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Abstract

Staphylococcus aureus causes acute and chronic infections resulting in significant morbid-
ity. Urease, an enzyme that generates NH3z and CO, from urea, is key to pH homeostasis in
bacterial pathogens under acidic stress and nitrogen limitation. However, the function of ure-
ase in S. aureus niche colonization and nitrogen metabolism has not been extensively stud-
ied. We discovered that urease is essential for pH homeostasis and viability in urea-rich
environments under weak acid stress. The regulation of urease transcription by CcpA, Agr,
and CodY was identified in this study, implying a complex network that controls urease
expression in response to changes in metabolic flux. In addition, it was determined that the
endogenous urea derived from arginine is not a significant contributor to the intracellular
nitrogen pool in non-acidic conditions. Furthermore, we found that during a murine chronic
renal infection, urease facilitates S. aureus persistence by promoting bacterial fithess in the
low-pH, urea-rich kidney. Overall, our study establishes that urease in S. aureus is not only
a primary component of the acid response network but also an important factor required for
persistent murine renal infections.

Author summary

Urease has been reported to be crucial to bacteria in environmental adaptation, virulence,
and defense against host immunity. Although the function of urease in S. aureus is not
clear, recent evidence suggests that urease is important for acid resistance in various
niches. Our study deciphered a function of S. aureus urease both in laboratory conditions
and during host colonization. Furthermore, we uncovered the major components of the
regulatory system that fine-tunes the expression of urease. Collectively, this study estab-
lished the dual function of urease which serves as a significant part of the S. aureus acid
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response while also serving as an enzyme required for persistent kidney infections and
potential subsequent staphylococcal metastasis.

Introduction

Bacterial pathogens often encounter acidic environments within host tissues and employ sev-
eral direct and indirect defense measures [1]. Direct measures include the utilization of proton
pumps and generation of alkaline compounds such as ammonia to neutralize pH. Indirect
methods such as damage repair, biofilm formation, and metabolic alterations, are utilized to
rescue cell viability. Staphylococcus aureus is a leading cause of opportunistic infections in
community and health care settings [2, 3]. S. aureus resides in multiple acidic niches during
colonization and infection of the human host that include the surface of the skin and within
abscesses [4-6]. It is important to note that S. aureus is sensitive to acetic acid stress when
growing in the presence of excess glucose [7]. Weak acids such as acetic acid are unique in
potentiating stationary phase cell death, in that unlike strong acids that fully dissociate in
water, the undissociated weak acids can easily enter into the cytoplasm and reduce the intracel-
lular pH by releasing protons. Therefore, S. aureus must overcome different kinds of acid stress
to maintain viability. However, mechanisms of acid resistance in S. aureus are not well
described. It has been shown that sodA, which encodes a superoxide dismutase, is induced
upon acid stress and facilitates acid tolerance by alleviating the cell damage caused by reactive
oxygen species [8]. In addition, a 6°~dependent acid-adaptive response has been described
that facilitates S. aureus survival in media with a pH of 2 after pre-exposure to a sub-lethal pH
of 4 [9]. Based on global transcriptional studies, increased urease activity is thought to be a
major contributor to acid resistance in S. aureus [10-13].

In humans, urea is produced in the liver via the urea cycle as a means to remove excess
nitrogen. Urea enters the bloodstream, becomes concentrated in the kidneys, and is excreted
during urination. The concentration of urea in the blood is normally 2.5-7.1 mM, and it is
found in other body fluids such as gastric acid, sweat, and saliva. The level of urea in the saliva
is 3-10 mM in healthy individuals but can reach 15 mM in patients with renal diseases [14].
Notably, the re-absorbance of urea from the collecting ducts makes the interstitium of the kid-
ney inner medulla a urea-rich environment.

Urease (EC: 3.5.1.5) is a nickel-dependent metalloenzyme that catalyzes the hydrolysis of
urea into ammonia (NH3) and carbon dioxide (CO,) [15-17]. For some bacterial species, ure-
ase is an integral part of the bacterial acid response network, as the hydrolysis product ammo-
nia is readily protonated into ammonium (NH,"), during which process protons are
consumed, resulting in an increase in pH [1]. Urease is crucial for niche adaptation of many
bacterial pathogens. For example, urease is essential for the survival of Helicobacter pylori in
the stomach lining, where the pH can be as low as 2.5 [18]. With a high affinity for urea, urease
from H. pylori is required not only for the establishment of infections but also for the mainte-
nance of a chronic infection [19]. Also, Streptococcus salivarius produces urease to utilize sali-
vary urea as a nitrogen source for growth while resisting acid stress [20]. Over 90% of S. aureus
strains are urease-producing [21], which is encoded by the urease gene cluster ureABCEFGD.
The o, B, and y subunits that comprise the apoenzyme are encoded by ureC, ureB, and ureA,
whereas ureEFGD genes encode accessory proteins. Previous studies have shown that urease
genes are highly transcribed during biofilm growth conditions [13, 22]. However, the function
and utilization of urease in S. aureus has not been comprehensively studied.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007538 January 4, 2019 2/23


https://doi.org/10.1371/journal.ppat.1007538

@'PLOS ‘ PATHOGENS

Function of Staphylococcus aureus urease

In this work, we explored the in vitro and in vivo functions of urease in S. aureus. We found
that S. aureus primarily utilizes urease to facilitate pH homeostasis under weak acidic stress,
but it does not utilize urea as a nitrogen source under neutral pH. Lastly, our data demonstrate
that urease is essential for S. aureus to persist in mouse kidneys, where a significant pH gradi-
ent exists and urea is an abundant nitrogen source.

Results

Urease rescues cell death potentiated by acetic acid via ammonia
generation in the presence of exogenous urea

Previous work has documented that aerobic growth of S. aureus in tryptic soy broth (TSB)
containing excess glucose (35-45 mM) impairs stationary phase survival of S. aureus [7].
Under these growth conditions, the acetate derived from glucose catabolism is not consumed
as a secondary carbon source, and the pH in the medium remains low, which potentiates cell
death. Based on those observations, we hypothesized that the presence of urea in TSB contain-
ing 45 mM glucose would rescue cell death due to ammonia generation via urease activity. To
test this hypothesis, we performed a growth assay in which JE2 wildtype (WT) and JE2 ureB::
ONZ (ureB) were aerobically cultured in TSB containing 45 mM glucose with or without 10
mM urea. Over the period of 120 h, colony forming units (CFU/ml) and extracellular pH were
monitored every 24 h. In addition, culture supernatant was analyzed to measure glucose, ace-
tate, urea, and ammonia concentrations. In the absence of urea supplementation, both WT
and the ureB mutant showed a drastic decrease in cell viability (~9 log, difference) while
maintaining an acidic extracellular pH (~4.8) (Fig 1A and 1B). However, we observed a ure-
ase-dependent increase in viability (~8 log;, difference) and medium pH (~4 pH unit differ-
ence) in the presence of exogenous urea (Fig 1A and 1B). Both pH and viability phenotypes of
the ureB mutant were complementable by integrating ureABCEFGD into the chromosomal
SaPI1 attCsite (S1 Fig). Glucose in the medium was depleted by 24 h for both WT and the
ureB mutant either with or without urea supplementation (Fig 1C). However, only WT grown
in TSB supplemented with 10 mM urea consumed acetate (Fig 1D). Lastly, we observed a ure-
ase-dependent consumption of urea coincident with the generation of ~20 mM NHj (Fig IE
and 1F). Thus, these results suggested that the S. aureus urease functions as part of an acid
response network to facilitate pH homeostasis in the presence of urea. Weak acids and subse-
quent intracellular acidification has been previously shown to generate endogenous reactive
oxygen species and potentiate cell death [7]. Thus, to evaluate the physiological status of WT
and the ureB mutant in the above growth assay, flow cytometry was performed to assess cellu-
lar respiration and reactive oxygen species (ROS) levels. The results confirmed that urease-
mediated pH homeostasis rescued cellular respiration and protects cells from endogenous
ROS under weak acid stress in the presence of urea at 72 h of growth when viability differences
are evident (Fig 1A and S2 Fig). It is important to note that in TSB the concentration of argi-
nine, which can be catabolized to generate NH; via arginase/urease, nitric oxide synthase
(NOS), or two separate arginine deiminase (ADI) systems (Fig 2A), is not sufficient to rescue
the survival of JE2 in this assay. Therefore, we repeated the assay with excess arginine (5 mM)
in TSB containing 45 mM glucose. As a result, excess arginine was unable to rescue viability of
JE2 to the same extent as urea, although we did observe an arginine deiminase-dependent
increase in viability (~2 logo) (S3A and S3B Fig). Collectively, these data suggest that urea
derived from arginine via RocF and subsequent urease activity is not functional in this assay.
However, Staphylococcus epidermidis catabolized either arginine (S3C and S3D Fig) [23] or
urea (S3E and S3F Fig) to rescue growth under weak acid stress.
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Fig 1. Urease rescues cell death potentiated by acetic acid via ammonia generation in the presence of exogenous urea. Three biological replicates
of S. aureus JE2 WT and JE2 ureB:®NX were cultured in TSB containing 45 mM glucose with and without 10 mM urea over 5 days. Every 24 h, (A)
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cell viability (CFU/ml), (B) extracellular pH, (C) extracellular glucose levels (mM), (D) extracellular acetate levels (mM), (E) extracellular urea levels
(mM), and (F) extracellular ammonia levels (mM) were monitored and plotted with mean + standard error of the mean [SEM]). Statistical
significance was assessed using two-way repeated measures ANOVA, followed by Bonferroni post-test compared to WT + urea in (A), (B), (D), (F),
and to ureB + urea in (E) at each timepoint; *** P < 0.001.

https://doi.org/10.1371/journal.ppat.1007538.9001

Urease transcription is induced by weak acid stress and regulated by CcpA,
Agr, and CodY

To further investigate the transcriptional regulation of the ure operon, a lacZ reporter plasmid
pNF315 was generated in which the promoter of ure was fused to the promoterless lacZ gene
and transduced into JE2. The previous experiments (Fig 1) suggested that ure transcription or
urease function is induced under weak acid stress [10]. Indeed, as the pH deceased due to the
accumulation of acetate, ure transcription was induced 3.3-fold at 6 h comparing to 2 h, in
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Fig 2. Endogenous urea is not utilized as a nitrogen source. (A) S. aureus arginine catabolism and nitrogen flow (n0s encodes nitric oxide synthase,
arcAl/arcA2 encodes arginine deiminases, rocF encodes arginase, ureABCEFGD encodes urease, and glnA encodes glutamine synthetase). (B) JE2 WT
was cultured in CDM containing °N-serine whereas both JE2 WT and JE2 Aure were cultured in CDM containing **N-arginine. The intracellular "*N-
glutamine levels were measured by NMR (n = 5/strain, mean + SEM). Statistical significance was assessed using one-way ANOVA followed by Tukey’s
post-test; *** P < 0.001; ns, not significant. (C) WT and Aure were cultured in CDM with '*N-arginine, and the extracellular '*N-urea levels were
measured by NMR (n = 5/strain, mean + SEM).

https://doi.org/10.1371/journal.ppat.1007538.9002
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TSB containing 45 mM glucose with or without 10 mM urea (Fig 3A-3C). When the media
were buffered to a pH of 7.25 with 100 mM 3-(N-morpholino) propanesulfonic acid (MOPS),
the transcription of ure was significantly inhibited regardless of urea supplementation (Fig
3A). These results indicate that the transcription of urease genes is induced by weak acid stress.
Multiple global transcriptional studies have suggested that the accessory gene regulator (Agr)
quorum sensing system, as well as global regulators CcpA and CodY, function to regulate the
transcription of the urease operon [24-26]. To assess these relationships in our model, JE2
WT, AccpA::tetL (AccpA), Aagr:tetM (Aagr), and AcodY::ermB (AcodY) each containing
pNF315 were grown aerobically in TSB containing 45 mM glucose and 10 mM urea. B-galacto-
sidase activity assays were performed with cell lysate collected during early- (2 h), mid- (6 h),
and post- (10 h) exponential phases of growth. The transcription of the ure operon was signifi-
cantly decreased in AccpA/pNF315 (6 h) and Aagr/pNF315 (6 and 10 h), and significantly
increased in AcodY/pNF315 at 6 and 10 h (Fig 3D), indicating that the transcription of ure
genes is activated by CcpA and Agr and negatively regulated by CodY. However, it is unclear if
ure transcriptional regulation by CcpA, Agr, or CodY is via direct or indirect regulation. To
corroborate the effects of these regulators on urease activity, JE2 WT, Aure, AccpA, Aagr and
AcodY were grown in TSB containing 45 mM glucose and 10 mM urea for 120 h (Fig 3E-3H).
As expected based on the transcriptional analysis, AcodY essentially phenocopied WT with
regards to pH, acetate production and viability (Fig 3E-3H). However, since Aagr displayed
reduced ure transcription, it was predicted that the viability would be significantly reduced in
the 120-h growth assay. Indeed, the extracellular pH of Aagr was significantly different from
WT by 6 h of growth (Fig 3E) and remained at 5.1 from 24-120 h similar to Aure. Further, in
comparison to JE2 WT, the viability of Aagr decreased ~6 log;o to ~10> CFU/ml at 120 h simi-
lar to Aure. Lastly, based on Fig 3D and the B-galactosidase activity assay documenting a
decrease in ure transcription, we would expect the AccpA mutant to have decreased viability
similar to Aagr and Aure. However, we found that the pH was significantly higher than WT/
AcodY from 6-12 h of growth (Fig 3E). In addition, it produced less extracellular acetate than
WT (Fig 3F), presumably due to consumption of acetyl-CoA via the tricarboxylic acid (TCA)
cycle as CcpA represses TCA cycle activity [27-29]. Further, it survived as well as WT, and the
pH remained alkaline over the entire 120 h (Fig 3G and 3H).

Loss of ccpA promotes survival under weak acid stress

Based on our previous work documenting the function of CcpA in repressing amino acid
catabolism [30], we hypothesized that the survival of the AccpA mutant in the above growth
assay was urease-independent due to derepression of amino acid catabolism and subsequent
generation of ammonia. Previous investigations have documented that in the presence of a
preferred carbon source such as glucose, CcpA represses amino acid catabolic genes including
gudB (encoding glutamate dehydrogenase), rocF (encoding arginase), putA (encoding proline
dehydrogenase), and arcA1/arcA2 (encoding arginine deiminases) [23, 24, 30-32], all of which
produce ammonia as a byproduct. To determine whether the survival of AccpA was dependent
upon urease or catabolism of a particular amino acid, a growth assay was performed in which
JE2 WT, AccpA, AccpA/gudB::ONZ, AccpA/Aure, AccpA/putA::ONZ, and AccpA/arcAl:kan/
arcA2:®NX were cultured in TSB containing 45 mM glucose. In the absence of urea, JE2 WT
was unable to survive as expected, presumably due to a dramatic decrease in pH observed over
the 120 h experimental timeframe (Fig 4A and 4B). However, AccpA/gudB::ONZ, AccpA/Aure,
AccpA/putA:ONZ, AccpA/arcAl:kan/arcA2:ONX all phenocopied AccpA, suggesting that it
was not the catabolism of one specific amino acid that was responsible for cell survival in this
assay (Fig 4A and 4B). These data led to the hypothesis that the derepression of overall amino
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Fig 3. Urease transcription is induced by weak acid stress and regulated by CcpA, Agr, and CodY. (A)-(C) JE2/pNF315 was cultured in TSB containing 45
mM glucose alone (control), buffered with 100 mM MOPS (+ MOPS), supplemented with 10 mM urea (+ urea), or both (+ MOPS + urea). (A) p-galactosidase
assays of samples collected at 2 and 6 h. Miller units were normalized with the protein concentrations (n = 3/strain, mean + SEM). (B) pH and (C) extracellular
acetate concentrations were measured at 2 and 6 h (n = 3/strain, mean + SEM). Statistical significance was assessed using two-way repeated measures ANOVA; *
P < 0.05,** P<0.01,*** P < 0.001. (D)-(F) JE2/pNF315, JE2 AccpA/pNF315, JE2 Aagr/pNF315, and JE2 AcodY/pNF315 were cultured in TSB containing 45 mM
glucose and 10 mM urea. (D) B-galactosidase assays of cells collected at 2, 6, and 10 h. Miller units were normalized with the protein concentrations (n = 3/strain,
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two-way ANOVA followed by Bonferroni post-test compared to JE2/pNF315 at each timepoint; *** P < 0.001. (G) and (H) Growth assay of JE2 WT, JE2 Aure,
JE2 AccpA, JE2 Aagr, and JE2 AcodY in TSB containing 45 mM glucose and 10 mM urea. (G) Viability (CFU/ml) and (H) pH was monitored every 24 h (n = 3/
strain, mean + SEM). Statistical significance was assessed using two-way ANOV A followed by Bonferroni post-test compared to JE2 WT at each timepoint; *** P
< 0.001.

https://doi.org/10.1371/journal.ppat.1007538.9003
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Fig 4. Loss of ccpA promotes survival under weak acid stress. (A) and (B) Five-day growth assay of JE2 WT, JE2 AccpA, JE2 AccpA/gudB::ONZ, JE2 AccpA/
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ml) and (B) pH was monitored every 24 h (n = 3/strain, mean + SEM). Statistical significance was assessed using two-way repeated measures ANOVA followed
by Bonferroni post-test compared to JE2 WT at each timepoint; ** P < 0.01, *** P < 0.001. (C)-(H) Growth assay of JE2 WT and JE2 AccpA cultured in TSB
containing 45 mM glucose over 30 h. (C) Extracellular ammonia and acetate levels were measured at 0, 3, 6, 9, 12, 24, and 30 h (n = 3/strain, mean + SEM).
Statistical significance was assessed using two-way ANOV A, followed by Bonferroni post-test; *** P < 0.001. (D)-(H) Amino acid analysis was performed with
culture supernatants of both strains at 0, 3, 6, 9, and 12 h to determine the free amino acid concentrations (ng/ul). Amino acid analysis experiments performed
with one replicate. WT is represented by solid lines and the ccpA mutant is represented by dotted lines.

https://doi.org/10.1371/journal.ppat.1007538.9004

acid catabolism provides the AccpA mutant a growth advantage. Further, as shown in Fig 3F
and previously it is known that AccpA mutants produce less extracellular acetate due to dere-
pression of the TCA cycle [27-29]. To address this hypothesis, JE2 WT and AccpA were grown
in TSB containing 45 mM glucose. As expected, the AccpA mutant generated significantly
more ammonia and the extracellular acetate was eventually consumed by AccpA compared to
JE2 WT (Fig 4C). Amino acid analysis of the same supernatant demonstrated that the AccpA
mutant consumed histidine, aspartate, proline, glutamate, alanine, and arginine at a faster rate
than WT (Fig 4D-4H). Taken together, these data suggest that the absence of CcpA in S.
aureus facilitates survival in the presence of excess glucose due to decreased acetate generation
and increased ammonia generation by amino acid catabolism of multiple amino acids.

Endogenous urea is not utilized as a nitrogen source under non-acidic
conditions

In previous experiments using TSB containing 45mM glucose, catabolism of arginine in the
media is repressed by CcpA (Fig 4H). Therefore, we were unable to determine the potential func-
tion, if any, of endogenously derived urea. Further, it is unclear if urease is active at neutral pH
and generates NH; for use in nitrogen metabolism. To determine if urease is functional in media
where arginine is rapidly catabolized thus generating urea from arginine via arginase (RocF), we
grew JE2 in buffered chemically defined medium (CDM) lacking glucose [32, 33]. CDM is a
defined medium that lacks glucose but contains 18 amino acids except glutamine and asparagine
[34], buffered at pH 7.5. We reasoned that if urease catalyzes the reaction generating NH; from
urea, the ammonia would be actively utilized by glutamine synthetase to synthesize glutamine
from glutamate (Fig 2A). Both glutamine and glutamate are major amino donors for cellular reac-
tions [35]. Therefore, JE2 WT and the ureABCEFGD deletion mutant (Aure) were grown aerobi-
cally in CDM containing 0.1 g/L °N-arginine (guanidino-labeled only) and cells were harvested
at 7 h, at which time both supernatant and intracellular components were assessed by nuclear
magnetic resonance (NMR) to detect '°N-glutamine [36]. Since the ammonia generated from
amino acid catabolism is also utilized for glutamine synthetase, the rapidly catabolized serine was
labeled with N as a control [31]. As a result, 17 times more 15N—glutamine was detected when
""N-serine was added to CDM than when ’N-arginine was added (Fig 2B). In addition, no differ-
ence was noted when comparing the "°’N-glutamine detected from WT or Aure when grown in
CDM containing "°’N-arginine. Therefore the small amount of detected '*N-glutamine was
derived from ADI or NOS-generated "’NH; (Fig 2B). However, in CDM containing '°N-labeled
arginine, significant '’N-labeled urea was detected extracellularly in both WT and Aure (Fig 2C),
indicating that the nitrogen from arginine catabolism does not enter the intracellular nitrogen
pool, but is rather excreted as urea under neutral pH.

Urease is essential for the persistence of S. aureus during a mouse chronic
renal infection

Our data demonstrated that urease facilitates pH homeostasis and cell survival in vitro under
weak acid stress in the presence of urea. However, it is unclear if urease functions to facilitate
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Fig 5. Urease is essential for the persistence of S. aureus during a murine chronic renal infection. (A)-(C) S. aureus murine bacterial model, male and female
C57BL/6 mice were infected with JE2 WT and JE2 Aure. (A) On day 8 (number of mice: WT, n = 30; Aure, n = 24), (B) day 12 (number of mice: WT, n = 31; Aure,
n = 23), (C) day 19 (number of mice: WT, n = 16; Aure, n = 14) post-inoculation, bacterial burdens of were calculated as Log;o (CFU/g of tissue +1) and plotted
with medians. Statistical significance was assessed using Mann- Whitney test; ** P < 0.01, *** P < 0.001; ns, not significant. Note that 31 out of 204 mice total died
due to the infection but were not further assessed in the analyses.

https://doi.org/10.1371/journal.ppat.1007538.9005

staphylococcal colonization or virulence. One niche where urease may be important is the host
skin, where S. aureus resides within hair follicles and sweat glands [37]. Moreover, it is known
that human sweat contains 22.2 mM urea [38] and the pH of human skin is ~4 to ~6 [39].
However, animal models of S. aureus skin colonization are difficult to replicate since mice and
other rodents do not sweat. Therefore, we reasoned that another host niche where urease
might be required was in the colonization of the kidney, which has a low tissue pH and a rela-
tively high concentration of urea. In addition, it is well known that S. aureus causes chronic
kidney infections in mice and thus the kidney provides a nidus for subsequent staphylococcal
metastasis (54 Fig) [40]. To test this hypothesis, we used a mouse bacteremia model in which
C57BL/6 mice were retro-orbitally injected with JE2 WT and Aure. On days 8, 12 and 19 post-
infection, bacterial burden in the kidney was determined (Fig 5). Although no difference
between WT and Aure was noted on day 8 (Fig 5A), kidneys infected with Aure had signifi-
cantly lower bacterial burden on days 12 and 19, with more kidneys below the limit of detec-
tion infection compared to WT (Fig 5B and 5C), indicating that urease contributes to the
persistence of S. aureus during a mouse chronic kidney infection. To determine if the host
immune response differed between mice infected with either WT or Aure, leukocyte popula-
tions were assessed from infected kidneys on day 8, an interval where bacterial burdens were
equivalent, to prevent bias from animals that had cleared the infection. However, no signifi-
cant differences were noted between these two groups (S5 Fig) suggesting the absence of ure
did not skew the immune response to facilitate enhanced clearance.

Discussion

Acid stress, along with other environmental risk factors such as extreme temperatures, osmotic
pressure, and nutrient depletion, is challenging for bacterial survival [41]. Accordingly, a vari-
ety of strategies are utilized to resist low pH which also contribute to bacterial virulence [1]. In
Escherichia coli, four main acid resistance systems (ARs) have been described: the oxidative
system ARI, the glutamate-dependent AR2, the arginine-dependent AR3, and the lysine-
dependent AR4 [42]. The amino acid-dependent ARs are composed of a decarboxylase which
consumes protons, and an inner membrane antiporter which imports the decarboxylase sub-
strate while exporting the product. Bacillus cereus activates not only the general stress response
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genes via 0" but also proton transporters and amino acid decarboxylases, as well as the ADI
system that produces ammonia [43]. H. pylori is known for the ability to proliferate in
extremely low pH environments such as the host gastric acid [44, 45]. In addition to amino
acid catabolism, enhanced urease activity sustains favorable intracellular pH by generating
ammonia [18, 45-48]. Mycobacterium tuberculosis resists acid stress through nitrogen assimi-
lation from asparagine hydrolysis [49], as well as urea hydrolysis [50]. However, there is little
known about acid resistance in S. aureus although it proliferates in multiple mildly acidic
niches of the human host.

In the aerobic growth assay of S. aureus cultured in TSB containing 45 mM glucose, the ace-
tate produced via glucose catabolism is excreted into the growth medium (Fig 1D). When the
extracellular pH of the growth medium reaches the pKa of acetic acid (4.8), acetate becomes
protonated and is able to traverse the cell membrane and release the proton in the near neutral
pH of the cytoplasm. The drop in intracellular pH potentiates cell death in S. aureus by intra-
cellular acidification and ROS generation [7]. We documented that in the presence of urea,
urease functions to facilitate pH homeostasis in a weak acid environment through the genera-
tion of ammonia that inhibits the acetate-dependent intracellular acidification (Fig 1E and 1F)
[7]. In addition, it was confirmed that the urease activity and subsequent NH; generation res-
cued cellular respiration and prevented endogenous ROS generation (S2 Fig). The ammonia
generated facilitated acetate consumption through acetyl-CoA synthetase and the TCA cycle
for subsequent cell growth. Collectively, these data suggest that urease is a significant compo-
nent of the acid response network of S. aureus in the presence of urea.

Many gram-positive species, including S. epidermidis, utilize arginine catabolism as a rapid
mechanism to generate ammonia during acidic pH stress [23, 51]. The pathway most utilized
is the ADI pathway yielding ammonia, ornithine, and ATP. However, in contrast to S. epider-
midis [23] (S3C and S3D Fig), excess arginine was unable to remarkably rescue S. aureus dur-
ing weak acid stress suggesting that ammonia generating pathways via arginine are not
significantly active in our aerobic assay containing glucose (S3A and S3B Fig). These results
agree with a previous report documenting that the ADI pathway genes are not significantly
induced under weak acid stress in S. aureus [10]. In this work we also confirmed that in S. epi-
dermidis 1457, additional arginine and urea provided a growth advantage under weak acid
stress (S3C and S3E Fig), suggesting that both ADI and urease are active in S. epidermidis. This
result is consistent with another study documenting the differential transcriptional response
following sapienic acid stress in S. epidermidis and S. aureus [52]. Under these growth condi-
tions, S. aureus upregulates urease whereas S. epidermidis upregulates ADI, the NreABC nitro-
gen regulation system, in addition to the nitrate and nitrite reduction pathways. The lack of
NHj; generation via arginine catabolism in S. aureus is not unexpected as catabolism of argi-
nine via RocF is under the control of carbon catabolite repression and CcpA [30, 31]. Our
results suggest that when S. aureus is growing in the presence of glucose or another preferred
carbon source, urease must utilize exogenous urea to facilitate pH homeostasis. Previous
results from our laboratory demonstrated that when S. aureus grows in a defined medium
lacking glucose, arginine is catabolized via RocF generating ornithine and urea [31]. Thus, we
wanted to determine if urease was active under growth conditions where urea was generated
via arginine catabolism and the medium was not acidic. These NMR experiments suggested
that under neutral growth conditions, little ammonia from urea is detected (via detection of
""N-labeled glutamine). In fact, the majority of urea was detected in the culture medium as it is
excreted, and is potentially used as a nitrogen storage molecule. Indeed, we found that a ccpA
mutant grown in TSB lacking urea was able to survive weak acid stress via derepression of
global amino acid catabolism. This observation suggests that when S. aureus is growing in
acidic environments where peptide and amino acids are the major carbon source, arginine
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catabolism and urease activity is not required to facilitate pH homeostasis, which is due to
rapid catabolism of amino acids and subsequent NHj release.

Previous transcriptional analyses have suggested that ureABCEFGD is upregulated upon
acid stress [10, 11, 53]. In the current study, we confirmed via -galactosidase assays that the
transcription of the ure genes was inhibited when the medium was buffered to a pH of 7.25
with MOPS (Fig 2A). Moreover, we found that the transcription of the urease genes was acti-
vated by CcpA and Agr, while inhibited by CodY (Fig 2B). The regulation of urease transcrip-
tion by CcpA is supported by the putative catabolite-responsive element (cre) site identified
139 base pairs upstream of the ureA start codon [24]. Also, CcpA activation of ure transcrip-
tion agrees with a previous finding that S. aureus urease, as a part of the CcpA regulon, has
higher transcription as well as enzymatic activity in WT as compared to a AccpA mutant [24].
The significant decrease in ure gene transcription in the Aagr mutant that we observed is con-
sistent with the transcriptional array data documenting that urease genes are upregulated by
Agr [25]. The involvement of the urease genes in the Agr regulon strengthens the link between
urease activity and virulence in S. aureus. Importantly, phagosomal acidification induces Agr
activity, which is essential for S. aureus survival inside macrophages [54]. Under this circum-
stance, Agr may upregulate urease to counter acidic pH in coordination with enhanced viru-
lence. CodyY is also a global regulator that controls the expression of a variety of genes in gram-
positive bacteria [55]. In particular, CodY senses the level of branched-chain amino acids and
intracellular GTP and controls the transcription of many metabolic genes that are involved in
amino acid synthesis, TCA cycle, and carbon overflow metabolism [56]. Our results agreed
with previous reports that CodY represses urease gene transcription in Bacillus subtilis [57, 58]
and S. salivarius [26]. Although urease genes are not the direct targets of CodY in S. aureus
UAMS-1 [59], it is possible that CodY negatively regulates urease gene transcription through
repressing Agr, since the agrA gene encoding the Agr response regulator is upregulated in the
UAMS-1 AcodY mutant [59]. More in-depth future studies are required regarding the regula-
tion of urease, as other transcriptional regulators such as Sae [60, 61], ClpP [62-64], and MgrA
[65], are suggested to contribute to the regulatory network that fine-tunes urease activity.
Lastly, it is interesting that CcpA activates ure transcription but represses rocF (arginase) tran-
scription. These data suggest that the generation of urea by arginase is not linked to urease
activity. Thus, ure transcription is activated when S. aureus is growing with a preferred carbon
source such as glucose, which generates weak acids such as lactate or acetate. However, this
also suggests that the urea utilized by urease must be exogeneous and not generated by argi-
nase activity, which is only active when S. aureus is growing on non-preferred carbon sources
such as peptides and amino acids.

To interrogate the function of urease in vivo, we hypothesized that the kidney is a favorable
niche for S. aureus colonization and resisting the host immune response for the following rea-
sons. First, renal blood flow is about 20% of the cardiac output [66]. Thus, S. aureus has ample
opportunities to invade kidney tissue during blood filtration. Second, as urea becomes concen-
trated when transported through renal tubules during the production of urine, the collecting
ducts in the inner medulla display the highest permeability to urea [67]; hence, not only the
renal tubules but also the medullary interstitium is rich in urea, providing sufficient substrates
for urease. Third, kidney medullary interstitium has a low pH (~5.5), comparing to the neutral
cortical interstitium pH (~7.4) [68, 69]. In our mouse S. aureus bacteremia model, the tempo-
ral distribution of the organ bacterial burden followed what has been previously documented
(S4 Fig) [40, 70, 71]. Among all the examined organs, the kidney was the only niche that devel-
oped a chronic infection over time. On days 12 and 19, mice inoculated with the Aure mutant
had a significant decrease in CFU count in the kidneys (Fig 5), indicating a selective pressure
in S. aureus to maintain urease function, similar to what has been reported in H. pylori [19].
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The increased persistence of JE2 WT over Aure during chronic kidney infections demon-
strated that urease functionality enhances the fitness of S. aureus within low pH and high urea
environments such as the kidney. In order to determine whether differences in leukocyte
recruitment are responsible for the changes in bacterial persistence between JE2 WT and Aure,
individual kidneys were analyzed by flow cytometry (S5 Fig). Overall, no significant changes
in the leukocyte populations were observed, indicating that urease primarily enhances bacte-
rial persistence rather than directly altering leukocyte infiltration. The reason why we chose to
evaluate the leukocyte populations on day 8 was that the kidney infections started to be cleared
on approximately day 12 (Fig 5). Thus the drastic differences in the bacterial burden between
JE2 WT and Aure could skew the immune responses on day 12. Further studies are required to
determine the mechanism of how urease facilitates survival during infection. It is also possible
that urease allows for persistence in the phagolysosomes upon phagocytosis by macrophages
[72]. As macrophages are found in renal medulla [73], S. aureus needs to employ strategies to
survive within or escape from the phagolysosomes during colonization in the kidney. More-
over, the phagolysosomes are acidic in pH, which may induce urease activity for acid resistance
and survival of S. aureus [74]. Indeed, anti-inflammatory macrophages, which are prevalent
during late stages of S. aureus infection, produce urea via arginase-1 [75]. For the above rea-
sons, it would be appropriate to expand our future studies to examine the function of urease in
phagolysosome survival or the escape of S. aureus, especially regarding kidney macrophages.

In summary, we identified that urease in S. aureus functions to facilitate pH homeostasis
and survival under weak acid stress in the presence of urea; in non-acidic conditions, the
endogenous urea derived from arginine is secreted extracellularly but not catabolized to fuel
nitrogen metabolism. We found that urease is induced by weak acid stress and is within the
regulation network that consists of CcpA, Agr, and CodY, interconnecting S. aureus stress
response, metabolism, and virulence. We illustrated that urease provides a fitness advantage
for S. aureus to persist during chronic kidney colonization of mice. These data all point to the
conclusion that urease is not only a critical component of the acid stress response system of S.
aureus, it is also an important factor in S. aureus pathogenesis.

Materials and methods
Ethics

Animal experiments were performed in ABSL2 facilities in accordance with a protocol (#11-
076-08-FC) approved by the Institutional Animal Care and Use Committee (IACUC). All ani-
mals at the University of Nebraska Medical Center are maintained in compliance with the Ani-
mal Welfare Act and the Department of Health and Human Service “Guide for the Care and
Use of Laboratory Animals.” Animals were anesthetized with ketamine and xylazine. Post
injection of S. aureus retro-orbitally, all anesthesized mice were continuously monitored until
they regained sternal recumbency and were capable of holding their heads up. The animals
were monitored once/day on a daily basis following infection to ensure animal welfare. At all
monitoring intervals, post-infection general appearance and body weights were recorded. Ani-
mals were euthanized by exposure to CO2 in a chamber (chamber was not pre-charged). Ani-
mals were in the CO2 filled chamber for 5 minutes after all evidence of respiration and cardiac
function was absent. CO, was chosen as a method of euthanasia because it has a rapid anes-
thetic effect and quickly results in loss of consciousness and respiratory arrest.

Bacterial strains, plasmids and growth conditions

The E. coli, S. aureus, and S. epidermidis strains, plasmids, as well as primers used in this study
are listed in S1 Table. E. coli cultures were grown in Luria-Bertani broth (LB; Difco; Becton,
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NJ). S. aureus and S. epidermidis were grown in tryptic soy broth (TSB; Difco; Becton, NJ) con-
taining 14 or 45 mM glucose. CDM was prepared essentially as previously described [34], and
no glucose was added. Overnight cultures grown in TSB were washed with phosphate-buffered
saline (PBS) twice before inoculation to an optical density at 600 nm (ODgq) of 0.05. Cultures
were grown aerobically at 37°C in flasks with a 10:1 flask-to-volume ratio shaking at 250 rpm.
When necessary, antibiotics were added to cultures as follows: ampicillin (50 pg/ml); erythro-
mycin (10 pg/ml); tetracycline (10 pg/ml); and chloramphenicol (10 pg/ml). Bacterial growth
yield was assessed by measuring the ODgqo. Culture pH was measured with a pH meter (Met-
tler Toledo, Columbus, OH). Bacterial viability was measured as CFU/ml by serial dilutions on
TSB agar plates.

Molecular genetic techniques

PCR amplifications were performed using Q5 High-Fidelity DNA polymerase (New England
Biolabs, Beverly, MA), Midas Mix (Monserate Biotechnology Group, San Diego, CA), and oli-
gonucleotides (S1 Table) synthesized by Sigma-Aldrich (St. Louis, MO). Restriction endonu-
cleases and ligase from New England Biolabs (Beverly, MA) were used for DNA digestion and
ligation. Purification of DNA fragments prior to subsequent cloning steps was achieved by
recovery from agarose gels using a DNA Clean and Concentrator-5 Kit (Zymo Research,
Orange, CA). Recombinant plasmids were purified using a Zyppy Plasmid Miniprep Kit
(Zymo Research, Orange, CA). All plasmid inserts were sequenced at Eurofins Genomics
(Louisville, KY) to ensure the absence of mutations.

The reporter plasmid pNF315 was constructed by amplifying the intergenic region
upstream of ureA with primers 2833 and 2835 so that the native ribosomal binding site (RBS)
was replaced with a plasmid-encoded RBS. The DNA fragment was digested and ligated into
the BamHI and Xhol sites of the vector plasmid pJB185, which contains a promoterless lacZ
[76]. pNF315 was electroporated into S. aureus RN4220 and subsequently transduced into JE2
strains using bacteriophage ®11-mediated transduction [77].

To create the markerless JE2 Aure mutant, the allelic exchange plasmid pNF320 was gener-
ated by inserting the DNA sequences 1 kb upstream and 1 kb downstream of the ureAB-
CEFGD operon into the temperature-sensitive E. coli-S. aureus shuttle vector plasmid pJB38
[78], using a NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs, Beverly,
MA), with primers 2980 and 2983, as well as primers 2986 and 2987. pNF320 was electropo-
rated into S. aureus RN4220 and subsequently transduced into JE2 WT using bacteriophage
®11-mediated transduction. Once the plasmid pNF320 was introduced into JE2, the allelic
replacement to introduce the deletion mutation into the S. aureus chromosome was performed
as previously described [79]. The deletion of the urease operon was confirmed phenotypically
by plating on a Christensen’s urea agar plate and by PCR using primers 2984 and 2985.

Chromosomally complementation of Aure was performed as previously described [80].
Briefly, plasmid pNF363 was constructed containing ureABCEFGD genes with their native
promoter by amplifying an approximately 5.5 kb region from the JE2 genome using primers
2991 and 3306. The resulting DNA fragment was inserted into BamHI and PstI sites of the
shuttle vector pJC1111 yielding pNF363. pJC1111 and pNF363 were subsequently transformed
into RN9011 for chromosomal integration. @11 mediated transduction was performed to
move the integrated pJC1111 and pNF363 into both JE2 WT and JE2 ureB:ONZ.

Metabolite assays

For all metabolite assays, 1 ml bacterial culture was collected and pelleted for 2.5 min at 15,000
rpm. The supernatant was collected and stored at -80°C until use. Glucose, acetate, urea, and
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ammonia concentrations were determined using commercial kits (R-Biopharm AG, Darm-
stadt, Germany) according to the manufacturer’s instructions.

NMR sample preparation

As previously described [31, 36], five independent 50 ml cultures of S. aureus JE2 WT and the
Aure mutant were grown to stationary phase (ODggo = 1.9) in CDM containing *°N,-labeled argi-
nine (Isotec, Sigma-Aldrich, Miamisburg, OH) or '°N-labeled serine (Isotec, Sigma-Aldrich, Mia-
misburg, OH). For each culture, a total ODgq, of 40 was collected and pelleted by centrifugation at
4000 rpm for 5 min at 4°C. 2 ml culture supernatant was collected as the media sample. Pellets
were washed with 10 ml of cold sterile water twice and resuspended in 1 ml cold sterile water. The
cells were lysed using a bead ruptor (OMNI International, Kennesaw, GA) and centrifuged at
15,000 rpm for 15 min at 4°C. The pellet was re-extracted with 1 ml cold sterile water. The com-
bined cell lysate supernatant from both extractions, as well as the culture supernatant, were snap
frozen in liquid nitrogen and lyophilized using a FreeZone freeze dryer.

NMR data collection and analysis

The data collection and analysis of NMR was conducted as previously described [36]. A Bruker
AVANCE IITHD 700 MHz spectrometer equipped with a 5 mm quadruple resonance QCI-P
cryoprobe (‘H, '°C, "N, and *'P), an automatic tune and match system (ATM), and a Sample-
Jet automated sample changer system with Bruker ICON-NMR software were utilized. The 2D
"H-""N HSQC spectra collected for S. aureus cell lysates and culture media were assigned
using a database of 2D 1H—-15N HSQC reference spectra for known metabolites [36]. A chemi-
cal shift tolerance of 0.08 ppm for 'H and 0.25 ppm for '°N were used to match metabolites to
our reference database.

B-galactosidase assays

Beta-galactosidase assays were performed essentially as previously described [81]. Briefly, over-
night cultures of JE2/pNF315 grown in TSB were inoculated in TSB containing 45 mM glu-
cose, TSB containing 45 mM glucose buffered with 100 mM MOPS, TSB containing 45 mM
glucose with 10 mM urea, and TSB containing 45 mM glucose with 10 mM urea buffered with
100 mM MOPS. At 2 h and 6 h, 2 ml and 0.5 ml of cells were collected and centrifuged (Fig
3A). Additionally, overnight cultures of JE2/pNF315, AccpA/pNF315, Aagr/pNF315, AcodY/
pNEF315 grown in TSB were inoculated to TSB containing 45 mM glucose and 10 mM urea. At
2h,6h,and 10 h, 2 ml, 0.5 ml, and 0.5 ml of cells were collected and centrifuged respectively
(Fig 3D). The cell pellets were resuspended in 1.2 ml Z-buffer (60 mM Na,HPO,, 40 mM
NaH,PO,, 10 mM KCl, 1 mM MgSO,, 50 mM B-mercaptoethanol, pH 7.0) and lysed with a
bead ruptor (OMNI International, Kennesaw, GA). 700 pl supernatant of the cell lysate was
collected, and 140 pl of 4 mg/ml ortho-nitrophenyl-B-galactoside (ONPG) was added. The
samples were incubated at 37°C until the color turned slightly yellow (under OD 5, 1.0). 200 pl
of 1 M Na,CO; was added to stop the reaction. Protein concentrations were determined by
Bradford assays using the Protein Assay Dye Solution (Bio-Rad, Hercules, California). Absor-
bances at 420 nm and 550 nm were measured with an Infinite 200 plate reader (Tecan, Ménne-
dorf, Switzerland).

Amino acid analysis

Overnight cultures of JE2 WT and AccpA were inoculated to an ODggq of 0.05 in TSB contain-
ing 45 mM glucose. At 0 h, 3 h, 6 h, 9 h, and 12 h, 0.5 ml culture was collected and pelleted for
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3 min at 15,000 rpm. Supernatant was collected and filtered through the Pierce Protein Con-
centrators (3,000 molecular weight cutoff; Thermo Scientific, Rockford, IL) according to the
manufacturer’s instructions. Amino acid analysis was performed with a Hitachi L-8800 amino
acid analyzer by the Protein Structure Core Facility, University of Nebraska Medical Center.

Flow cytometry

The flow cytometry analyses following the growth assays were performed as previously
described [7], using a BD LSRII flow cytometer (Becton and Dickinson, San Jose, California).
Cells collected at 24 h and 72 h from the growth assay where JE2 WT and ureB:ONX were cul-
tured in TSB containing 45 mM glucose and 10 mM urea. Cell samples were washed with PBS
to a final concentration of 10” cells/ml and stained with 5-cyano-2,3-ditolyl tetrazolium chlo-
ride (CTC, 5 mM) and 3-(p-hydroxyphenyl) fluorescein (HPF, 15 uM). The fluorescence-acti-
vated cell sorting (FACS) was performed at a flow rate of ~ 1,000 cells per second with 10,000
events per sample. Samples were excited at 488 nm, with HPF emission being detected at 530
+30 nm, and CTC emission being detected at 695+40 nm. The Flow]Jo software was used to
analyze the raw data.

For the flow cytometry analyses following the animal experiments, kidneys were collected
in 1.0 mL of FACS buffer, which was composed of PBS and 2% heat-inactivated fetal bovine
serum (FBS). Kidneys were homogenized with the blunt end of a 3.0 mL syringe and filtered
through a 70 um filter (BD Falcon, BD Biosciences). Filtrate was washed with PBS and col-
lected by centrifugation (300 x g, 5 min), whereupon the filtrate was digested with Collagenase
A and DNase while mixing at 37°C. The reaction was stopped after 15 minutes with heat-inac-
tivated FBS on ice, filtered, and washed with FACS buffer, whereupon red blood cells (RBC)
were lysed using the RBC Lysis Buffer (BioLegend, San Diego, CA). Single cell suspensions
were washed and resuspended in FACS buffer and incubated with TruStain fcX (BioLegend,
San Diego, CA) to minimize non-specific antibody binding. Samples were divided in two to
analyze innate immune cell (MDSCs, neutrophils, monocytes, and macrophages) populations
and lymphocyte (CD3, CD4, CD8, and y3 T cells) populations separately. Both samples were
stained with Live/Dead Fixable Blue Dead Cell Stain (Invitrogen, Eugene, OR). Innate immune
cells were stained with CD45-APC, Ly6G-PE, Ly6C-PerCP-Cy5.5, and F4/80-PE-Cy7, CD11b-
FITC (BioLegend, San Diego, CA). Lymphocytes were stained with CD45-PE-Cy7, CD3-APC,
CD4-PacBlue, CD8-FITC, and yS§TCR-PE. An aliquot of pooled cells was stained with isotype-
matched control antibodies to assess the degree of non-specific staining per treatment group
[82]. For individual samples, 10,000-100,000 events were analyzed using BD FACSDiva soft-
ware with cell populations expressed as percentage of total viable CD45" leukocytes.

Animal experiments

Seven-week-old male and female C57BL/6 mice (Charles River Laboratories, Wilmington,
MA) were used in all animal experiments. Overnight cultures of S. aureus JE2 WT and Aure in
TSB were washed with PBS twice and suspended in PBS to yield an ODg of 10. The cultures
were further diluted 1:50 with PBS, prior to the retro-orbital injection of 50 ul (10° CFU) final
bacterial suspension. The inocula were verified by serial dilution plating and colony enumera-
tion on T'SB agar plates. Mice were anesthetized by intraperitoneal injection of ketamine/xyla-
zine (60 mg/kg and 3 mg/kg, respectively). Mice were euthanized for the quantification of
bacterial burden (expressed as Log [(CFU/g of tissue) +1]), by serial dilution plating and col-
ony enumeration of homogenized organs.
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Statistical methods

For all studies, statistical analysis was performed using GraphPad Prism 5.0 software (La Jolla,
CA). P-values < 0.05 were considered significant. For comparisons of two groups, Mann-
Whitney test was used. One-way analysis of variance (ANOVA) was performed to compare
three or more groups. Two-way repeated measures ANOVA was performed to compare differ-
ences between groups with two independent variables.

Supporting information

S1 Fig. Complementation of JE2 ureB::®NX mutant. (A) Cell viabilities (CFU/ml) and (B)
pH of JE2, JE2 SaPI1 attC::pJC1111 (vector control), JE2 SaPI1 attC::pNF363 (complement),
JE2 ureB:ONZX, JE2 ureB:®ONX SaPIl attC:pJC1111, JE2 ureB::®ONX SaPI1 attC::pNF363 were
monitored every 24 h over 5 days in TSB containing 45 mM glucose and 10 mM urea (n = 3/
strain, mean + SEM). Starter cultures were grown overnight in TSB containing 14mM glucose
and 10mM urea. Statistical significance was assessed using two-way repeated measures
ANOVA followed by Bonferroni post-test compared to JE2 at each timepoint; *** P < 0.001.
(TIF)

S2 Fig. Urease rescues cellular respiration and prevents reactive oxygen species production
under weak acid stress in the presence of exogenous urea. (A)-(D) JE2 WT and JE2 ureB::
®NX were cultured in TSB containing 45 mM glucose with and without 10 mM urea. Flow
cytometry density plots of cells collected at 24 h and 72 h, and double stained with HPF and
CTC. Data shown are a representative of 3 biological replicates. (A) 24 h, CTC staining. (B) 24
h, HPF staining. (C) 72 h, CTC staining. (D) 72 h, HPF staining. CTC accumulates in the
actively respiring cells, and HPF is indicative of ROS production.

(TIF)

S3 Fig. Different than S. epidermidis, S. aureus arginine deiminase is less active than urease
in rescuing cell death under weak acid stress. (A) and (B) Five-day growth assay of S. aureus
JE2 WT and JE2 arcAl:kan/arcA2:: ONZ in TSB containing 45 mM glucose with and without
5 mM arginine. Every 24 h, (A) cell viability (CFU/ml) and (B) extracellular pH were moni-
tored (n = 3, mean + SEM). (C) and (D) Five-day growth assay of S. epidermidis 1457 WT in
TSB containing 35 mM glucose with and without 5 mM arginine. Every 24 h, (C) cell viability
(CFU/ml) and (D) extracellular pH were monitored (n = 3, mean + SEM). Statistical signifi-
cance was assessed using two-way repeated measures ANOVA followed by Bonferroni post-
test; * P < 0.05, *** P < 0.001. (E) and (F) Five-day growth assay of S. epidermidis 1457 WT in
TSB containing 35 mM glucose with and without 5 mM urea. Every 24 h, (E) cell viability
(CFU/ml) and (F) extracellular pH were monitored (n = 3, mean + SEM). Statistical signifi-
cance was assessed using two-way repeated measures ANOVA followed by Bonferroni post-
test; * P < 0.05.

(TIF)

S4 Fig. S. aureus JE2 WT persists in murine kidneys over time. (A)-(D) S. aureus murine
bacteremia model, male and female C57BL/6 mice were infected with JE2 WT. On day 2
(number of mice: n = 8), day 5 (number of mice: n = 9), day 8 (number of mice: n = 6), day 12
(number of mice: n = 8), and day 19 (number of mice: n = 7) post-inoculation, heart (A), liver
(B), spleen (C), and kidneys (D) were harvested. Bacterial burdens were calculated as Log
(CFU/g of tissue +1) and plotted with medians.

(TIF)
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S5 Fig. S. aureus urease does not influence infiltrating leukocyte populations during renal
infection. Infiltrating leukocyte populations from day 8 kidneys isolated from animals infected
with S. aureus JE2 WT or JE2 Aure were evaluated by flow cytometry. Leukocyte populations
were reported as a percentage of total CD45" leukocytes (mean + SEM). (A) MDSCs
(Ly6G™€"Ly6C*CD11b"&"F4/807) (B) Neutrophils (Ly6G"€"Ly6C*CD11b'°"F4/80) (C)
Monocytes (Ly6G Ly6C*CD11b"F4/807) (D) Macrophages (Ly6G Ly6C CD11b"F4/80™) (E) T
cells (CD3") (F) CD4" T cells (CD3"ydTCR CD4"CDS8") (G) CD8" T cells

(CD3"ydTCR' CD4°CD8") (H) y8 T cells (CD3*y8TCR"CD4 CD8"). Statistical significance
was assessed using the Mann- Whitney test; ns, not significant.

(TIF)

S1 Table. Strains, plasmids and primers.
(DOCX)

Acknowledgments

We thank Valerie K. Shostrom and Yun Ye for statistical assistance.

Author Contributions

Conceptualization: Fatema Bhinderwala, McKenzie K. Lehman, Vinai C. Thomas, Robert
Powers, Tammy Kielian, Paul D. Fey.

Data curation: Chunyi Zhou.
Formal analysis: Chunyi Zhou, Fatema Bhinderwala, Robert Powers, Paul D. Fey.
Funding acquisition: Robert Powers, Tammy Kielian, Paul D. Fey.

Investigation: Chunyi Zhou, Fatema Bhinderwala, McKenzie K. Lehman, Vinai C. Thomas,
Sujata S. Chaudhari, Kelsey J. Yamada, Kirk W. Foster, Robert Powers, Tammy Kielian,
Paul D. Fey.

Methodology: Robert Powers, Paul D. Fey.

Project administration: Paul D. Fey.

Resources: Robert Powers, Paul D. Fey.

Supervision: Robert Powers, Tammy Kielian, Paul D. Fey.
Writing - original draft: Chunyi Zhou, Paul D. Fey.

Writing - review & editing: Fatema Bhinderwala, McKenzie K. Lehman, Vinai C. Thomas,
Sujata S. Chaudhari, Kelsey J. Yamada, Kirk W. Foster, Robert Powers, Tammy Kielian,
Paul D. Fey.

References

1. Cotter PD, Hill C. Surviving the acid test: responses of gram-positive bacteria to low pH. Microbiology
and molecular biology reviews: MMBR. 2003; 67(3):429-53, table of contents. Epub 2003/09/11.
https://doi.org/10.1128/MMBR.67.3.429-453.2003 PMID: 12966143; PubMed Central PMCID:
PMCPMC193868.

2. Carrel M, Perencevich EN, David MZ. USA300 Methicillin-Resistant Staphylococcus aureus, United
States, 2000-2013. Emerging infectious diseases. 2015; 21(11):1973-80. https://doi.org/10.3201/
eid2111.150452 PMID: 26484389

3. Fridkin SK, Hageman JC, Morrison M, Sanza LT, Como-Sabetti K, Jernigan JA, et al. Methicillin-resis-
tant Staphylococcus aureus disease in three communities. The New England journal of medicine. 2005;
352(14):1436-44. 352/14/1436 [pii]. https://doi.org/10.1056/NEJMoa043252 PMID: 15814879

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007538 January 4, 2019 18/23


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007538.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007538.s006
https://doi.org/10.1128/MMBR.67.3.429-453.2003
http://www.ncbi.nlm.nih.gov/pubmed/12966143
https://doi.org/10.3201/eid2111.150452
https://doi.org/10.3201/eid2111.150452
http://www.ncbi.nlm.nih.gov/pubmed/26484389
https://doi.org/10.1056/NEJMoa043252
http://www.ncbi.nlm.nih.gov/pubmed/15814879
https://doi.org/10.1371/journal.ppat.1007538

@'PLOS ‘ PATHOGENS

Function of Staphylococcus aureus urease

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Knox J, Uhlemann AC, Lowy FD. Staphylococcus aureus infections: transmission within households
and the community. Trends in microbiology. 2015; 23(7):437—44. https://doi.org/10.1016/j.tim.2015.03.
007 PMID: 25864883

Bassetti M, Baguneid M, Bouza E, Dryden M, Nathwani D, Wilcox M. European perspective and update
on the management of complicated skin and soft tissue infections due to methicillin-resistant Staphylo-
coccus aureus after more than 10 years of experience with linezolid. Clinical microbiology and infection:
the official publication of the European Society of Clinical Microbiology and Infectious Diseases. 2014;
20 Suppl 4:3—18. Epub 2014/03/04. https://doi.org/10.1111/1469-0691.12463 PMID: 24580738.

Dantes R, Mu Y, Belflower R, Aragon D, Dumyati G, Harrison LH, et al. National burden of invasive
methicillin-resistant Staphylococcus aureus infections, United States, 2011. JAMA internal medicine.
2013; 173(21):1970-8. Epub 2013/09/18. https://doi.org/10.1001/jamainternmed.2013.10423 PMID:
24043270.

Thomas VC, Sadykov MR, Chaudhari SS, Jones J, Endres JL, Widhelm TJ, et al. A central role for car-
bon-overflow pathways in the modulation of bacterial cell death. PLoS pathogens. 2014; 10(6):
€1004205. https://doi.org/10.1371/journal.ppat.1004205 PMID: 24945831

Clements MO, Watson SP, Foster SJ. Characterization of the major superoxide dismutase of Staphylo-
coccus aureus and its role in starvation survival, stress resistance, and pathogenicity. J Bacteriol. 1999;
181(13):3898-903. Epub 1999/06/29. PMID: 10383955; PubMed Central PMCID: PMCPMC93877.

Chan PF, Foster SJ, Ingham E, Clements MO. The Staphylococcus aureus Alternative Sigma Factor ¢
(B) Controls the Environmental Stress Response but Not Starvation Survival or Pathogenicity in a
Mouse Abscess Model. Journal of Bacteriology. 1998; 180(23):6082—-9. PMC107691. PMID: 9829915

Bore E, Langsrud S, Langsrud O, Rode TM, Holck A. Acid-shock responses in Staphylococcus aureus
investigated by global gene expression analysis. Microbiology (Reading, England). 2007; 153(Pt
7):2289-303. 153/7/2289 [pii].

Weinrick B, Dunman PM, McAleese F, Murphy E, Projan SJ, Fang Y, et al. Effect of mild acid on gene
expression in Staphylococcus aureus. Journal of Bacteriology. 2004; 186(24):8407-23. 186/24/8407
[pii]. https://doi.org/10.1128/JB.186.24.8407-8423.2004 PMID: 15576791

Resch A, Rosenstein R, Nerz C, Gotz F. Differential gene expression profiling of Staphylococcus
aureus cultivated under biofilm and planktonic conditions. Applied and Environmental Microbiology.
2005; 71(5):2663-76. 71/5/2663 [pii]. https://doi.org/10.1128/AEM.71.5.2663-2676.2005 PMID:
15870358

Gaupp R, Schlag S, Liebeke M, Lalk M, Gétz F. Advantage of Upregulation of Succinate Dehydroge-
nase in Staphylococcus aureus Biofilms. Journal of Bacteriology. 2010; 192(9):2385-94. https://doi.org/
10.1128/JB.01472-09 PMC2863491. PMID: 20207757

Lasisi TJ, Raji YR, Salako BL. Salivary creatinine and urea analysis in patients with chronic kidney dis-
ease: a case control study. BMC Nephrology. 2016; 17:10. https://doi.org/10.1186/s12882-016-0222-x
PMC4715295. PMID: 26775026

Dixon NE, Gazzola TC, blakeley RL, Zermer B. Letter: Jack bean urease (EC 3.5.1.5). A metalloen-
zyme. A simple biological role for nickel? Journal of the American Chemical Society. 1975; 97
(14):4131-3. PMID: 1159216

Mobley HL, Island MD, Hausinger RP. Molecular biology of microbial ureases. Microbiological reviews.
1995; 59(3):451-80. Epub 1995/09/01. PMID: 7565414; PubMed Central PMCID: PMCPMC239369.

Krajewska B. Ureases I. Functional, catalytic and kinetic properties: A review. Journal of Molecular
Catalysis B: Enzymatic. 2009; 59(1):9-21. https://doi.org/10.1016/j.molcatb.2009.01.003.

Stingl K, Altendorf K, Bakker EP. Acid survival of Helicobacter pylori: how does urease activity trigger
cytoplasmic pH homeostasis? Trends Microbiol. 2002; 10(2):70—4. Epub 2002/02/06. PMID: 11827807.

Debowski AW, Walton SM, Chua E-G, Tay AC-Y, Liao T, Lamichhane B, et al. Helicobacter pylorigene
silencing in vivo demonstrates urease is essential for chronic infection. PLoS Pathogens. 2017; 13(6):
€1006464. https://doi.org/10.1371/journal.ppat.1006464 PMC5500380. PMID: 28644872

Chen YY, Weaver CA, Burne RA. Dual functions of Streptococcus salivarius urease. J Bacteriol. 2000;
182(16):4667-9. Epub 2000/07/27. PMID: 10913107; PubMed Central PMCID: PMCPMC94645.

Murchan S, Aucken HM, O’'Neill GL, Ganner M, Cookson BD. Emergence, Spread, and Characteriza-
tion of Phage Variants of Epidemic Methicillin-Resistant Staphylococcus aureus 16 in England and
Wales. Journal of Clinical Microbiology. 2004; 42(11):5154—-60. https://doi.org/10.1128/JCM.42.11.
5154-5160.2004 PMC525207. PMID: 15528709

Resch A, Rosenstein R, Nerz C, Gotz F. Differential gene expression profiling of Staphylococcus
aureus cultivated under biofilm and planktonic conditions. Appl Environ Microbiol. 2005; 71(5):2663—76.
Epub 2005/05/05. https://doi.org/10.1128/AEM.71.5.2663-2676.2005 PMID: 15870358; PubMed Cen-
tral PMCID: PMCPMC1087559.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007538 January 4, 2019 19/23


https://doi.org/10.1016/j.tim.2015.03.007
https://doi.org/10.1016/j.tim.2015.03.007
http://www.ncbi.nlm.nih.gov/pubmed/25864883
https://doi.org/10.1111/1469-0691.12463
http://www.ncbi.nlm.nih.gov/pubmed/24580738
https://doi.org/10.1001/jamainternmed.2013.10423
http://www.ncbi.nlm.nih.gov/pubmed/24043270
https://doi.org/10.1371/journal.ppat.1004205
http://www.ncbi.nlm.nih.gov/pubmed/24945831
http://www.ncbi.nlm.nih.gov/pubmed/10383955
http://www.ncbi.nlm.nih.gov/pubmed/9829915
https://doi.org/10.1128/JB.186.24.8407-8423.2004
http://www.ncbi.nlm.nih.gov/pubmed/15576791
https://doi.org/10.1128/AEM.71.5.2663-2676.2005
http://www.ncbi.nlm.nih.gov/pubmed/15870358
https://doi.org/10.1128/JB.01472-09
https://doi.org/10.1128/JB.01472-09
http://www.ncbi.nlm.nih.gov/pubmed/20207757
https://doi.org/10.1186/s12882-016-0222-x
http://www.ncbi.nlm.nih.gov/pubmed/26775026
http://www.ncbi.nlm.nih.gov/pubmed/1159216
http://www.ncbi.nlm.nih.gov/pubmed/7565414
https://doi.org/10.1016/j.molcatb.2009.01.003
http://www.ncbi.nlm.nih.gov/pubmed/11827807
https://doi.org/10.1371/journal.ppat.1006464
http://www.ncbi.nlm.nih.gov/pubmed/28644872
http://www.ncbi.nlm.nih.gov/pubmed/10913107
https://doi.org/10.1128/JCM.42.11.5154-5160.2004
https://doi.org/10.1128/JCM.42.11.5154-5160.2004
http://www.ncbi.nlm.nih.gov/pubmed/15528709
https://doi.org/10.1128/AEM.71.5.2663-2676.2005
http://www.ncbi.nlm.nih.gov/pubmed/15870358
https://doi.org/10.1371/journal.ppat.1007538

@'PLOS ‘ PATHOGENS

Function of Staphylococcus aureus urease

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Lindgren JK, Thomas VC, Olson ME, Chaudhari SS, Nuxoll AS, Schaeffer CR, et al. Arginine deiminase
in Staphylococcus epidermidis functions to augment biofilm maturation through pH homeostasis. Jour-
nal of Bacteriology. 2014; 196(12):2277-89. https://doi.org/10.1128/JB.00051-14 PMID: 24727224

Seidl K, Muller S, Francois P, Kriebitzsch C, Schrenzel J, Engelmann S, et al. Effect of a glucose
impulse on the CcpA regulon in Staphylococcus aureus. BMC Microbiol. 2009; 9:95. Epub 2009/05/20.
https://doi.org/10.1186/1471-2180-9-95 PMID: 19450265; PubMed Central PMCID:
PMCPMC2697999.

Queck SY, Jameson-Lee M, Villaruz AE, Bach TH, Khan BA, Sturdevant DE, et al. RNAlll-independent
target gene control by the agr quorum-sensing system: insight into the evolution of virulence regulation
in Staphylococcus aureus. Molecular cell. 2008; 32(1):150-8. Epub 2008/10/15. https://doi.org/10.
1016/j.molcel.2008.08.005 PMID: 1885184 1; PubMed Central PMCID: PMCPMC2575650.

Huang SC, Burne RA, Chen YY. The pH-dependent expression of the urease operon in Streptococcus
salivarius is mediated by CodY. Appl Environ Microbiol. 2014; 80(17):5386—93. Epub 2014/06/22.
https://doi.org/10.1128/AEM.00755-14 PMID: 24951785; PubMed Central PMCID: PMCPMC4136106.

Sadykov MR, Hartmann T, Mattes TA, Hiatt M, Jann NJ, Zhu Y, et al. CcpA coordinates central metabo-
lism and biofilm formation in Staphylococcus epidermidis. Microbiology. 2011; 157(Pt 12):3458—68.
Epub 2011/10/04. mic.0.051243-0 [pii] https://doi.org/10.1099/mic.0.051243-0 PMID: 21964732.

Seidl K, Bischoff M, Berger-Bachi B. CcpA mediates the catabolite repression of tst in Staphylococcus
aureus. Infection and immunity. 2008; 76(11):5093—-9. Epub 2008/08/20. |A1.00724-08 [pii] https://doi.
org/10.1128/1A1.00724-08 PMID: 18710862.

Seidl K, Goerke C, Wolz C, Mack D, Berger-Bachi B, Bischoff M. Staphylococcus aureus CcpA affects
biofilm formation. Infection and immunity. 2008; 76(5):2044—50. Epub 2008/03/19. |Al.00035-08 [pii]
https://doi.org/10.1128/1A1.00035-08 PMID: 18347047.

Nuxoll AS, Halouska SM, Sadykov MR, Hanke ML, Bayles KW, Kielian T, et al. CcpA Regulates Argi-
nine Biosynthesis in Staphylococcus aureus through Repression of Proline Catabolism. PLOS Patho-
gens. 2012; 8(11):e1003033. https://doi.org/10.1371/journal.ppat.1003033 PMID: 23209408

Halsey CR, Lei S, Wax JK, Lehman MK, Nuxoll AS, Steinke L, et al. Amino Acid Catabolism in Staphylo-
coccus aureus and the Function of Carbon Catabolite Repression. mBio. 2017; 8(1): https://doi.org/10.
1128/mBio.01434-16 e01434—16 [pii]. PMID: 28196956

Li C, Sun F, Cho H, Yelavarthi V, Sohn C, He C, et al. CcpA mediates proline auxotrophy and is required
for Staphylococcus aureus pathogenesis. J Bacteriol. 2010; 192(15):3883-92. Epub 2010/06/08.
https://doi.org/10.1128/JB.00237-10 PMID: 20525824; PubMed Central PMCID: PMCPMC2916365.

Townsend DE, Kaenjak A, Jayaswal RK, Wilkinson BJ. Proline is biosynthesized from arginine in Staph-
ylococcus aureus. Microbiology. 1996; 142 (Pt 6):1491-7. Epub 1996/06/01. https://doi.org/10.1099/
13500872-142-6-1491 PMID: 8704988.

Hussain M, Hastings JG, White PJ. A chemically defined medium for slime production by coagulase-
negative staphylococci. Journal of medical microbiology. 1991; 34(3):143-7. https://doi.org/10.1099/
00222615-34-3-143 PMID: 2010904

Gunka K, Commichau FM. Control of glutamate homeostasis in Bacillus subtilis: a complex interplay
between ammonium assimilation, glutamate biosynthesis and degradation. Mol Microbiol. 2012; 85
(2):213—-24. Epub 2012/05/26. https://doi.org/10.1111/j.1365-2958.2012.08105.x PMID: 22625175.

Bhinderwala F, Lonergan S, Woods J, Zhou C, Fey PD, Powers R. Expanding the Coverage of the
Metabolome with Nitrogen-Based NMR. Analytical chemistry. 2018; 90(7):4521-8. Epub 2018/03/06.
https://doi.org/10.1021/acs.analchem.7b04922 PMID: 29505241.

Byrd AL, Belkaid Y, Segre JA. The human skin microbiome. Nature Reviews Microbiology. 2018;
16:143. https://doi.org/10.1038/nrmicro.2017.157 PMID: 29332945

Huang CT, Chen ML, Huang LL, Mao IF. Uric acid and urea in human sweat. The Chinese journal of
physiology. 2002; 45(3):109—-15. PMID: 12817713

Ali SM, Yosipovitch G. Skin pH: from basic science to basic skin care. Acta Dermato-Venereologica.
2013; 93(3):261—7. https://doi.org/10.2340/00015555-1531 PMID: 23322028

Alami SY, Kelly FC, Race GJ. Pathogenicity of staphylococci: with special reference to the persistence
of infection in mice. The American journal of pathology. 1968; 53(4):577—-89. PMID: 5677139

McMahon MA, Xu J, Moore JE, Blair IS, McDowell DA. Environmental stress and antibiotic resistance in
food-related pathogens. Appl Environ Microbiol. 2007; 73(1):211-7. Epub 2006/12/05. https://doi.org/
10.1128/AEM.00578-06 PMID: 17142359; PubMed Central PMCID: PMCPMC1797128.

De Biase D, Lund PA. The Escherichia coli Acid Stress Response and Its Significance for Pathogene-
sis. Advances in applied microbiology. 2015; 92:49-88. Epub 2015/05/25. https://doi.org/10.1016/bs.
aambs.2015.03.002 PMID: 26003933.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007538 January 4, 2019 20/23


https://doi.org/10.1128/JB.00051-14
http://www.ncbi.nlm.nih.gov/pubmed/24727224
https://doi.org/10.1186/1471-2180-9-95
http://www.ncbi.nlm.nih.gov/pubmed/19450265
https://doi.org/10.1016/j.molcel.2008.08.005
https://doi.org/10.1016/j.molcel.2008.08.005
http://www.ncbi.nlm.nih.gov/pubmed/18851841
https://doi.org/10.1128/AEM.00755-14
http://www.ncbi.nlm.nih.gov/pubmed/24951785
https://doi.org/10.1099/mic.0.051243-0
http://www.ncbi.nlm.nih.gov/pubmed/21964732
https://doi.org/10.1128/IAI.00724-08
https://doi.org/10.1128/IAI.00724-08
http://www.ncbi.nlm.nih.gov/pubmed/18710862
https://doi.org/10.1128/IAI.00035-08
http://www.ncbi.nlm.nih.gov/pubmed/18347047
https://doi.org/10.1371/journal.ppat.1003033
http://www.ncbi.nlm.nih.gov/pubmed/23209408
https://doi.org/10.1128/mBio.01434-16
https://doi.org/10.1128/mBio.01434-16
http://www.ncbi.nlm.nih.gov/pubmed/28196956
https://doi.org/10.1128/JB.00237-10
http://www.ncbi.nlm.nih.gov/pubmed/20525824
https://doi.org/10.1099/13500872-142-6-1491
https://doi.org/10.1099/13500872-142-6-1491
http://www.ncbi.nlm.nih.gov/pubmed/8704988
https://doi.org/10.1099/00222615-34-3-143
https://doi.org/10.1099/00222615-34-3-143
http://www.ncbi.nlm.nih.gov/pubmed/2010904
https://doi.org/10.1111/j.1365-2958.2012.08105.x
http://www.ncbi.nlm.nih.gov/pubmed/22625175
https://doi.org/10.1021/acs.analchem.7b04922
http://www.ncbi.nlm.nih.gov/pubmed/29505241
https://doi.org/10.1038/nrmicro.2017.157
http://www.ncbi.nlm.nih.gov/pubmed/29332945
http://www.ncbi.nlm.nih.gov/pubmed/12817713
https://doi.org/10.2340/00015555-1531
http://www.ncbi.nlm.nih.gov/pubmed/23322028
http://www.ncbi.nlm.nih.gov/pubmed/5677139
https://doi.org/10.1128/AEM.00578-06
https://doi.org/10.1128/AEM.00578-06
http://www.ncbi.nlm.nih.gov/pubmed/17142359
https://doi.org/10.1016/bs.aambs.2015.03.002
https://doi.org/10.1016/bs.aambs.2015.03.002
http://www.ncbi.nlm.nih.gov/pubmed/26003933
https://doi.org/10.1371/journal.ppat.1007538

@'PLOS ‘ PATHOGENS

Function of Staphylococcus aureus urease

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Desriac N, Broussolle V, Postollec F, Mathot AG, Sohier D, Coroller L, et al. Bacillus cereus cell
response upon exposure to acid environment: toward the identification of potential biomarkers. Front
Microbiol. 2013; 4:284. Epub 2013/10/10. https://doi.org/10.3389/fmicb.2013.00284 PMID: 24106490;
PubMed Central PMCID: PMCPMC3788345.

Dunne C, Dolan B, Clyne M. Factors that mediate colonization of the human stomach by Helicobacter
pylori. World journal of gastroenterology. 2014; 20(19):5610—24. https://doi.org/10.3748/wjg.v20.i19.
5610 PMID: 24914320

Sachs G, Weeks DL, Wen Y, Marcus EA, Scott DR, Melchers K. Acid acclimation by Helicobacter pylori.
Physiology (Bethesda, Md). 2005; 20:429-38. 20/6/429 [pii].

Williams CL, Preston T, Hossack M, Slater C, McColl KE. Helicobacter pylori utilises urea for amino
acid synthesis. FEMS Immunol Med Microbiol. 1996; 13(1):87—94. Epub 1996/01/01. https://doi.org/10.
1111/j.1574-695X.1996.tb00220.x PMID: 8821403.

Sachs G, Meyer-Rosberg K, Scott DR, Melchers K. Acid, protons and Helicobacter pylori. The Yale jour-
nal of biology and medicine. 1996; 69(3):301-16. Epub 1996/05/01. PMID: 9165699; PubMed Central
PMCID: PMCPMC2589012.

Mobley HL, Hu LT, Foxal PA. Helicobacter pylori urease: properties and role in pathogenesis. Scandi-
navian journal of gastroenterology Supplement. 1991; 187:39—-46. Epub 1991/01/01. PMID: 1775923.

Gouzy A, Larrouy-Maumus G, Bottai D, Levillain F, Dumas A, Wallach JB, et al. Mycobacterium tuber-
culosis exploits asparagine to assimilate nitrogen and resist acid stress during infection. PLoS Pathog.
2014; 10(2):e1003928. Epub 2014/03/04. https://doi.org/10.1371/journal.ppat. 1003928 PMID:
24586151; PubMed Central PMCID: PMCPMC3930563.

Lin W, Mathys V, Ang EL, Koh VH, Martinez Gomez JM, Ang ML, et al. Urease activity represents an
alternative pathway for Mycobacterium tuberculosis nitrogen metabolism. Infect Immun. 2012; 80
(8):2771-9. Epub 2012/05/31. https://doi.org/10.1128/IA1.06195-11 PMID: 22645285; PubMed Central
PMCID: PMCPMC3434571.

Xiong L, Teng JL, Botelho MG, Lo RC, Lau SK, Woo PC. Arginine Metabolism in Bacterial Pathogenesis
and Cancer Therapy. International journal of molecular sciences. 2016; 17(3):363. Epub 2016/03/16.
https://doi.org/10.3390/ijms 17030363 PMID: 26978353; PubMed Central PMCID: PMCPMC4813224.

Moran JC, Alorabi JA, Horsburgh MJ. Comparative Transcriptomics Reveals Discrete Survival
Responses of S. aureus and S. epidermidis to Sapienic Acid. Front Microbiol. 2017; 8:33. Epub 2017/
02/10. https://doi.org/10.3389/fmicb.2017.00033 PMID: 28179897; PubMed Central PMCID:
PMCPMC5263133.

Anderson KL, Roux CM, Olson MW, Luong TT, Lee CY, Olson R, et al. Characterizing the effects of
inorganic acid and alkaline shock on the Staphylococcus aureus transcriptome and messenger RNA
turnover. FEMS Immunol Med Microbiol. 2010; 60(3):208-50. Epub 2010/11/03. https://doi.org/10.
1111/j.1574-695X.2010.00736.x PMID: 21039920; PubMed Central PMCID: PMCPMC2999002.

Tranchemontagne ZR, Camire RB, O’'Donnell VJ, Baugh J, Burkholder KM. Staphylococcus aureus
Strain USA300 Perturbs Acquisition of Lysosomal Enzymes and Requires Phagosomal Acidification for
Survival inside Macrophages. Infection and immunity. 2015; 84(1):241-53. https://doi.org/10.1128/IAl.
00704-15 PMID: 26502911

Richardson AR, Somerville GA, Sonenshein AL. Regulating the Intersection of Metabolism and Patho-
genesis in Gram-positive Bacteria. Microbiology spectrum. 2015; 3(3):10.1128/microbiolspec.MBP-
0004-2014. https://doi.org/10.1128/microbiolspec.MBP-0004-2014 PMC4540601. PMID: 26185086

Rivera FE, Miller HK, Kolar SL, Stevens SM Jr., Shaw LN. The impact of CodY on virulence determinant
production in community-associated methicillin-resistant Staphylococcus aureus. Proteomics. 2012; 12
(2):263-8. https://doi.org/10.1002/pmic.201100298 PMID: 22106056

Molle V, Nakaura Y, Shivers RP, Yamaguchi H, Losick R, Fujita Y, et al. Additional targets of the Bacil-
lus subtilis global regulator CodY identified by chromatin immunoprecipitation and genome-wide tran-
script analysis. Journal of Bacteriology. 2003; 185(6):1911-22. https://doi.org/10.1128/JB.185.6.1911-
1922.2003 PMID: 12618455

Wray LV Jr., Ferson AE, Fisher SH. Expression of the Bacillus subtilis ureABC operon is controlled by
multiple regulatory factors including CodY, GInR, TnrA, and SpoOH. Journal of Bacteriology. 1997; 179
(17):5494-501. PMID: 9287005

Majerczyk CD, Dunman PM, Luong TT, Lee CY, Sadykov MR, Somerville GA, et al. Direct targets of
CodY in Staphylococcus aureus. Journal of Bacteriology. 2010; 192(11):2861-77. https://doi.org/10.
1128/JB.00220-10 PMID: 20363936

Voyich JM, Vuong C, DeWald M, Nygaard TK, Kocianova S, Griffith S, et al. The SaeR/S gene regula-
tory system is essential for innate immune evasion by Staphylococcus aureus. The Journal of infectious
diseases. 2009; 199(11):1698-706. https://doi.org/10.1086/598967 PMID: 19374556

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007538 January 4, 2019 21/23


https://doi.org/10.3389/fmicb.2013.00284
http://www.ncbi.nlm.nih.gov/pubmed/24106490
https://doi.org/10.3748/wjg.v20.i19.5610
https://doi.org/10.3748/wjg.v20.i19.5610
http://www.ncbi.nlm.nih.gov/pubmed/24914320
https://doi.org/10.1111/j.1574-695X.1996.tb00220.x
https://doi.org/10.1111/j.1574-695X.1996.tb00220.x
http://www.ncbi.nlm.nih.gov/pubmed/8821403
http://www.ncbi.nlm.nih.gov/pubmed/9165699
http://www.ncbi.nlm.nih.gov/pubmed/1775923
https://doi.org/10.1371/journal.ppat.1003928
http://www.ncbi.nlm.nih.gov/pubmed/24586151
https://doi.org/10.1128/IAI.06195-11
http://www.ncbi.nlm.nih.gov/pubmed/22645285
https://doi.org/10.3390/ijms17030363
http://www.ncbi.nlm.nih.gov/pubmed/26978353
https://doi.org/10.3389/fmicb.2017.00033
http://www.ncbi.nlm.nih.gov/pubmed/28179897
https://doi.org/10.1111/j.1574-695X.2010.00736.x
https://doi.org/10.1111/j.1574-695X.2010.00736.x
http://www.ncbi.nlm.nih.gov/pubmed/21039920
https://doi.org/10.1128/IAI.00704-15
https://doi.org/10.1128/IAI.00704-15
http://www.ncbi.nlm.nih.gov/pubmed/26502911
https://doi.org/10.1128/microbiolspec.MBP-0004-2014
http://www.ncbi.nlm.nih.gov/pubmed/26185086
https://doi.org/10.1002/pmic.201100298
http://www.ncbi.nlm.nih.gov/pubmed/22106056
https://doi.org/10.1128/JB.185.6.1911-1922.2003
https://doi.org/10.1128/JB.185.6.1911-1922.2003
http://www.ncbi.nlm.nih.gov/pubmed/12618455
http://www.ncbi.nlm.nih.gov/pubmed/9287005
https://doi.org/10.1128/JB.00220-10
https://doi.org/10.1128/JB.00220-10
http://www.ncbi.nlm.nih.gov/pubmed/20363936
https://doi.org/10.1086/598967
http://www.ncbi.nlm.nih.gov/pubmed/19374556
https://doi.org/10.1371/journal.ppat.1007538

@'PLOS ‘ PATHOGENS

Function of Staphylococcus aureus urease

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

LouQ, Qi Y, Ma, Qu D. Two-component signal transduction system SaeRS positively regulates
Staphylococcus epidermidis glucose metabolism. TheScientificWorldJournal. 2014; 2014:908121.
Epub 2014/03/05. https://doi.org/10.1155/2014/908121 PMID: 24592198; PubMed Central PMCID:
PMCPMC3921950.

Frees D, Andersen JH, Hemmingsen L, Koskenniemi K, Baek KT, Muhammed MK, et al. New insights
into Staphylococcus aureus stress tolerance and virulence regulation from an analysis of the role of the
ClpP protease in the strains Newman, COL, and SA564. Journal of proteome research. 2012; 11
(1):95-108. https://doi.org/10.1021/pr200956s PMID: 22112206

Michel A, Agerer F, Hauck CR, Herrmann M, Ullrich J, Hacker J, et al. Global regulatory impact of ClpP
protease of Staphylococcus aureus on regulons involved in virulence, oxidative stress response, autoly-
sis, and DNA repair. Journal of Bacteriology. 2006; 188(16):5783-96. https://doi.org/10.1128/JB.
00074-06 [pii]. PMID: 16885446

Gao P, Ho PL, Yan B, Sze KH, Davies J, Kao RYT. Suppression of Staphylococcus aureus virulence by
a small-molecule compound. Proc Natl Acad Sci U S A. 2018. Epub 2018/07/18. https://doi.org/10.
1073/pnas.1720520115 PMID: 30012613.

Luong TT, Dunman PM, Murphy E, Projan SJ, Lee CY. Transcription Profiling of the mgrA Regulon in
Staphylococcus aureus. J Bacteriol. 2006; 188(5):1899-910. Epub 2006/02/18. https://doi.org/10.1128/
JB.188.5.1899-1910.2006 PMID: 16484201; PubMed Central PMCID: PMCPMC1426550.

Dalal R SJ. Physiology, Renal, Blood Flow and Filtration. StatPearls [Internet]: Treasure Island (FL):
StatPearls Publishing; 2018.

Rocha AS, Kudo LH. Water, urea, sodium, chloride, and potassium transport in the in vitro isolated per-
fused papillary collecting duct. Kidney Int. 1982; 22(5):485-91. Epub 1982/11/01. PMID: 6759756.

Kersting U, Dantzler DW, Oberleithner H, Silbernagl S. Evidence for an acid pH in rat renal inner
medulla: paired measurements with liquid ion-exchange microelectrodes on collecting ducts and vasa
recta. Pflugers Archiv: European journal of physiology. 1994; 426(3—4):354—6. PMID: 8183648

Zalyapin EA, Bouley R, Hasler U, Vilardaga JP, Lin HY, Brown D, et al. Effects of the renal medullary
pH and ionic environment on vasopressin binding and signaling. Kidney international. 2008; 74
(12):1557—67. https://doi.org/10.1038/ki.2008.412 PMID: 18813286

Smith JM, Dubos RJ. The behavior of virulent and avirulent staphylococci in the tissues of normal mice.
The Journal of experimental medicine. 1956; 103(1):87—108. PMID: 13278457

Yanke SJ, Olson ME, Davies HD, Hart DA. A CD-1 mouse model of infection with Staphylococcus
aureus: influence of gender on infection with MRSA and MSSA isolates. Canadian journal of microbiol-
ogy. 2000; 46(10):920-6. Epub 2000/11/09. PMID: 11068679.

Flannagan RS, Heit B, Heinrichs DE. Antimicrobial Mechanisms of Macrophages and the Immune Eva-
sion Strategies of Staphylococcus aureus. Pathogens (Basel, Switzerland). 2015; 4(4):826—-68. https://
doi.org/10.3390/pathogens4040826 PMID: 26633519

NiJ, Shen TD, Chen EZ, Bittinger K, Bailey A, Roggiani M, et al. A role for bacterial urease in gut dysbio-
sis and Crohn’s disease. Science translational medicine. 2017; 9(416). Epub 2017/11/17. https://doi.
org/10.1126/scitransimed.aah6888 PMID: 29141885; PubMed Central PMCID: PMCPMC5808452.

Horn J, Stelzner K, Rudel T, Fraunholz M. Inside job: Staphylococcus aureus host-pathogen interac-
tions. Int J Med Microbiol. 2017. Epub 2017/12/09. https://doi.org/10.1016/j.ijmm.2017.11.009 PMID:
29217338.

Thurlow LR, Joshi GS, Richardson AR. Peroxisome Proliferator-Activated Receptor gamma Is Essen-
tial for the Resolution of Staphylococcus aureus Skin Infections. Cell host & microbe. 2018; 24(2):261—
70 e4. https://doi.org/10.1016/j.chom.2018.07.001 PMID: 30057172.

Krute CN, Rice KC, Bose JL. VirB Is a Key Activator of the Staphylococcus aureus SaeRS Two-Compo-
nent System. J Bacteriol. 2017; 199(5). Epub 2016/12/30. https://doi.org/10.1128/jb.00828-16 PMID:
28031278; PubMed Central PMCID: PMCPMC5309915.

Lofdahl S, Sjostrom JE, Philipson L. Cloning of restriction fragments of DNA from staphylococcal bacte-
riophage ¢11. Journal of Virology. 1981; 37(2):795-801. PMID: 6261019

Bose JL, Fey PD, Bayles KW. Genetic tools to enhance the study of gene function and regulation in
Staphylococcus aureus. Applied and Environmental Microbiology. 2013; 79(7):2218-24. https://doi.org/
10.1128/AEM.00136-13 PMID: 23354696

Lehman MK, Bose JL, Bayles KW. Allelic Exchange. Methods in molecular biology (Clifton, NJ). 2016;
1373:89-96. https://doi.org/10.1007/7651_2014_187 PMID: 25646609

Chen J, Yoong P, Ram G, Torres VJ, Novick RP. Single-copy vectors for integration at the SaPI1
attachment site for Staphylococcus aureus. Plasmid. 2014; 76:1-7. https://doi.org/10.1016/j.plasmid.
2014.08.001 PMID: 25192956; PubMed Central PMCID: PMCPMC4346540.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007538 January 4, 2019 22/23


https://doi.org/10.1155/2014/908121
http://www.ncbi.nlm.nih.gov/pubmed/24592198
https://doi.org/10.1021/pr200956s
http://www.ncbi.nlm.nih.gov/pubmed/22112206
https://doi.org/10.1128/JB.00074-06
https://doi.org/10.1128/JB.00074-06
http://www.ncbi.nlm.nih.gov/pubmed/16885446
https://doi.org/10.1073/pnas.1720520115
https://doi.org/10.1073/pnas.1720520115
http://www.ncbi.nlm.nih.gov/pubmed/30012613
https://doi.org/10.1128/JB.188.5.1899-1910.2006
https://doi.org/10.1128/JB.188.5.1899-1910.2006
http://www.ncbi.nlm.nih.gov/pubmed/16484201
http://www.ncbi.nlm.nih.gov/pubmed/6759756
http://www.ncbi.nlm.nih.gov/pubmed/8183648
https://doi.org/10.1038/ki.2008.412
http://www.ncbi.nlm.nih.gov/pubmed/18813286
http://www.ncbi.nlm.nih.gov/pubmed/13278457
http://www.ncbi.nlm.nih.gov/pubmed/11068679
https://doi.org/10.3390/pathogens4040826
https://doi.org/10.3390/pathogens4040826
http://www.ncbi.nlm.nih.gov/pubmed/26633519
https://doi.org/10.1126/scitranslmed.aah6888
https://doi.org/10.1126/scitranslmed.aah6888
http://www.ncbi.nlm.nih.gov/pubmed/29141885
https://doi.org/10.1016/j.ijmm.2017.11.009
http://www.ncbi.nlm.nih.gov/pubmed/29217333
https://doi.org/10.1016/j.chom.2018.07.001
http://www.ncbi.nlm.nih.gov/pubmed/30057172
https://doi.org/10.1128/jb.00828-16
http://www.ncbi.nlm.nih.gov/pubmed/28031278
http://www.ncbi.nlm.nih.gov/pubmed/6261019
https://doi.org/10.1128/AEM.00136-13
https://doi.org/10.1128/AEM.00136-13
http://www.ncbi.nlm.nih.gov/pubmed/23354696
https://doi.org/10.1007/7651_2014_187
http://www.ncbi.nlm.nih.gov/pubmed/25646609
https://doi.org/10.1016/j.plasmid.2014.08.001
https://doi.org/10.1016/j.plasmid.2014.08.001
http://www.ncbi.nlm.nih.gov/pubmed/25192956
https://doi.org/10.1371/journal.ppat.1007538

o ®
@ ’ P LOS ‘ PATHOGENS Function of Staphylococcus aureus urease

81. Lehman MK, Bose JL, Sharma-Kuinkel BK, Moormeier DE, Endres JL, Sadykov MR, et al. Identification
of the amino acids essential for LytSR-mediated signal transduction in Staphylococcus aureus and their
roles in biofilm-specific gene expression. Mol Microbiol. 2015; 95(4):723-37. Epub 2014/12/11. https://
doi.org/10.1111/mmi.12902 PMID: 25491472; PubMed Central PMCID: PMCPMC4347461.

82. YamadaKJ, Heim CE, Aldrich AL, Gries CM, Staudacher AG, Kielian T. Arginase-1 Expression in Mye-
loid Cells Regulates Staphylococcus aureus Planktonic but Not Biofilm Infection. Infection and immu-
nity. 2018; 86(7). https://doi.org/10.1128/1A1.00206-18 PMID: 29661929; PubMed Central PMCID:
PMCPMC6013659.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007538 January 4, 2019 23/23


https://doi.org/10.1111/mmi.12902
https://doi.org/10.1111/mmi.12902
http://www.ncbi.nlm.nih.gov/pubmed/25491472
https://doi.org/10.1128/IAI.00206-18
http://www.ncbi.nlm.nih.gov/pubmed/29661929
https://doi.org/10.1371/journal.ppat.1007538

