-
grates at the S. qureus SaPI1 attachment site (63). For all constructs, pJC1306
was linearized with the restriction endonucleases BamHI/ and Sall. PCR amplicons
were generated from S. aureus Newman genomic DNA using the primers listed in
Table 5 and then inserted into digested pJC1306 using NEBuilder HiFi DNA Assem-
bly Master Mix: pJC1306.Pger.gtrR.hemX (CSL209/059), pJC1306.Pg¢p-myc-girR.hemX
(CSL209/211, CSL212/213, CSL210/059), pJC1306.PyrpgtrR-mychemX (CSL209/213,
CSL214/215, CSL216/059), pJC1306.Pg¢rp.myc-gtrR (CSL209/211, CSL212/063). Site-direc-
ted mutagenesis of pJC1306.P g g.myc-gtrR.hemX was performed using NEB's Q5 SDM Kit
according to the manufacturer’s instructions, using the mutagenic primers CSL217/218
(H32A) and CSL223/224 (R214A) (Table 5). pJC1306 plasmids were integrated into the
chromosome of strain RN9011 as described previously (63) and then transduced into
the S. aureus Newman AgtrR AhemX strain using the bacteriophage ¢85, plating to
TSA + 10 mg/mL tetracycline + 40 mM sodium citrate (1). Transductants were patched
to TSA + tetracycline + sodium citrate and TSA + 10 pug/mL chloramphenicol + sodium
citrate to confirm tetracycline resistance and chloramphenicol sensitivity to ensure loss
of the helper plasmid harbored by RN9011 (19). Strains were screened for chromosomal
integration using primers JCO719/JCO717 (63), and those with integrated pJC1306 were
passaged 2x on TSA + sodium citrate to eliminate remaining phage particles. The
integrity of final strains was assessed using WGS. The pXen1Pp,lux reporter plasmid
was moved into S. aureus strains by phage transduction as described above (1).

Genetic manipulation of S. aureus by allelic exchange and transduction

Deletion of stk1 and stp1 was performed as described previously with a few modifica-
tions (1, 101). pKOR1 plasmids containing approximately 1 kb regions flanking the gene
to be deleted were constructed using NEB Hi-Fi assembly. The pKOR1 backbone was
amplified by PCR using JC291/292, and the ~1 kb flanking regions including the start
and stop codons ATG and TAA were amplified from S. aureus Newman genomic DNA
using the following primer pairs: CSL285 + 286 (stk1 upstream), CSL287 + 288 (stk1
downstream), CSL295 + 296 (stpl1 upstream), CSL297 + 298 (stp1 downstream). Upon
confirmation of construct sequence, plasmids were electroporated into the shuttle strain
RN4220 (63) and then moved by phage transduction into Newman WT. Resultant strains
confirmed by PCR (stk1, 293 + 294; stp1, 301 + 302, Table 5) and WGS. The NARSA
hemX::erm transposon allele was moved by phage transduction from JE2 into Newman
Astk1 and AstpT and strain integrity was confirmed using primers 155 + 157 (Table 5) (1,
99).

Bioinformatic analysis of S. aureus GtrR

Homologs of S. aureus GtrR across bacterial, archaeal, and eukaryotic species were
identified, and protein sequences downloaded using NCBI's Standard Protein BLAST
and multiple sequence alignments of protein sequences were generated using Qiagen’s
CLC Genomics Workbench (102). The resulting MSAs were input into the Consurf Server
to score the conservation of each residue within S. aureus GtrR among the taxonomic
levels (56-58). SWISS-MODEL was used to construct a homology model of a S. aureus
GtrR homodimer using glutamyl-tRNA reductase from Arabidopsis thaliana as a template
(PDBe: 5yjl.1.A) (61, 103-106). Using the MSAs generated, a phylogenetic tree was
constructed using CLC Genomics Workbench (Qiagen) and domains and important
catalytic residues were mapped onto the primary structure of S. aureus GtrR. To identify
predicted phosphorylation sites within S. aureus GtrR, the primary sequence of GtrR was
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Bacterial strain or plasmid Relevant feature or genotype Ref.
Staphylococcus aureus Newman WT Wild-type, methicillin-sensitive clinical isolate (94)
Escherichia coli DH5a Cloning strain (95)
E. coli XL1-Blue Cloning strain (96)
E. coliBL21(DE3) Strain used for expression of recombinant protein (97)
S. aureus RN4220 Restriction-deficient cloning intermediate strain (98)
S. aureus Newman In-frame unmarked deletion of gtrR (NWMN_1566) and hemX (NWMN_1565). (1)
AgtrR AhemX Referred to as AA
S. aureus JE2 hemX::erm hemX::Tn, NE1501 (99)
S. aureus Newman katA::erm katA::Tn. Catalase negative (1)
S. aureus Newman Astk1 In-frame unmarked deletion of stk7 (NWMN_1130) This study
S. aureus Newman Astk1 hemX::erm hemX::Tn transduced into Newman Astk1 This study
S. aureus Newman Astp1 In-frame unmarked deletion of stp7 (NWMN_1129) This study
S. aureus Newman Astp1 hemX::erm hemX::Tn transduced into Newman Astp1 This study
pJC1306 Plasmid used for genomic integration into the S. aureus SaPI1 attachment site (63)
S.aureus RN9011 RN4220 harboring the pRN7023 integrase plasmid. Intermediate cloning strain (63)
S. aureus Newman S. aureus Newman AgtrR AhemX with This study
AgtrR AhemX attC::Pgrmyc-gtrR.hemX Pgtramyc-gtrR.hemX integrated into the chromosome using the pJC1306 vector.

Referred to as AAP gy pmyc-gtrR.hemX
S. aureus Newman S. aureus Newman AgtrR AhemX with This study
AgtrR AhemX attC::PggrgtrR-myc.hemX PgtrrgtrR-myc.hemX integrated into the chromosome using the pJC1306 vector.

Referred to as AAP gy rgtrR-myc.hemX
S. aureus Newman S. aureus Newman AgtrR AhemX with This study
AgtrR AhemX attC::Pgermyc-gtrR pJC1306.Pg¢rmyc-gtrR.hemX integrated into the chromosome using the pJC1306

vector. Referred to as AAPgrmyc-gtrR
S. aureus Newman S. aureus Newman AgtrR AhemX with This study
AgtrR AhemX attC::Pgermyc-gtrR-H32A.hemX  pJC1306.P ¢ rmyc-gtrR-H32A.hemX integrated into the chromosome using the

pJC1306 vector. Referred to as AAPgrmyc-gtrR(H32A).hemX
S. aureus Newman S. aureus Newman AgtrR AhemX with This study
AgtrR AhemX attC::Pgermyc-gtrR-R214A.hemX  pJC1306.Pgepmyc-gtrR-R214A.hemX integrated into the chromosome using the

pJC1306 vector. Referred to as AAP gyrmyc-gtrR(R214A).hemX
pXen1 Py luxABCDE Luminescence-producing operon luxABCDE cloned from Photorhabdus luminescens (1)

controlled by the HssRS-regulated promoter Pp,;
pET15b.gtrR GtrR expression plasmid This study
pET15b.gtrR-H63A GtrR-H63A expression plasmid This study
pPET15b.gtrR-H99A GtrR-H99A expression plasmid This study
PET15b.gtrR-H140A GtrR-H140A expression plasmid This study
PET15b.gtrR-T156A GtrR-H156A expression plasmid This study
pPET15b.gtrR-Y167A GtrR-Y167A expression plasmid This study
pPET15b.gtrR-R214A GtrR-R214A expression plasmid This study
pPET15b.gtrR-Y230A GtrR-Y230A expression plasmid This study
PET15b.gtrR-H226A GtrR-H226A expression plasmid This study
PET15b.gtrR-D244A GtrR-D244A expression plasmid This study
PET15b.gtrR-Y255A GtrR-Y255A expression plasmid This study
PET15b.gtrR-D299A GtrR-D299A expression plasmid This study
PET15b.gtrR-D301A GtrR-D299A expression plasmid This study
PET15b.gtrR-H425A GtrR-H425A expression plasmid This study
PGEX-2T.stk1 Stk1 kinase domain (1-348) expression plasmid (100)

input into the NetPhosBac 1.0 server found at http://www.cbs.dtu.dk/services/NetPhos-
Bac (76). For this analysis, a score above 0.5 is indicative of a predicted phosphosite (76).
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TABLE 5 Oligonucleotides used in this study

Primer name Primer sequence Ref.
CSL032 agcagtagaagctttattgcgtgtcacttc This study
CSLO033 tcgtcceccacttttact This study
CSLO59 attcgagctcggtacccggggatcctcaattcacaaaatgtgttg This study
CSLO59 ggccgctgcatgectgcaggtcgacttgaaacattttgatattcctactttag This study
CSLO59 ggccgctgcatgectgcaggtcgacttgaaacattttgatattcctactttag This study
CSL063 attcgagctcggtacccggggatccttattcaaaactaaagatacgtcg This study
CSL209 ggccgctgcatgectgcaggtcgacttgaaacattttgatattcctactttag This study
CSL209 ggccgctgcatgectgcaggtcgacttgaaacattttgatattcctactttag This study
CSL209 ggccgctgcatgectgcaggtcgacttgaaacattttgatattcctactttag This study
CSL209 ggccgctgcatgectgcaggtcgacttgaaacattttgatattcctactttag This study
CSL210 tagttttgaataagcatattaatatggtgataatatg This study
CSL211 aagatcttcttcactaataagtttttgttccatttgaaacgcccccatatatac This study
CSL212 gaacaaaaacttattagtgaagaagatcttcattttattgcaattagtataaatcatc This study
CSL213 aatatgcttattcaaaactaaagatacgtcg This study
CSL214 gtttcaaatgcattttattgcaattagtataaatcatc This study
CSL215 aagatcttcttcactaataagtttttgttcttcaaaactaaagatacgtcg This study
CSL216 gaacaaaaacttattagtgaagaagatctttaagcatattaatatggtgataatatg This study
CSL217 acgaattgccgcagaagatttatatgaaactaaatc This study
CSL218 aaggcatcatctctaaaag This study
CSL219 tgatcaaattgcaacaggtcgttactatattcaac This study
CSL220 acaacagcatatacttcag This study
CSL223 agtagtaaatgcaacaattgaaaatgctatg This study
CSL224 gtaatatcagtaattccagaac This study
CSL225 tcaagtgaaagcagatgaactatcatcattaccaaatttac This study
CSL226 tgctttgctgctaatttc This study
CSL227 ctttaattatgcagttgatgacttaaaaggtttag This study
CSL228 atgtttgtgatggcactaatac This study
JC101 gcggcatatggccatgcattttattgcaattagtat This study
JC102 gcggggatccgccttattcaaaactaaagatacgtc This study
JC365 aatttttaatgcactatttaaacaggcaattacttttgcaaaaag This study
JC366 gttcctgtcgtacctgtg This study
JC369 acataatgaagcagatatagctg This study
JC370 gctctttttgcaaaagtaattg This study
JC387 tgaaagtgcagcaattgtgattagttc This study
JC388 agtaaatttggtaatgatgatag This study
JC389 tgcacaatctgcaatcattacaaatgaaatgatag This study
JC390 ctcgttgaactaatcacaatatc This study
JC408 atatcaaatatattttgaaatagctc This study
JC409 tgaatgtcctgcagagcaagcgaagc This study
Jco717 gtgcttcaccagcaccacatgctg (63)
JCO719 ggtattagtttgagctgtcttggttcattgattge (63)

JC291 gggcccgagcttaagact (M

JC292 gatatcccctatagtgagtcgtattac (M
CSL285 gactcactataggggatatcaatatggtctgtttggtggtg This study
CSL286 attatatttacatactttatcaccttcaatagcc This study
CSL287 tgataaagtatgtaaatataattgaagtaaatgtaccgag This study
CSL288 ccagtcttaagctcgggcccttaatatctaacctttctatttgaaatttc This study
CSL293 gttgagaagttaatcgaagc This study
CSL294 accatccataacatc This study
CSL295 cactataggggatatctcgagtagattcgattgatgaaatgac This study
CSL296 ccttcaatagcatttgtctttacctegtttctac This study
CSL297 aagacaaatgctattgaaggtgataaagtatgatagg This study

(Continued on next page)
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TABLE 5 Oligonucleotides used in this study (Continued)
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Primer name Primer sequence Ref.

CSL298 cttaagctcgggceccgatccagcacaatctttcgtgttg This study
CSL301 aaacactacccccttgtttggatccttatacatcatcatagctgacttc This study
CSL302 gagacataagccggagattaag This study
JC155 gggcggatccggctcaattcacaaaatgtgttge This study
JC157 ggggggcatatgcaagaaaacctgtttattcgattcaatg This study
CSL229 ttatgatgttgcagacttaaaaggtttag This study
CSL230 ttaaagatgtttgtgatggc This study

Expression and characterization of recombinant GtrR
Protein expression plasmids

Protein expression plasmids for GtrR were generated by amplifying the S. aureus GtrR
coding sequence flanked by BamHI and Ndel using primers JC101/102 and cloning
into the multiple cloning site of pET15b after digestion (Table 5). Point mutant gen-
eration in pET15b.gtrR was performed using the Q5 SDM Kit using the mutagenic
primers CSL217/218 (H32A), CSL219/220 (H63A), CSL032/033 (H99A), JC365/366(H140A),
JC369/370 (T156A), CSL221/222 (Y167A), CSL223/224 (R214A), CSL225/226 (Y230A),
JC387/388 (D244A), JC389/390 (Y255A), CSL227/228 (D299A), CSL229/230 (D301A), and
JC409/409 (H425A) (Table 5). Constructs were confirmed by Sanger sequencing using T7
sequencing primers (GeneWiz).

GtrR protein expression and purification

A single colony of E. coli BL21 (DE3) pREL harboring pET15b.gtrR was inoculated into
5 mL of LB + 50 pg/mL carbenicillin + 30 pg/mL chloramphenicol and grown for 15 h at
37°C. Cells were diluted 1:100 into 1 L Terrific broth (ThermoFisher Scientific) + 50 pg/mL
carbenicillin + 30 pg/mL chloramphenicol and grown at 37°C with shaking at 200 rpm
to an ODggp = 0.8 prior the addition of isopropyl-1-thiol-b-galactopyranoside to 1 mM.
Growth was continued at 30°C for 16 h after which cells were harvested by centrifugation
(5,300 x g for 30 min) and then resuspended in lysis buffer (25 mL 50 mM Tris, pH 8.0,
300 mM NaCl, 10 mM imidazole, 10% glycerol, 10 pg/mL DNasel, 0.2 mg/mL lysozyme).
Cell suspensions were stirred for 30 min on ice and then lysed using a 550 Sonic
Dismembrator (Fischer Scientific). Samples were sonicated 6x on ice at an amplitude of 4
for 30 s with 2 min in between each cycle. All steps following sonication were performed
at 4°C. Intact cells were removed by centrifugation (11,000 x g for 30 min) and the
supernatant was clarified by centrifugation (30,000 x g for 1 h). Twenty-five millilitersof
clarified lysate was loaded onto 3 mL column volume (CV) equilibrated Nuvia IMAC Resin
(BioRad) and rotated end over end for 30 min prior to transfer to a gravity column. The
column was washed 2x with 5 CV of wash buffer (25 mL 50 mM Tris, pH 8.0, 300 mM
NaCl, 10 mM imidazole, 10% glycerol) followed by elution with 2 CV of elution buffer
(25 mL 50 mM Tris, pH 8.0, 300 mM NaCl, X mM imidazole, 10% glycerol) in a gradient
from 40 to 150 mM imidazole. Purity was assessed using SDS-PAGE, and buffer exchange
and protein concentration were performed on selected fractions using 10 kDa MWCO
Amicon ultra centrifugal filters (Millipore). The dialysis buffer comprised T mM EDTA, 5%
glycerol, 50 mM Tris pH 8. Purified protein was quantified by BCA, purity assessed using
SDS-PAGE, and stored at —80°C in dialysis buffer.

Heme-binding experiments

Heme binding to GtrR was determined by measuring the absorption spectrum of
increasing amounts of hemin (0-50 uM) in the presence or absence of 5 uM purified GtrR
protein in 150 pL dialysis buffer in a 96-well flat-bottomed plate. Samples were incubated
at room temperature (RT) in the dark for 5 min prior to reading the absorbance spectrum
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between 300 and 700 nm at T nm increments on an Epoch Il microplate reader (BioTek)
using the “scanning” function. For measurement of reduced spectra, dithiothreitol was
added to a final concentration of 20 mM and the spectrum read again.

Complementation analysis and qualitative catalase assays

Overnight cultures of S. aureus strains Newman WT, katA:erm, AgtrR, AAPgyrmyc-
gtrR.hemX, AAPgyrmyc-gtrR, AAPgyrgtrR-myc.hemX, AAPgqpmyc-gtrR(H32A).hemX, and
AAPgrmyc-gtrR(R214A).hemX were serially diluted and spotted on TSA (Table 4). After
incubation at 37°C for 24 h, the more dilute spots were imaged to illustrate colony
morphology and 2 pL of 30% hydrogen peroxide was added to the less dilute spots to
qualitatively assess catalase activity.

Quantitative catalase assay

Overnight cultures of S. aureus strains were grown in TSB for 15 h at 37°C with shak-
ing. The Cayman Chemical Catalase Assay Kit was used to quantitate catalase activity
according to the kit’s instructions. For each measurement, 10 uL of overnight culture was
used, and catalase activity was normalized to the optical density of the culture at 600 nm
(ODso0)-

In vitro phosphorylation experiments
GST-tagged protein expression and purification

The stk1 kinase domain (1-348) was cloned into pGEX-2T expression vector in E. coli
XL1-Blue and expressed in E. coli BL21 cells as previously described (100). Bacterial cells
were pelleted by centrifugation, resuspended in PBS, and stored at —80°C for 15 h. Cells
were thawed; supplemented with 25 pg/mL PMSF, 1 mg/mL lysozyme, and 60 pM E-64
protease inhibitor; and lysed by sonication. All steps after sonication were performed
at 4°C. Cell debris was removed by centrifugation (3,220 x g for 45 min) and the cell
lysate was filtered through a 0.2-um PES membrane. The filtered lysate was loaded onto a
prepacked Glutathione Sepharose 4 Fast Flow column (Sigma Millipore). The column was
washed twice with 10 column volumes of cleavage buffer (25 mM Tris pH8, 100 mM Nacl,
1 mM DTT) before elution. Purified Stk1 was eluted with 1 mL of elution buffer (25 mM
Tris pH 8, 100 mM NaCl, T mM DTT, 20 mM reduced glutathione) and dialyzed overnight
in kinase buffer (50 mM Tris pH 7.4, 5 mM MgCl,). Stk1 purity was assessed by SDS-PAGE,
yield quantified by BCA assay (Pierce), and stored at —80°C.

ATPyS phosphorylation assay and immunoblotting

In vitro phosphorylation assays were adapted by Allen et al. (107). Thirty microliters
phosphorylation reactions were prepared with 0.1 uM GST-tagged Stk1 kinase and 5 uM
purified GtrR, 1 mM ATPyS (Abcam), and kinase buffer (50 mM Tris pH 7.4, 5 mM
MgCl,, 0.5 mM DTT). Reactions were incubated for 2 h at room temperature after
which the reactions were quenched using 10 mM EDTA. After quenching, 1.5 pL of
50 mM p-nitrobenzyl mesylate (PNBM, Abcam) was added and the reactions were gently
vortexed and incubated for an additional 2 h at room temperature. Negative control
experiments were conducted under the same conditions without the addition of Stk1
kinase. Labeling reactions were terminated by the addition of 6x SDS loading buffer and
the samples boiled for 10 min.

Two 15 pL aliquots of each sample were separated by SDS-PAGE in parallel, with one
set stained with Imperial Protein Stain (ThermoFisher) and the second set transferred to
a nitrocellulose membrane and subjected to immunoblotting. To detect PNBM labeling,
proteins were transferred to a nitrocellulose membrane, washed in TBS-T (20 mM Tris pH
7.4, 150 mM Nadl, 0.05% Tween 20) 3x for 5 min each, and blocked with TBS-T + 5% skim
milk for 20 min. The membrane was again washed with TBS-T and then incubated with a
rabbit monoclonal anti-thiophosphate ester antibody (ab92570, Abcam) diluted 1:5,000
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and a mouse anti-6x His tag monoclonal antibody (Invitrogen) diluted 1:5,000 in TBS-T +
5% skim milk for 15 h at 4°C. The membrane was washed with TBS-T and then incubated
with DyLight 800 goat anti-rabbit IgG (ThermoFisher) and DyLight 680 rabbit anti-mouse
IgG (Fisher Scientific) both diluted 1:10,000 in TBS-T + 5% skim milk for 1 h at room
temperature. After a final wash with TBS-T, the membrane was imaged using a Li-Cor
Odyssey XF and analyzed with Empiria Studio 2.3 software (Li-Cor).

Probing heme levels
Heme toxicity growth experiments

Freshly streaked bacterial colonies were used to inoculate TSB containing 2 pM heme
or vehicle and grown for 15-16 h at 37°C with shaking. Cultures were diluted 1:100 into
200 pL TSB containing either vehicle or 15 uM heme in a 96-well round-bottomed plate.
S. aureus growth was measured every 30 min in an Epoch Il microplate reader (BioTek)
using the ODgo.

Luminescent HssRS reporter experiments

Overnight cultures of strains harboring luminescent Py, reporter constructs were grown
in 4 mL TSB + chloramphenicol were diluted 1:200 into 200 pl TSB + 2 mM ALA, 2 uM
heme, or vehicle and growth followed by measuring ODggg and P, activation followed
using relative luminescence every 30 min over 20 h. Total activation of Py, over 20 h
was quantified using Graphpad Prism 8 using area under the curve analysis of the
luminescence normalized to ODgg.

Heme quantitation sample prep

Overnight cultures of WT and mutant strains of S. aureus were grown in 10 mL TSB in
50 mL conical tubes at 37°C with shaking. After 16 h of growth, the ODggq of the cultures
was recorded and the entire culture was pelleted by centrifugation at 11,500 x g for
10 min. Cell pellets were transferred to 15 mL conical tubes and incubated for 1 h in
500 L digestion buffer (PBS + 10 mM MgCl; + 40 pg/mL lysostaphin). Prior to incuba-
tion, a 50 pL aliquot was transferred to a 2 mL, screw-cap tube containing ~50 pL lysing
matrix B (MP Biologicals) for protein quantitation. After digestion, aliquots were diluted
in 200 pL PBS + 2% IGEPAL and the protoplasts were disrupted by bead beating for 45 s
at 4.5 m/s in a MP FastPrep bead beater. Cellular debris and lysing matrix were pelleted
by centrifugation at 15,000 x g for 5 min and protein content of the supernatant was
measured using the Pierce BCA protein assay kit. Digested samples for heme extraction
were sonicated 10 s on power level 2 using a Fisher Scientific 550 Sonic Dismembrator
resting on ice after sonication. Samples were stored at —80°C until processing.

Heme quantitation by HPLC

Heme was extracted from samples with 5 mL ethyl acetate + 0.1% trifluoroacetic acid
(TFA). Samples were turned end over end at RT for 30 min in the dark. Phase separation
was accelerated by centrifugation at 11,500 x g for 15 min. Four milliliters of the organic
(top) layer was transferred to a glass tube and dried under inert gas at RT. Samples
were dissolved in 200 pL methanol and immediately analyzed on an Agilent 1260 Infinity
HPLC. For quantitation, 5-10 pL sample or hemin standard (0, 1, 3, 10, 30 mM in MeOH)
was separated using a Supelco Ascentis Express C18 (50 x 2.1 mm, 5 mm particles)
column with a Phenomenex SecurityGuard (C18 cartridge 3.2 x 8 mm) guard column in
place. Solvent A was 0.1% TFA in water, while solvent B was 0.1% TFA in acetonitrile. The
flow rate was set at 0.4 mL/min at room temperature for a total run time of 20 min using
the following successive linear gradient settings for run time in minutes versus B: 0.0,
25%; 0.5, 25%; 10.0, 100%; 16.0, 100%; 16.01, 25%; 20.0, 25%. Absorbance was detected
at 210, 380, and 398 nm. Under these conditions, heme elutes around 4 min, and we
use 398 nm absorbance for quantification. Peak area at ~4 min was calculated for each
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sample, scaled to account for the volume analyzed and heme loss during extraction, and
normalized to the mass of protein in the sample.
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