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ABSTRACT

To persist within the host and cause disease, Staphylococcus aureus relies on its ability
to precisely fine-tune virulence factor expression in response to rapidly-changing
environments. During an unbiased transposon mutant screen, we observed that
disruption of the two-gene operon, yjblH, resulted in decreased pigmentation and
aureolysin activity relative to the wild-type strain. Further analyses revealed that YjbH, a
predicted thioredoxin-like oxidoreductase, is mostly responsible for the observed yjblH
mutant phenotypes, though a minor role exists for the putative truncated hemoglobin
Yjbl. These differences were due to significantly decreased expression of crtOPQMN
and aur. Previous studies found that YjbH targets the disulfide- and oxidative-stress
responsive regulator Spx for degradation by ClpXP. The absence of yjbH or yjbl
resulted in altered sensitivities to nitrosative and oxidative stress and iron deprivation.
Additionally, aconitase activity was altered in the yjbH and yjbl mutant strains.
Decreased pigmentation and Aur activity in the yjbH mutant was found to be Spx-
dependent. Lastly, we used a murine sepsis model to determine the effect of the yjb/H
deletion on pathogenesis and found that the mutant was better able to colonize the
kidneys and spleens during an acute infection than the wild-type strain. These studies
identify changes in pigmentation and protease activity in response to YjblH and are the

first to show a role for these proteins during infection.

INTRODUCTION
Staphylococcus aureus is a highly versatile pathogen capable of causing disease in

nearly every bodily tissue ranging from mild skin and wound infections to more severe
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infections, including osteomyelitis, endocarditis, pneumonia, and sepsis (1-4). Its ability
to adapt to a variety of anatomical niches is largely attributed to its complex, yet precise
modulation of virulence factor expression in response to environmental and temporal
fluxes (5, 6). The major US-dominating strain of community-associated methicillin
resistant Staphylococcus aureus (CA-MRSA) known as USA300 has enhanced
virulence properties due to altered expression of genome-encoded virulence factors,
such as phenol soluble modulins and a-toxin (7-10). A better understanding of how this
strain orchestrates virulence factor production may lead to fresh perspectives on MRSA
pathogenesis.

To cause disease, S. aureus must survive the multi-component attack of the
immune system. Initially, this includes innate immune system factors such as
complement, antimicrobial peptides, and oxidative and nitrosative stress. To aid its
defense, S. aureus is equipped with a battery of virulence factors, including 10 major
extracellular proteases that target host immune components, regulate the abundance
and stability of other secreted and surface-associated virulence factors, and are
involved in nutrient acquisition (11-21). Aureolysin (Aur) is a zinc-metalloprotease that
sits atop a protease activation cascade and is responsible for activating the SspA (V8)
serine and SspB cysteine proteases (22, 23). These proteases have been shown to
inactivate complement and cleave immunoglobins (14, 21, 24). Additionally, Aur has
been shown to regulate the levels and stabilities of 83% (225 proteins) of all SaeRS-
regulated proteins (25). Transcription of aur is positively regulated by the global
activator, MgrA, and the quorum sensing protein, AgrA, in combination with the small

RNA, RNAIII (26). aur is negatively regulated by the DNA-binding protein, SarA, and
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Rot, the repressor of toxins (26, 27). Adding complexity to this regulation, SarA activity

is positively regulated by the alternative sigma factor, c®

, among other transcription
factors (28, 29). Lastly, Aur is negatively regulated at the post-transcriptional level by
the two-component system, SaeRS (30).

To combat oxidative and nitrosative stress during host colonization, S. aureus is
well-equipped with a variety of resistance mechanisms and detoxification proteins. In
addition, staphyloxanthin, the pigment that gives S. aureus its characteristic golden
color, has multiple functions, including serving as an antioxidant. Its ability to quench
singlet oxygen affords the bacterium protection against toxic reactive oxygen species
(ROS) (31, 32). Studies have demonstrated that strains lacking pigmentation are more
susceptible to killing by neutrophils, which attack bacterial cells with the release of ROS
and reactive nitrogen species (RNS) (33-35). Pigment-deficient strains are attenuated
for virulence in a subcutaneous abscess model (33). Biosynthesis of staphyloxanthin is
accomplished via five proteins encoded by the crtOPQMN operon, transcription of which

is positively regulated by c®

and the AirSR two-component system (36, 37). It is
negatively regulated by the small RNA, SsrA (38).

In addition to pigment, S. aureus possesses numerous oxidative and nitrosative
stress defense proteins. To combat nitric oxide (NO) stress, this bacterium is equipped
with  Hmp, a NO'-detoxifying flavohemoglobin (39, 40). It has two superoxide
dismutases, SodA and SodM, which catalyze the breakdown of Oy (41, 42), the H,O»-
degrading proteins catalase (KatA), and alkyl hydroperoxide reductase (AhpC) (43, 44).

One consequence of oxidative stress is the formation of disulfide bonds between

cysteine residues, resulting in protein inactivation. To maintain a reduced cytoplasm,
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bacteria rely on the redox cycling reactions of thioredoxin (TrxA) and thioredoxin
reductase (TrxB), which are both essential proteins in S. aureus (45-47). Furthermore,
S. aureus has three paralogs of the methionine sulfoxide reductase A protein (MsrA)
and one MsrB protein, which are known to repair oxidized forms of methionine residues
(48, 49).

During a screen of the Nebraska Transposon Library (50), we observed that
disruption of the yjblH operon resulted in decreased pigmentation and Aur activity. Both
genes are annotated as hypothetical proteins, though structural prediction analysis
demonstrates that Yjbl is a truncated hemoglobin (trHb) and YjbH is a thioredoxin-like
thiol/disulfide oxidoreductase (51). Studies in Bacillus subtilis and limited studies in S.
aureus have demonstrated YjbH to be an adaptor protein for Spx, a transcriptional
regulator that controls expression of numerous genes, including trxA and {rxB, in
response to disulfide and oxidative stress (52-56). In this study, we sought to
characterize the S. aureus yjb/H mutant phenotypes and understand the mechanism by
which these proteins alter staphyloxanthin production and Aur expression. The data
collected by our group are aligned with a model for Spx-dependent regulation of
crtOPQMN and aur, and we revealed a role for 6® in our mutant strain phenotypes.
Interestingly, we found that the yjb/H mutant strain is more virulent than the wild-type
strain in a murine sepsis infection. We predict that YjbH is influencing the activity of both

B

Spx and and/or another regulatory protein(s), perhaps -, such that expression and

activity of key virulence factors is altered.

MATERIALS AND METHODS
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Bacterial strains and growth conditions. For all experiments, S. aureus strains
(Table 1) were cultured from -80°C freezer stocks on tryptic soy agar (TSA) and sub-
cultured overnight in tryptic soy broth (TSB) supplemented with chloramphenicol (10 ug
ml™"), erythromycin (2 - 5 ug ml™), trimethoprim (10 pug ml™"), kanamycin (100 pyg mi™), or
tetracycline (1 ug ml”') when necessary. Escherichia coli DH5a (57) and DH5a-Apir (58)
were used for cloning and grown in LB (lysogeny broth) medium supplemented with

ampicillin (100 pg mlI™) or trimethoprim (10 pg mi™).

Construction and complementation of mutant strains. Plasmids to generate
deletion strains JLB110, JLB134, and JLB147 (Table 1) were constructed using AH1263
genomic DNA and KOD DNA Polymerase (Novagen). For JLB110, primers JBKU19 and
JBKU20 were used to amplify a 717-bp fragment upstream of yjbl, and JBKU23 and
JBKU24 were used to amplify a 730-bp fragment downstream of yjbH. Both fragments
were simultaneously cloned into the temperature sensitive, allelic exchange plasmid
pJB38 (59) using Kpnl and Sall to generate pJB1021. For JLB134, primers JBKU19 and
JBKU20 were used to amplify a 717-bp fragment upstream of yjbl/ containing the yjbl
promoter, and JBKU43 and JBKU44 were used to amplify a 690-bp fragment
downstream of yjbl that were simultaneously cloned into pJB38 using Kpnl and Sall to
create pCP1. For JLB147, JBKU23 and JBKU24 primers were used to amplify a 730-bp
fragment downstream of yjbH that was cloned into pJB38 using Smal to create pCP2.
Then, primers CP1 and JBKU42 were used to amplify an 839-bp region upstream of
yjbH containing the entire yjbl gene along with its promoter and cloned into pCP2 using

Kpnl and Nhel to generate pCP3. All plasmid constructions were performed in E. coli.
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The plasmids were then transformed into RN4220 (60) and transduced into AH1263
using ¢11 as previously performed (61). Finally, allelic exchange (62) was performed
and the mutant was verified via PCR following DNA isolation as previously described
(63). Transposon insertions of sigB, crtM, clpP, and hmp (50) were transferred to either
AH1263 or JLB110 strains by transduction of chromosomal alleles via ¢11 resulting in
JLB143, JLB179, JLB176, JLB178, and JLB146. JLB126 was constructed via allelic
exchange using pKAN (59) to replace the Erm cassette in NE1109 with a Kan cassette.
Then, the sigB::kan™ mutation was transferred to AH1263 and JLB110 via ¢11-mediated
transduction, resulting in JLB174 and JLB175, respectively. For generation of spx
mutants, the plasmid pMK4-pGlyS-trxA (64) was first transformed into RN4220 and then
transferred to AH1263 via transduction with ¢11. $85 was used to transfer the spx::kan”®
mutation from CB1400 (64) into AH1263 pMK4-pGlyS-trxA, thereby generating JLB248.
The NE1800 transposon insertion was then transferred to JLB248 via transduction with
$11, resulting in JLB249. JLB247 was constructed via $85-mediated transduction of the
geh::pCL25 spx* tef® fragment from CB1400 into JLB110. ¢11 was then propagated
using JLB247 as the donor strain and was used to transduce the geh::pCL25 spx* tef®
fragment into JLB249, resulting in JLB250. JLB264 was constructed via allelic exchange
of JLB130 and pTET. JLB277 and JLB280 were generated via ¢11-mediated
transduction of the sigB::tet fragment from JLB264 into JLB248 and JLB249,
respectively.

The yjblH (JLB110), yjbl (JLB134), and yjbH (JLB147) mutant strains were
complemented using pKK22 as the base plasmid (65). Primers JBPRO1 and CP2 were

used to amplify a 1.7-kb fragment containing the wild-type yjb/H operon and cloned into
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pKK22 using BamHI and Nhel to generate pCP4. The yjbH complement plasmid, pCP5,
was generated by amplifying a 1.4-kb fragment containing the yjbH gene along with its
native promoter using JBPR01 and CP7 from JLB134 genomic DNA and was then
cloned into the BamHI and Avrll sites of pKK22. Primers CP3 and CP8 were used to
amplify a 1.6-kb fragment containing the yjbl gene from pCP3 and was then cloned into
the BamHI and Avrll sites of pKK22, resulting in pCP6. Each of the complement
plasmids (pCP4, pCP5, and pCP6) were transformed into E. coli DH5aApir, then
transformed into RN4220, and finally transduced into mutant strains using ¢11. An
additional complement plasmid was made and used in Fig S1. pJB158 was generated
by amplifying the yjb/H operon and upstream sequence from AH1263 (primers JBPRO1
and JBPRO02) and ligating into pCM28 digested with BamHI and Pstl. All plasmids were

verified via sequencing by ACGT, Inc.

Carotenoid pigment assay. The method used to extract and to quantify pigment
production among strains was modified from Morikawa, K., et al. and Sapp, A.M. et al.
(66, 67). Overnight cultures were standardized to ODgopo = 1.0 and 40 ul spots were
pipetted onto TSA in triplicate. After overnight incubation, cells were scraped from the
surface and resuspended in 1 ml H,O. 20 ul was removed to determine ODgoo, and the
remaining suspension was centrifuged at 21,130 x g for 3 min. The supernatant was
decanted and the pellet resuspended in 420 ul MeOH, vortexed for 10 sec, and
incubated at 55°C for 5 min. The suspension was then centrifuged at 21,130 x g for 2
min, and 350 ul of the supernatant was added to a cuvette containing 650 pyl MeOH.

Absorbance at 465 nm was recorded, and the amount of pigment produced among
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strains was normalized by dividing the Ases by the relative ODgoo (wWhich was calculated
by dividing the individual ODgoo by the average ODggo of the AH1263 wild-type strain).
For figure panels depicting colony pigment colors, overnight cultures were resuspended
to ODgoo = 1.0 in 1 ml of TSB, and 1 pl spots were pipetted onto TSA and incubated

overnight at 37°C.

Construction of promoter-lacZ fusions and B-galactosidase assays. To
conduct activity assays for the crtOPQMN and aur promoters, we constructed lacZ-
reporter plasmids pCP7 and pCK3, respectively. For pCP7, primers CP9 and CP10
were used to amplify a 224-bp fragment containing the crtOPQMN promoter and cloned
into pJB185 (68) using EcoRI and Xbal. For pCK3 generation, primers CNK11 and
CNK12 were used to amplify a 483-bp fragment containing the aur promoter sequence,
which was cloned into pJB185 using EcoRI and Xbal. B-galactosidase activities were
calculated using a method described by Lehman M.K., et al. (69). Overnight cultures
were diluted to ODggp = 0.1 in 12.5 ml of TSB in 125-ml flasks. At each time point, 1 ml
was harvested, centrifuged at 21,130 x g for 1 min, and then resuspended in 1.2 ml of
Z-buffer. The cell suspension was subjected to lysis using the FastPrep-24 5G
homogenizer (MP Biomedicals) using 0.1 mm glass beads and the manufacturer’s
setting for S. aureus. Cellular debris was pelleted by centrifugation at 21,130 x g for 5
min, and the lysate was transferred to a new tube. A sample of lysate was removed (50
— 200 pl) and combined with Z-buffer for a total volume of 700 pl to which 140 pl of o-
nitrophenyl 3-D-galactopyranoside (ONPG) (4 mg ml” (w/v, in 40 mM NaH,PO,4, 60 mM

Na;HPO4, pH 7.0)) was added and incubated statically at 37°C until the sample turned
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slightly yellow. At this point, 200 pl of 1 M NaCO3; was added to stop the reaction, and
the samples were then centrifuged at 21,130 x g for 30 sec to remove any remaining
cellular debris. The sample was transferred to a cuvette and absorbance read at 420
nm. Bradford assays were performed by using the Protein Assay Dye Reagent (Bio-
Rad, Hercules, CA). Modified Miller units were calculated using protein concentration

and is reported on a per mg protein basis.

Protease assays. As described in (70), overnight cultures were resuspended to
ODsggp = 1.0 in 1 ml of TSB, and 1 pl spots were pipetted onto 1.0% skim milk agar
plates and incubated for 48 hours at 37°C. Images were taken using an ImageQuant
LAS-4000 Imaging System (Fuijifilm). All images in a single figure panel were taken

under the same camera settings and adjusted equally.

RNA isolation, cDNA synthesis, and qPCR. Overnight cultures were
resuspended to ODgpp = 0.1 in 25 ml of TSB in a 250-ml flask and allowed to incubate at
37°C with shaking at 250 RPM. 3 ml of culture was then transferred to a conical tube
containing 5 ml of cold PBS and centrifuged at 4,500 x g for 5 min at 4°C. The
supernatant was removed and the pellet frozen at -80°C. After thawing on ice, the pellet
was resuspended in TE buffer and transferred to a Lysing Matrix B Tube (MP
Biomedicals), and cells were subjected to lysis using the FastPrep-24 5G homogenizer
(MP Biomedicals). Total RNA was extracted using the RNeasy Mini Kit (Qiagen) and
treated with DNase (TURBO DNA-free Kit (Invitrogen)). RNA was quantified using a

NanoDrop One (ThermoFisher Scientific) and quality was assessed using an Agilent
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TapeStation 4200 (KUMC Genome Sequencing Facility). cDNA was synthesized using
the QuantiTect Reverse Transcription Kit (Qiagen) with 500 ng of total RNA used as the
template. The cDNA was diluted 50-fold in nuclease-free H,O and aliquoted into 1.5-ml
tubes. A reaction mixture containing FastStart Essential DNA Green Master (Roche),
primers (5 uM each), and H,O was added to the diluted cDNA. Finally, 19 uL of this
mixture was aliquoted in triplicate into a 96-well plate and amplification was performed
in a LightCycler96 (Roche). Relative transcript abundances were calculated using the
comparative threshold cycle (Cy) method (71) and the value of each target gene was
normalized to the housekeeping sigma factor, sigA (rpoD) (72, 73). Fold-change

expression was calculated relative to the wild-type strain.

RT-PCR. RNA was isolated from cells grown for 7 h as described above for
gPCR. cDNA was synthesized using the QuantiTect Reverse Transcription Kit (Qiagen)
with 500 ng of total RNA with a 45-minute synthesis step. Reactions were carried out
with non-specific primers both with and without (negative control) reverse transcriptase

enzyme.

NO' sensitivity assays. Nitrosative stress assays were performed as previously
described (74) with some modifications. Cells were grown overnight in TSB, transferred
to a conical tube, and centrifuged at 3,157 x g for 5 min. The pellet was washed twice
with PBS and resuspended in LB with 0.5% glucose and 0.05 M Tris, pH 7.4 (LBGT)
medium. Cultures were resuspended to ODgyo = 0.01 and 100 pl was added to a 96-well

plate in triplicate. The NO donor, diethylenetraimine NONOate (DETA-NO; Cayman
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Chemical) was added to the wells at a final concentration of 10 mM. LBGT was used to
bring the total volume in the well up to 200 ul and growth was monitored using a Tecan
Spark 10M Multimode Microplate Reader and incubated for 16 h at 37°C with orbital

shaking at 510 RPM.

H.O; killing assays. H,O, assays were conducted as previously described (75).
Briefly, overnight TSB cultures were pelleted and then resuspended in PBS to ODggo =
0.7 in 1 ml. Cell suspensions were then treated with or without 1 M H,O, for one hour.
Subsequently, 50 ul of treated samples were diluted 1:20 in PBS containing catalase
(1,300 units mI™"), gently mixed, and incubated for 5 min. Five pl of the final dilutions

ranging from 107" to 10 were plated on TSA and assessed for cell survival.

Methyl viologen and 2,2-dipyridyl sensitivity assays. For methyl viologen
assays, overnight TSB cultures were serially diluted and five pl aliquots were
individually spot plated onto TSA medium containing 25 mM methyl viologen or 1TmM

2,2-dipryidyl (DIP).

Aconitase assays. Overnight TSB cultures were diluted 1:100 in TSB or TSB
with chloramphenicol. Cells were grown in 10 ml-culture tubes containing either 1 ml
(high-aeration) or 5 ml (low-aeration) of medium as previously described (76). After 12
hours of culture, 1 ml of cells were pelleted, washed with PBS, and stored at -80°C until

use. AcnA activity was determined as previously described (77).
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Diamide assays. As described previously (64, 78), cultures were grown
overnight in TSB and resuspended to ODgyo = 0.2. Serial dilutions from 10™ to 10 were
made and 1 ul spots were plated onto TSA containing 0.2 mM diamide (Sigma). Plates

were incubated overnight at 37°C.

Mouse infection assays. These studies were conducted in strict accordance
with the recommendations in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health (79). The Institutional Animal Care and Use Committee
(IACUC) of the University of Kansas Medical Center approved this protocol. 8-week-old
C57BL/6J female mice (Jackson Laboratories) were infected retro-orbitally with either a
low-dose (4x10° CFU) or high dose (~1x10’ CFU) of bacteria. Mice weights were
recorded every other day and fithess scores were assigned. After 5 or 6 days, the mice
were humanely euthanized and kidney, liver, and spleens were harvested. Kidneys and
spleens were homogenized using lysing matrix H tubes. Livers were divided in half and
homogenized using lysing matrix | tubes (MP Biomedicals) with subsequent pooling of
the two homogenates. Organs were subjected to lysis in PBS using the FastPrep-24 5G
instrument (MP Biomedicals) according to manufacturer's recommendations.
Homogenates were serially diluted in PBS + 0.1% Triton X-100 and plated onto TSA.

Colonies were counted after overnight incubation.

Statistical analysis. All statistical analyses were performed using Prism, version

6 (GraphPad). Statistical significance was determined using unpaired t-test, one-way or
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two-way ANOVA, as indicated. p < 0.05 was considered statistically significant unless

otherwise stated.

RESULTS

Pigment and aureolysin activity are decreased in yjbIH and yjbH mutants.
During a screen of the Nebraska Transposon Mutant Library (50), we found that
disruption of the two-gene operon, yjblH (SAUSA300_0904-0903), resulted in
decreased production of staphyloxanthin, the yellowish-orange pigment characteristic of
S. aureus, and decreased protease activity associated with the zinc metalloprotease,
aureolysin (Aur) (Fig. S1A). Returning the yjblH genes to either mutant strain via a
plasmid reversed the phenotypic effects of the insertions. The transcription of yjb/ and
yjbH as a single transcript was verified by RT-PCR (Fig. S1B).

The insertion of a transposon results in polar effects on downstream genes;
therefore, to determine if these phenotypes were due to polar effects, we created strains
with individual in-frame gene deletions and a strain with a double gene deletion. Growth
analysis of the mutants revealed that the yjb/H and yjbH mutants were reproducibly
slightly delayed in initial growth but reached wild-type levels by 3 h, at which point all
strains grew similarly (Fig. S2). During routine culturing, it was noted that the yjbH
mutant strain was similar in color to the yjb/H mutant. To determine pigment differences,
we quantified carotenoid pigment and found that the yjbH mutant produced significantly
less pigment than the wild-type strain. The yjb/H and yjbH mutants were not devoid of
pigment as they produced more than the crtM mutant control (Fig. 1A). By contrast, the

yjbl mutant resembled the wild-type strain.
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As stated above, we found that activity of the extracellular protease, aureolysin,
was decreased in the yjbl and yjbH transposon mutants. We cultured the wild-type, yjbl,
yjbH, and yjblH deletion strains along with the complement strains on 1.0% skim milk
agar. An aur mutant was included as a negative control. As shown in Figure 1B, we
observed that the yjblH and yjbH mutant strains had decreased Aur activity in
comparison to the wild-type strain. Minimal difference was observed in the yjbl mutant.
Together, these data demonstrated that YjbH was the major contributor to the

pigmentation and Aur activity phenotypes observed in the original transposon mutants.

Yjbl and YjbH affect transcription of crtOPQMN and aur. To test whether the
YjbH-dependent pigment and Aur phenotypes were due to altered expression of
crtOPQMN and aur, we constructed B-galactosidase reporter plasmids containing lacZ
under the transcriptional control of the crtOPQMN or aur promoters. In contrast to the
wild-type strain, where transcription of the crtOPQMN promoter gradually increased
throughout the growth cycle, we observed that the yjblH strain had a significant
reduction in crtOPQMN promoter activity at each time point tested (Fig. 2A). Expression
was restored when yjb/H was provided on a plasmid. We observed no expression in a
sigB mutant, the known crucial activator of the crtOPQMN promoter. To delineate the
individual contributions of Yjbl and YjbH to changes in crtOPQMN expression, we
analyzed promoter activity in the individual mutants and their respective complement
strains (Fig. 2C). Notably, we observed that both Yjbl and YjbH contribute to the
decreased transcription of crtOPQMN when tested in broth culture, despite no observed

difference in pigmentation on plates in the yjb/ mutant.
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B-galactosidase assays with a Pg,-lacZ transcriptional fusion revealed that in
wild-type cells, aur promoter activity increased throughout the growth cycle and peaks
at 4h (Fig. 2B). A similar trend was seen for the yjb/lH mutant, but aur expression was
decreased by at least two-fold at each time point. This defect could be complemented
by returning the wild-type copy of yjb/H via a plasmid. A sigB mutant was again used
here as a control as o® is known to repress aur expression. To determine the individual
contribution of Yjbl and YjbH to the yjb/H mutant phenotype, we monitored promoter
activity at the late exponential phase of growth (Fig. 2D). We found that the absence of
yjbH resulted in a phenotype similar to the yjb/H mutant with approximately two-fold less
aur expression as compared to the wild-type strain. While the yjb/ mutant consistently

showed a modest decrease, it was not statistically significant.

The yjblH mutants have altered sensitivities to nitrosative and oxidative
stress. Previous studies have shown that truncated hemoglobins are involved in Oo-
sensing and the detoxification of nitric oxide (NO-), and YjbH has been shown to control
the abundance of Spx, a transcriptional regulator that responds to oxidative stress (78,
80-82). In addition, thioredoxins are known to help maintain a reduced cytoplasm and
contribute to the defense against oxidative stress. Moreover, a recent transposon
sequencing (Tn-Seq) experiment identified YjbH as being required for resistance to NO
(83). We therefore tested the sensitivities of yjbl and yjbH mutants to nitrosative and
oxidative stressors. For nitrosative stress, we exposed cells to the NO donor, DETA-
NO, at the time of inoculation and compared growth of the strains as in previous studies

(74, 83). Treatment with DETA-NO had the largest impact on the yjb/H strain and an
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intermediate effect on the yjbH strain as compared to the wild-type (Fig. 3A). The yjbl
strain displayed a similar phenotype to the wild-type strain, though we consistently
observed that this mutant grew slightly better. A mutant deficient in the NO--
detoxification protein, Hmp, was included as a control. To conduct statistical analyses,
the area under the curves for the NO--treated samples were determined for hours 7.5 to
14. As seen in Figure 3B, both the yjblH and yjbH mutants showed statistically-poorer
growth under NO stress. Furthermore, we tested the susceptibility of the transposon
mutants for yjbl and yjbH (Fig. S3) to verify our deletion strain phenotypes. Indeed, we
found that both transposon mutants were more sensitive to treatment with DETA-NO as
compared to the JE2 wild-type strain. These data confirm the previous report (83)
identifying that YjbH is important for resistance to NO' stress.

We examined the sensitivities of the strains to H,O, and to methyl viologen, a
superoxide generator (O2’). As seen in Figure 4, the yjbH and yjblH strains were more
susceptible to killing by H,O, whereas the yjbl mutant behaved similar to the wild-type
strain. By contrast, all of the mutant strains displayed increased resistance to methyl
viologen when compared to the wild-type strain (Fig. 4C). Taken together, it appeared
that YjbH and Yjbl sensitized the cell to superoxide, and YjbH was important for H,O,
resistance.

We sought to determine if this altered resistance was due to transcriptional
effects on genes known to encode proteins involved in ROS/RNS resistance. To this
end, gRT-PCR was performed on RNA isolated from wild-type and yjblH strains grown
to late exponential phase. All of the observed transcriptional changes in the yjb/H strain

were modest (<2.5-fold higher in yjb/lH mutant) and only catalase (katA), alkyl
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hydroperoxide reductase (ahpC), superoxide dismutase (sodA and sodM), and irxB
reached statistical significance (Fig. S4). Collectively, the results suggested that the
yjblH mutant had altered sensitivities to oxidative and nitrosative stress and modest

alterations in transcription of ROS/RNS defense genes.

The yjblH mutants have decreased aconitase activity and increased
sensitivity to iron chelation. S. aureus contains a single aconitase protein (AcnA)
which requires an [4Fe-4S] cluster for activity (84). The iron-sulfur cluster is highly
susceptible to disassembly by ROS, rendering the protein inactive (85). S. aureus
strains lacking superoxide dismutase or catalase have decreased AcnA activity when
cultured with high aeration (86, 87). We hypothesized that since the yjbl, yjbH, and
yjblH mutants have varying sensitivities to ROS, they may have altered cellular ROS,
which would lead to changes in aconitase activity. To test this, we assessed aconitase
activity in the wild-type and mutant strains under high and low aeration (Fig. 5A & B).
Under high aeration, all three mutant strains had less aconitase activity than the wild-
type strain, indicating roles for both YjbH and Yjbl in AcnA activity. By contrast, under
low aeration, only the yjbH and yjb/H mutants had decreased activity.

It was possible that yjb/H mutants have altered acnA transcription; therefore, we
generated acnA knockouts in wild-type and yjb/H mutant strains and expressed achA
from a non-native promoter. Upon induction of acnA transcription (Fig. 5C), there was a
significant decrease in AcnA activity in the yjbl, yjbH, and yjblH strains as compared to
the wild-type strain. These data suggested that under the conditions examined, YjbIH

influenced the activity of AcnA. It is possible that AcnA was not properly maturated into
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a holo-protein in the yjbH and yjblH strains. This possibility may have resulted from
decreased iron availability and incorporation into the AcnA [Fe-S] cluster. To gain
insight, we subjected the mutant strains to treatment with the cell-permeable, divalent
metal chelator 2,2-dipyrydyl (DIP), which has a high affinity for iron. An fhuA mutant,
which is defective in iron uptake was included as a control. As seen in Figure 5D, the

yjbH, yjblH, and fhuA strains were more susceptible to treatment with DIP.

The YjbH cysteine residues have no effect on pigmentation or Aur activity.
Previous studies have investigated the contribution of the cysteine residues in YjbH to
its function, as cysteines are often redox-active and important for maintaining a reduced
environment. Gohring et al. (88) found that a yjbH mutant has a two-fold higher diamide
ICq0s compared to the wild-type strain that could not be complemented when the four
Cys residues in YjbH were mutated to glycines, yet they were not essential for
resistance to oxacillin. Conversely, Engman, et al. (53) reported that mutation of the Cys
residues to serines did not alter cellular levels of Spx after treatment with diamide. We
sought to investigate the role of the cysteines in S. aureus strain LAC. Upon
examination of the YjbH sequence, we hypothesized that there exist two thioredoxin
(Trx)-like motifs, S**xxC*" and S''®xxC'*' (Figure S5A). Trx active site motifs (CxxC)
often contain Ser substitutions in place of Cys residues (89, 90). To examine if these
Cys-containing, Trx-like motifs contributed to our yjbH mutant phenotypes, the Ser and
Cys residues were changed to alanines. The mutant motifs were introduced either
separately or together and used to complement the pigment and Aur phenotypes of the

yjbH mutant strain. As seen in Figure S5B & C, the mutation of either motif singly or in
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combination was able to complement the yjbH mutant, indicating that they are

dispensable for YjbH-mediated regulation of pigment and Aur activity in S. aureus LAC.

Contribution of Spx to the yjb/H mutant phenotypes. The described function
of YjbH is to target Spx for degradation by the ClpXP protease (53, 91). Spx is an
essential protein in S. aureus, unless trxA is over-expressed. To test whether Spx
contributes to the yjb/H mutant phenotypes, we constructed mutants that also contain a
plasmid with frxA expressed from a non-native promoter (64). We found that an spx
mutant had similar pigment and Aur activity as the wild-type strain; however, deletion of
spx in a yjblH mutant background rescued the pigment and Aur phenotypes of the yjblH
mutant, indicating that these defects are Spx-dependent (Fig. 6A & B).
Complementation of the yjbIH spx mutant with spx” resulted in a pigment phenotype
similar to the yjb/H mutant and reduced the Aur activity of the yjblH spx mutant back
towards that of the yjb/H mutant. Thus, these data suggested that increased Spx levels
as a result of the absence of YjbH leads to decreased pigment and Aur activity. Spx
levels are regulated by ClpXP machinery; therefore, we analyzed the effect of a clpP
deletion in our yjblH mutant strain. We hypothesized that a c/pP mutant would behave
similarly to a yjb/lH mutant, since both strains would be expected to have increased
levels of Spx. Indeed, we observed that clpP and yjb/lH mutants have similar pigment
and Aur phenotypes as shown in Figure 6A and B.

We exposed the spx mutant to disulfide stress, and as shown previously (64, 78),
we observed that the spx mutant was more sensitive to diamide than the wild-type strain

(Fig. 6C). Interestingly, the spx yjb/H mutant displayed increased resistance to diamide
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as compared to the spx-only mutant. This result suggests that YjblH may have
additional targets other than Spx that contribute to disulfide stress. No difference was
observed for the yjblH mutant relative to wild-type. Together, these data demonstrated
that Spx contributes to the altered pigment production and Aur expression seen in yjb/H
mutant. However, the finding that the yjblH spx double mutant phenocopies the yjblH in
diamide sensitivity, and not the spx single mutant, suggested that other factors are

involved.

A role for o® in YjblH-mediated regulation. The alternative sigma factor, o®
(SigB) is the stress-response sigma factor in S. aureus and contributes to the regulation
of both crtOPQMN and aur. ¢® is the primary activator of the staphyloxanthin
biosynthesis operon, whereas it represses transcription of aur through SarA activation
(28, 29, 36, 37). We wanted to determine if there was a relationship between the
observed yjb/IH mutant phenotypes and o®. We constructed a yjbIH sigB mutant and
compared Aur activity and pigment among the strains. As expected, the absence of
sigB in a wild-type background resulted in de-repression of Aur and reduced
pigmentation (Figure 7). However, the enhanced proteolysis observed in the sigB
mutant was eliminated when yjb/H was also absent. As for pigmentation, the yjb/H sigB
strain appeared similar to the sigB-only mutant, with a near loss of staphyloxanthin
production. Thus, while the loss of o® lead to decreased pigmentation regardless of
YjbIH, enhanced proteolysis in the absence of 6® was YjblH-dependent.

The yjbH strain has increased resistance to superoxide and increased sensitivity

to divalent metal deprivation (Fig. 4 & 5). We tested if these altered sensitivities were
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dependent on sigB (Fig. 8A-B). In contrast to the yjbH-only mutant strain, we observed
increased resistance to iron deprivation in the yjbH sigB strain to levels comparable to
the sigB single mutant. The sigB mutant was extremely sensitive to methyl viologen;
however, this appeared to be YjbH-dependent as the yjbH single and yjbH sigB mutants
were equally more resistant than the sigB mutant. To further explore the link between o®
and YjbIH, we tested if o® contributes to the decreased aconitase activity in the mutant
strains (Fig. 8C). We observed decreased AcnA activity relative to the wild-type strain in
all mutants except the yjb/ mutant, with the sigB strain having the least activity. The
decrease in AcnA activity was indistinguishable between the yjbH and yjbH sigB strains.

To further explore the connection between o, YjbIH, and Spx, we introduced the
sigB mutation into the spx mutant and yjb/H mutant backgrounds. We tested these
mutant strains for pigmentation and Aur activity. The sigB mutation appeared to be
dominant over both spx and yjb/H mutations, as both the spx sigB and spx sigB yjblH
strains have dramatically reduced pigmentation (Figure 9). Additionally, the lack of sigB
appeared to be the major contributor to the de-repression of Aur activity in the spx sigB
and spx sigB yjblH strains. This contrasts with Aur activity observed in the sigB yjblH

mutant alone (Fig. 7), where the yjbl/H mutation was dominant over sigB.

Deletion of yjblH results in increased colonization in a murine sepsis
model. During infection, S. aureus must combat a potent immune response that
includes oxidative and nitrosative stress and other factors of the host immune system.
Previous reports have found a role for proteases during infection, including Aur (12, 25).

Furthermore, the absence of S. aureus proteases, such as Aur, leads to the stabilization
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of virulence factors (12). Considering our observed phenotypes for the yjb/H mutant, we
predicted that the Yjbl and/or YjbH proteins would play a role during infection. To test
this, we challenged the yjb/H strain using a murine sepsis model. We first administered
a low-dose inoculum of wild-type and mutant strains separately. Surprisingly, we found
that the yjblH strain persisted in the kidneys after 6 days, whereas the wild-type strain
was cleared by the host (Fig. 10A). We repeated the assay with a higher dose and
found a similar trend (Fig. 10B). Higher titers of the yjb/H mutant strain were found in
the kidneys and spleens, but not the livers. Mice infected with the mutant strain had
increased morbidity visually and were scored for fitness, with the mutant-infected mice
having a nearly two-fold decrease in fitness (data not shown). Additionally, the yjblH-
infected mice had about a 25% increase in weight loss as compared to the wild-type
strain. In a separate experiment, we demonstrated the increased kidney bacterial
burden found in the yjb/H mutant was restored when yjblH was expressed on a plasmid
(Fig. 10C).

We wanted to evaluate the individual contributions of yjbl and yjbH to the
increased colonization ability observed for the yjb/H mutant. Therefore, we introduced
the individual mutants into the mice. Both the yjbl and yjbH mutants trended towards
higher bacteria numbers, although neither reached statistical significance (Fig. 10C).
Together, these data demonstrated that the absence of YjblH resulted in enhanced

colonization of animals during a systemic infection.

DISCUSSION



524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

Yjbl remains unstudied in S. aureus and only a few reports exist on YjbH, mostly
due to identification in various screens for sensitivity to NO' stress, desiccation, and
antibiotic resistance (83, 88, 92, 93). Based mostly on studies in Bacillus, YjbH is known
as an adaptor protein that targets Spx for degradation via the ClpXP protease (52, 53).
While YjbH has been linked to pigment changes (53), the mechanism was unknown and
no studies have linked Yjbl or YjbH to Aur activity. Here, we demonstrate that YjbH
influences activation of both the crtOPQMN and aur promoters and this effect is most
likely exerted through either direct or indirect regulation by Spx and involves o®.
Interestingly, CrtOPQMN proteins were not identified as being altered during a
proteomic analysis of an spx mutant (78), yet the yjbH mutant phenotypes we observed
in this study are linked to Spx. As discussed below, this could be due to strain
differences or the result of the previous report using a oB-deficient strain that also
contained an unknown mutation in rpoB. Additionally, proteomic studies with a cip
mutant and Clp-trapping experiments did not identify CtOPQMN or Aur as being altered
by the absence of clp or as potential Clp-binding targets (94, 95). Our study has
revealed novel roles for both YjbH and Yjbl, and the data are consistent with a role for
Spx in controlling pigment and Aur. We also noted altered susceptibilities to NO-, H>O»,
superoxide, and dipyridyl, but not diamide in a strain lacking YjbH. Some of the altered
susceptibilities and phenotypes observed are connected to o despite no known
interaction between YjbH and o®. Finally, we demonstrate for the first time that a yjb/H
mutant has altered virulence in a murine model of infection.

Although the S. aureus and B. subtilis YjbH proteins are highly similar, there are

conflicting data about the role of the four cysteines in S. aureus YjbH function. Gohring,
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et al. substituted Gly for each Cys residues and observed that they were required for
resistance to diamide, but not resistance to oxacillin (88). However, Engman, et al.
replaced the Cys residues with Ser and found that the Cys-free variants could
complement Spx levels in a B. subtilis yjbH mutant with and without diamide treatment
(53). Unlike the single motif in the B. subtilis YjbH, our analysis of the S. aureus YjbH
suggests that there may be two thioredoxin-like motifs (S*xxC*" and S'"®xxC'?")
present. It is important to note that Trx motifs can have Ser substitutions at either
terminus. We also speculate that there may be an active C'?'xC'*® motif characteristic
of the YphP disulfide isomerase found in B. subtilis (96). This CxC motif is found only in
the S. aureus YjbH. In our studies, we exchanged the Ser and Cys residues of the SxxC
motifs for Ala and found that these substitutions did not affect pigment or Aur activity
under the conditions of our experiments. Thus, our studies are consistent with the work
of Engman et al. (53), indicating no role for these cysteines in our observed phenotypes.
However, it is likely that these Cys residues play a role in YjbH biology and that they
only contribute to certain phenotypes as suggested by Gohring, et al. (88). Furthermore,
the Cys residues may be essential for the predicted thiol-disulfide oxidoreductase
activity of YjbH, which may not play a role in the observed Aur or pigment phenotypes.
This may be similar to the chaperone-like functions found for thioredoxin that are
independent of Cys residues. Future studies will be needed to reconcile the differences
observed as to the importance of these cysteines in S. aureus YjbH function.

Spx has been well studied in B. subtilis, where is has been shown to be a
transcriptional regulator that controls more than 140 transcriptional units (275 genes),

including trxA, trxB, and those involved in cysteine biosynthesis and oxidative stress
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(47, 56). Intracellular Spx levels are carefully regulated at both the transcriptional and
post-translational levels (53, 97, 98). Under non-stressful conditions, YjbH binds to Spx,
allowing its C-terminus to be exposed and resulting in proteolysis by ClpXP (Fig. 11).
However, upon stress, YjbH self-aggregates leading to an increase in Spx levels, which
goes on to regulate transcription (Fig. 11A) (99). As mentioned, only one study thus far
has examined proteins affected by inactivation of Spx in S. aureus. In contrast to B.
subtilis, only 13 proteins in S. aureus were identified as consistently altered by an spx
deletion (78). Interestingly, Asp23, the hallmark indicator of o® activity was decreased in
the spx mutant (78, 100). As mentioned above, CrtOPQMN and Aur were notably
absent from the list of identified proteins. The lack of Aur could be the result of it being a
secreted protein. However, two important observations should be noted. First, the
proteomics study was performed in the 8325-4 strain, which is o®-deficient due to a
rsbU mutation. Considering that we identified a link between o® and YjbH in our studies,
this could contribute to the lack of CtOPQMN or Aur being identified during proteomic
analysis. Second, it was recently found that spx is essential without controlled
expression of TrxA or TrxB, and that the previous 8325-4 mutant had a secondary-site
mutation in rpoB (64, 78). How this would influence analysis of the strain is unknown,
but it may explain the differences between the previous studies and our results. As far
as we are aware, our studies are the first to examine isogenic yjbH and spx mutants.
How Spx alters pigment and Aur expression is unknown. The identification of Spx target
promoters is difficult since Spx does not bind the promoter sequence itself, but in some
way, directs RNAP to promoters via interactions with the RNAP a-CTD (55, 101). For B.

subtilis Spx, targeting to the trxB promoter requires an AGCA and AGCG (101, 102) in
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close proximity to the -35 region. Neither of these sequences can be found close to the
identified -35 of the aur promoter (our analysis of published promoter (103)). Thus,
additional studies will be needed to directly test this hypothesis and whether the effects
of YjbH/Spx are direct on crtOPQMN and aur or acting through additional regulatory
networks.

We identified a link between YjbH, Spx, and o® (Fig. 11B). Identifying an overlap
or coordination between Spx and o® may not be surprising since both proteins alter
gene expression in response to stress. o® controls expression of both aur and
crtOPQMN, acting as a key repressor and activator, respectively. The simplest
explanation for decreased pigmentation for the yjb/H mutant is that o® activity is
decreased. However, o® represses aur expression, and if YjbH acted solely through o®
activity, then the yjb/H mutant would be expected to have increased Aur expression,
which is opposite of the results presented here. Alternatively, it is possible that the lack
of YjbH leads to increased Spx levels, which directly affect o® activity. However, such a
linear relationship cannot be explained by the data presented herein. It is interesting to
note the dominance of YjbH and o® in the observed phenotypes. In Aur activity, the
yjblH mutant phenotype supersedes the sigB mutation. Yet, the opposite is true for
pigmentation where the sigB mutation is dominant over the yjbH deletion. Thus, the
relationship between YjbH, Spx, and 6® must be more complex. This is likely true since
aur is under complex regulation by multiple layers of regulatory networks. One scenario
that does account for the pattern of Aur activity and pigment in our combination mutant
strains is if o® and Spx independently act on the aur and crtOPQMN promoters. In this

case, o° is a strong repressor of aur and activator of ctOPQMN. In the wild-type strain,
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o° carefully controls the expression of both transcripts. However, when YjbH is absent,
there is an increase in Spx levels that represses both aur and crtOPQMN. This would
account for the dramatic drop in Aur activity in the yjb/H mutant as the two repressors
(o® and Spx) are abundant. This could also account for the intermediate pigmentation
phenotype of the yjb/H mutant since an increased abundance of the repressor, Spx,
would be competing with oP-dependent activation. In this model, ¢® would have a
stronger influence over the aur and crtOPQMN promoters than Spx. This model would
also account for the finding that the sigB mutation is dominant over both spx and yjb/H
mutations in pigment, yet the yjb/H mutant is dominant over the sigB mutation in Aur
activity. Considering the complexity of overlapping regulatory networks in S. aureus, it is
quite possible that additional regulatory systems are involved. For example, an
alternative model could exist where YjbH manifests some phenotypes through an
unknown activator. For example, in the absence of the major repressor, o®, aur
expression increases because the promoter is accessible to an activator. This
activator’s activity would by modulated by YjbH, explaining the loss of Aur activity in the
yjbH sigB mutant. Another interesting possibility exists regarding how Spx acts to alter
gene transcription. As mentioned above, Spx interacts with RNAP directly and not DNA.
It is thought that this affects the ability of transcriptional regulators to interact with
RNAP. Whether this could also affect incorporation of the sigma subunit remains
unclear. Our data generates multiple testable models that will require further
investigation to identify the exact mechanism by which YjbH-mediated phenotypes

manifest.
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The studies herein are the first to examine the contribution of YjblH to virulence.
Based on our in vitro data, multiple possible outcomes were predicted. First, it was
possible that the mutant would have reduced virulence due to decreased resistance to
RNS or H,0,. However, the mutant was more resistant to superoxide (Fig. 4C), making
it difficult to anticipate how this would affect infection outcomes. Second, the mutant has
decreased production of the Aur protease which would affect colonization. It should be
noted that Aur is known to initiate a protease cascade, including SspA (V8) and SspB
(22); therefore, the absence of Aur would be expected to decrease the activity of those
proteases. Importantly, S. aureus proteases play many roles for the bacterium, including
targeting host defenses and modulating extracellular virulence factors (11-21). Indeed,
absence of the Aur, SspA, SspB, ScpA and SplA-F proteases increases the abundance
of secreted and surface-associated virulence factors (12). Interestingly, this same study
noted that the strain lacking all proteases is protected from leukocytes, granulocytes,
and monocytes and led to decreased survival of mice during a systemic murine infection
model similar to that used in our study. In addition, inactivation of Aur has been shown
to increase the abundance of 225 Sae-regulated proteins (25). Thus, the absence of
Aur would be expected to decrease the degradation of host proteins, but at the same
time, increase the abundance of virulence factors. Based on these published studies, it
is possible that since the yjb/H mutant has decreased Aur expression, this leads to
stabilization of virulence factors in vivo, and consequently, enhanced virulence. The in
vivo environment is complex and dynamic, with changing environments and host factors
in different niches and, therefore, the true nature of this interaction is likely not as simple

as we propose. Testing this hypothesis is one component of ongoing studies.
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FIG 1. Staphyloxanthin production and Aur activity are reduced in the yjb/H and yjbH
mutants. (A) Carotenoid pigment assay with representative photos of colony colors.
Values are the averages of two independent experiments. Error bars represent SEM (n
=6). *, p <0.05and **, p < 0.01 according to a one-way ANOVA with Holm-Sidak’s
multiple comparison test. (B) Protease assay using 1.0% skim milk agar plates. Per
panel, images are representative of > 3 independent experiments and are of cultures

grown on the same plate and adjusted for contrast similarly.

FIG 2. B-Galactosidase activities of strains containing (A, C) crtOPQMN or (B, D) aur
promoter-/lacZ fusions. For (A) and (B), samples were taken over the course of growth
until early stationary phase. For (C) and (D), cells were harvested after 8h of growth.
Data are representative of > 3 independent experiments. Error bars represent SEM (n =
3). **, p < 0.01 and * p< 0.05 as determined by Student’s t test. For panel “A” the sigB

mutant was statistically different than WT at all time points.

FIG 3. Sensitivity of mutants to NO* stress. (A) Strains were grown in LBGT medium
with (empty symbols) or without (closed symbols) 10 mM DETA-NO. Data is the

average (n = 3) with SEM. (B) The area under the curve was calculated for each strain.
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** p <0.01 and *, p < 0.05 according to a one-way ANOVA and Holm-Sidak’s multiple

comparisons test.

FIG 4. Altered sensitivities of strains to ROS. Serial dilutions of WT, yjbl, yjbH, and yjblH
mutant strains (A) untreated or exposed to (B) 1 M hydrogen peroxide or (C) 25 mM of
superoxide-producing methyl viologen. “+con” indicates either a mutation in katA

(panels A and B) or sodM (panel C) as controls.

FIG 5. Aconitase activity and sensitivity to Fe chelation. Aconitase activity in yjbl, yjbH,
and yjb/H mutant strains as compared to the wild-type strain grown at (A) high and (B)
low aeration. (C) Aconitase activity of acnA combination mutant strains with acnA
expressed from a non-native promoter under high aeration. Data is the average (n = 3)
with SD. *, p < 0.05 as compared to WT using a one-way ANOVA with Tukey’s multiple
comparison test. (D) Sensitivity of the mutant strains exposed to 1 mM of the metal

chelator 2,2,-dipyridyl.

FIG 6. Relationship of yjb/H phenotypes to Spx and ClpP. (A) Colony pigment of strains
grown overnight on TSA plates. (B) Aur activity assay using 1% skim milk agar plate.
(C) Serial dilutions of indicated strains spotted onto TSA containing 0.2 mM diamide.
Per panel, images are of cultures grown on the same plate and adjusted for contrast

similarly. spx” indicates complementation of spx in the yjblH spx double mutant.
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FIG 7. Relationship of YjbIH and o®. Aur activity assay using 1% skim milk agar plate
(left) and colony pigment of strains grown overnight on TSA plates (right). JLB174 is the
sigB strain used. All images are of cultures grown on the same plates and adjusted for

contrast similarly.

FIG 8. sigB, yjbl, and yjbH mutant phenotypes in response to stress. Serial dilutions of
WT, yjbH, sigB (JMB2745), and yjbH sigB mutants were exposed to either (A) 1 mM
2,2-dipyridyl or (B) 25 mM methyl viologen. Pictures are representative of multiple
experiments and include positive controls (+con) of fhuA or sodM for panels A and B,
respectively. (C) Aconitase activity under high aeration in yjbl and yjbH mutants with
and without sigB. Data is the average (n = 3) with SD. *, p < 0.01 compared to WT and
“ns” indicates no significant difference by one-way ANOVA with Tukey’s multiple

comparison test.

FIG 9. Relationship of the yjblH phenotypes to Spx and o®. (A) Colony pigment of
strains grown overnight on TSA plates. (B) Aur activity assay using 1% skim milk agar

plate.

FIG 10. The yjb/H mutant strain shows increased virulence in a murine sepsis model.
(A) For the low dose, mice were infected with 4x10° CFU of WT (n = 4) or yjbIH (n = 5)
strains. (B) For the high dose, mice were infected with 1x10” CFU of WT (n = 14) or
yjblH (n = 13) strains. For percent weight loss, area under the curve (AUC) was

calculated for WT (n = 12) and yjblH (n = 11) strains. One mutant-infected mouse
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succumbed to infection on day 5 and is excluded from the analysis. Error bars represent
SD. * p £ 0.01 as determined by the Mann-Whitney test. (C) Mice were infected with
1x10” CFU of either WT, yjblH, yjbIH complement, yjbl, or yjbH strains. For panel C, n =
10, but 3 WT-, 2 yjblH-, and 3 yjblH complement-infected mice were at or below the
level of detection (LOD; = 100 CFU/mL) and symbols are not shown, but were included

in the analysis.

FIG 11. Model of YjbIH, Spx, and o interactions. (A) Known interactions of YjbH, Spx,
ClpXP, and RNAP. (B) Model to account for Aur and pigment phenotypes described
here. Briefly, Spx and o® both regulate the production of aur and crt, but o® is a stronger
regulator of both (denoted by thicker lines), making the sigB mutant phenotype
dominant over an spx mutant. In this model, the absence of YjbH leads to increased
levels of Spx which suppresses the expression of aur and crtOPQMN. In the absence of
sigB alone, Aur increases and crfOPQMN decreases. But in the absence of YjbH and
0®, Spx increases to shut down aur expression. This model accounts for the sigB
mutant phenotypes being dominant over the spx mutation and how the sigB mutation
can be dominant over the yjbH mutation in pigment but not Aur activity. However, this
model is likely simplistic and it is not yet known whether Spx works directly through o®in
some phenotypes, if other regulators are involved, or if YjbH interacts or influences

other systems, which is likely.

TABLE 1: Strains and plasmids used in this study.



Strain or plasmid
Strains

AH1263

AH1358
CB1400

Escherichia coli DH5a

Escherichia coli DH5a Apir
JE2
JLB110
JLB112
JLB126
JLB130
JLB134
JLB143
JLB144
JLB146
JLB147
JLB174
JLB175
JLB176
JLB178
JLB179

JLB247

Description*

USA300 CA-MRSA strain LAC lacking LAC-p03, wild-
type strain used for these studies
AH1263 Aaur

8325-4 spx::kan” geh::pCL25 spx" tet®

F ®80dlacZAM15 A(lacZYA-argF U169 deoR supE44
hsdR17 recA1 endA1 gyrA96 thi-1 relA1)
DHb5a lysogenized with Apir

Parent strain for N mutants

AH1263 AyjblH

AH1263 crtM::NX

JE2 sigB::kan®

AH1263 sigB::NX

AH1263 Ayjbl

JLB110 sigB::NZ

AH1263 0904::NX

AH1263 hmp::NZ

AH1263 AyjbH

AH1263 sigB::kan®

AH1263 AyjblH sigB::kan®

AH1263 clpP::NX

JLB110 clpP::NZ

JLB110 crtM::NX

JLB110 geh::pCL25 spx* tet®

Reference

(104)

A. Horswill
(64)

(57)

(58)

(50)

This study
(105)

This study
(105)

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study



JLB248

JLB249

JLB250

JLB264

JLB277

JLB278

JLB279

JLB280

JMB2078

JMB2745

JMB5853

JMB7525

JMB7924

JMB8838

JMB8840

JMB8849

JMB8972

JMB8974

MV58

NE406

NE896

NE912

NE1109

AH1263 pMK4-pGlyS-trxA spx::kan”

AH1263 pMK4-pGlyS-trxA spx::kan® 0904::NX
AH1263 pMK4-pGlyS-trxA spx::kan™ 0904::NX
geh::pCL25 spx* tet®

AH1263 sigB::tet®

AH1263 pMK4-pGlyS-irxA spx::kan sigB::tet

AH1263 AyjblH attC::yjblH**

AH1263 AyjbH attC::yjbH*™*

AH1263 pMK4-pGlyS-irxA spx::kan 0904::NZ2 sigB::tet

AH1263 katA::erm™ (SAUSA300_1232)
AH1263 sigB::NX (SAUSA300_1109)
AH1263 sodM::NX

AH1263 fhuA::NX

AH1263 acnA::tet” pEPSA5_acnA

AH1263 Ayjbl acnA::tet® pEPSA5_acnA
AH1263 AyjblH acnA::tet® pEPSA5_acnA
AH1263 AyjbH acnA::tet® pEPSA5_acnA
AH1263 AyjbH sigB::NX

AH1263 Ayjbl sigB::NX

Escherichia coli K12 DH5a with pMK4-pGlyS-trxA
Strain containing fhuA::N% (SAUSA300_0633)
Strain containing yjbH::NZ (SAUSA300_0903)
Strain containing clpP::N% (SAUSA300_0752)

Strain containing sigB::NZ (SAUSA300_2022)

This study
This study

This study

This study
This study

This study

This study

This study
(87)

This study
(87)

(86)

(75, 87)
This study
This study
This study
This study
This study
(64)

(50)

(50)

(50)

(50)



NE1444
NE1744
NE1800
NE1932
RN4220
Plasmids
pCK3
pCM28
pCP1
pCP2
pCP3
pCP4
pCP5
pCP6
pCP7
pEPSAS acnA (pacnA)
pJB38
pJB158
pJB185
pJB1021
pKAN
pKK22

pMK4-pGlyS-trxA

pTET

Strain containing crtM::NZ ( SAUSA300_2499)
Strain containing hmp::NX (SAUSA300_0234)
Strain containing yjbl::NZ (SAUSA300_0904)
Strain containing sodM::NZ (SAUSA300_1513)

Highly transformable S. aureus

P..-— lacZ reporter plasmid; Amp~, CmR

E. coli-S. aureus shuttle vector; AmpR, CmR
Ayjbl allelic exchange plasmid; Amp®, Cm®
Downstream yjbH cloned into pJB38

AyjbH allelic exchange plasmid; Amp®, Cm”
yjbIH complementation plasmid; Trm~®

yjbH complementation plasmid; Trm~®

yjbl complementation plasmid; Trm"®

P — lacZ reporter plasmid; Amp~, Cm~

acnA cloned under a xylose-inducible promoter
Temperature-sensitive allelic exchange plasmid
pCM28-based yjbl/H complement plasmid
Promoterless codon-optimized /acZ; Amp®, Cm~®
AyjblH allelic exchange plasmid; Amp®, CmR
NE1109 kanamycin exchange plasmid

Stable in vivo plasmid

trxA cloned under the glyS promoter into the pMK4

vector

NE1109 tetracycline exchange plasmid

This study
(106)

This study
This study
This study
This study
This study
This study
This study
(75)

(59)

This study
(68)

This study
(59)

(65)

(64)

(59)
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*NZ, bursa aurealis transposon insertion; AmpR, ampicillin resistance in E. coli; cmR,
chloramphenicol resistance in S. aureus; TrmR, trimethoprimin E. coli and S. aureus; Kan®,
kanamycin in S. aureus; ErmR, in S. aureus; Tet®, tetracycline resistance in S. aureus.
**Integrated into the chromosomal attachment site (attC) in S. aureus pathogenicity island 1

(Sapl1).



1094 TABLE 2: Oligonucleotides used in this study.

Name Sequence (5’ - 3°)* Purpose

Asp23F CGCTGCACGTGAAGTTAAAG asp23 qPCR - forward
Asp23R  GCAGCTTGTTTTTCACCAAC asp23 qPCR - reverse
CNK11 ccgGAATTCGGCATATTAAGGCTAGAGTGTGAGG Amplification of aur promoter

to clone into pCK3
CNK12 gcTCTAGAAGTGCTCAACAAGGTTAATGCTGC Amplification of aur promoter

to clone into pCK3

CP1 caGGTACCCAGAGATGAACTTGATTATTTCAAACGAC  Amplification of yjbH
upstream
CP2 ccggctagCGAGTCAGTAAAAAGACCTCGTTACATTTATG  Construction of pCP4

complementation plasmid
and yjb/H RT-PCR
CP3 accggatccAGAGATGAACTTGATTATTTCAAACGAC Construction of pCP6
complementation plasmid
CP7 ccgcctaggGAGTCAGTAAAAAGACCTCGTTACATTTATG | Construction of pCP5
complementation plasmid
CP8 ccgcctaggGAATTATTATGTATATCAATACGCAACTG Construction of pCP6
complementation plasmid
CP9 gcagGAATTCCTCGTACAATTTCAGCAAACCAAGC Amplification of crtM
promoter to clone into pCP7
CP10 ggcGTCGACCATCTAAATTGAATCACTCTCAATCATAC  Amplification of crtM
promoter to clone into pCP7
CP27 AACCATTAACAGCGCCATTT trxB gPCR — forward

CP28 AACCTTTGTCGCGAACATCT trxB qPCR - reverse



CP29 CCAACTGATGGATACGGCTA katA qPCR — forward

CP30 CCATTGCATTTGCTGTATTTG katA qPCR - reverse
CP73 TTCTGAATGTGGATGGCCTA msrAB qPCR - forward
CP74 TGAACGCACTTCAGTTCTCA msrAB gqPCR - reverse
CP75 TCAGGTTGGGCTTGGTTAGT sodA gPCR - forward
CP76 TAAGCGTGTTCCCATACGTC sodA gPCR —reverse
CP77 CAGTGGGGCACTTTAGAT sodM gqPCR - forward
CP78 TTGGCGTTGTCACAATTTCT sodM gPCR - reverse
CP79 ATTATCGACCCAGACGGTGT ahpC gPCR - forward
CP80 GCCAGGGTTTTTACGAACAT ahpC qPCR - reverse
CP85 AGCACTTTCACCTGATTTTCC perR gPCR - forward
CP86 GAATCGACTTGATGAGTCTCCA perR gPCR — reverse
CPI1 GCCTCTGCCAAAGGTTTAGA hmp gPCR - forward
CP92 GTCATGATGGCTTGCGATAC hmp gPCR - reverse

JBKU19  ccGGTACCGAGGTGTATACATATCATGGCAACAAATC | Amplification of yjbl upstream
JBKU20 | ccgctagcCATTTAATCACCCATTTTCAAAAATTTACTG Amplification of yjbl upstream

JBKU23  ccgctagcCCTAAAATCAAATCAAAATAAATAAATTAAAG  Amplification of yjbH

downstream
JBKU24  ccgtcgacGAATTATTATGTATATCAATACGCAACTG Amplification of yjbH
downstream

JBKU42  gccGCTAGCCATGTTTATTCACCTACAATTAATTTTAGG Amplification of yjbH
upstream

JBKU43  ccGCTAGCTAAAATTAATTGTAGGTGAATAAACATGGC  Amplification of yjbl
downstream

JBKU44  gagcGTCGACTTCCATCGTTACAAGTTGTTGTTGC Amplification of yjb/
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JBPRO1  ccggatcCACCAGCAAAGGTTGGTCTATTAGAATAC

JBPR02  ggctgcaGACCTCGTTACATTTATGGTGTACGAGGTC

JBPR0O3  ATGACAACAACACCATATGACATCATTGGTAAAG

JBSIGAF AACTGAATCCAAGTGATCTTAGTG

JBSIGAR TCATCACCTTGTTCAATACGTTTG

downstream

Construction of pCP4, pCP5,
and pJB158
complementation plasmids
Construction of pJB158
complementation plasmid
yjblIH RT-PCR

gPCR - sigA internal control
forward

gPCR - sigA internal control

reverse

*Upper case letters denote S. aureus-derived sequences; underlined regions are

restriction enzyme sites; lower case letters are non-homologous bases added for

cloning purposes. All primers originate from this study.
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