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Quinone molecules are intracellular electron-transport carriers, as
well as critical intra- and extracellular signals. However, transcrip-
tional regulation of quinone signaling and its molecular basis are
poorly understood. Here, we identify a thiol-stress-sensing regu-
lator YodB family transcriptional regulator as a central component
of quinone stress response of Staphylococcus aureus, which we
have termed the quinone-sensing and response repressor (QsrR).
We also identify and confirm an unprecedented quinone-sensing
mechanism based on the S-quinonization of the essential residue
Cys-5. Structural characterizations of the QsrR-DNA and QsrR-
menadione complexes further reveal that the covalent association
of menadione directly leads to the release of QsrR from operator
DNA following a 10° rigid-body rotation as well as a 9-A elonga-
tion between the dimeric subunits. The molecular level character-
ization of this quinone-sensing transcriptional regulator provides
critical insights into quinone-mediated gene regulation in human
pathogens.
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mall molecule-mediated gene regulation is an essential com-

ponent in cellular processes and cell-to-cell communication
(1). For instance, quorum signals, such as homoserine lactones in
Gram-negative bacteria and autoinducing peptides in Gram-
positive bacteria, are adopted by quorum-sensing and regulatory
systems to modulate gene expression (2—4).

As the critical intra- as well as extracellular signals, quinone
molecules play important roles in cellular functions (5). Ubiqui-
none and menaquinone are considered essential for lipid electron
transport (6, 7). More recently, vitamin K,, a derivative of mena-
dione, was discovered to function as an important electron carrier
in Drosophila mitochondria to help maintain normal ATP pro-
duction (8). A disordered quinone pool would severely affect the
respiratory systems of Drosophila, leading to subsequent changes
in cellular metabolism (9-11). Meanwhile, quinone molecules are
also considered a source of exogenous stress: a variety of toxins and
antimicrobial compounds contain quinone, such as cercosporin
and anthracycline (12-14). The toxicity of quinone molecules has
been ascribed to their potential to serve as electrophiles and/or
oxidants (14-16).

Although the biological functions of quinone molecules have
been well explored, the role of quinone molecules in cellular
signaling is less understood. In Escherichia coli, the anoxic redox
control ArcAB is considered a quinone-sensing two-component
system (17, 18). In Bacillus subtilis, the thiol-stress sensing reg-
ulator YodB is a prototypical transcriptional regulator re-
sponsible for quinone sensing and detoxification (19-21).

Redox signaling in bacteria has attracted extensive attention as
a result of the importance in bacterial physiology and in defense
against environmental and host stresses. The determination of
structures of the reduced and oxidized bacterial peroxide-sensing
regulators OxyR and OhrR has made possible proposals of
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intramolecular and intermolecular disulfide-mediated gene-
regulation mechanisms (22-24). More recently, the crystal struc-
tures of NADH/NAD™ redox sensor Rex bound to NAD™ and
DNA operator have revealed the NADH/NAD"-sensing mech-
anism of Rex family members (25). However, little is known about
the exact molecular mechanisms responsible for quinone-mediated
signaling pathways in pathogenic bacteria.

Staphylococcus aureus causes a variety of diseases from soft-
tissue infections to life-threatening diseases including toxic shock
syndrome, endocarditis, and necrotizing pneumonia (26, 27). The
success of the bacterium in pathogenesis is mainly attributed to its
sophisticated signaling and response systems, including global
transcriptional regulators, and various two-component systems,
which the bacterium uses to sense a variety of signals and envi-
ronmental stimuli (28-34). Despite the recognized importance of
quinone in cellular processes, its role in bacterial gene regulation
and signal transductions in human pathogens remains elusive.

In this work, we present our discovery that the S. aureus tran-
scriptional regulator quinone-sensing and response repressor
(QsrR) mediates stress sensing and response to quinone through
the use of its nucleophilic Cys-5 as a quinone sensor. We dem-
onstrate that QsrR specifically recognizes a palindromic sequence,
locating its target promoter regions in the absence of quinone
stress. The presence of quinone molecules covalently modifies the
N-terminal Cys-5 residue to abolish the protein-DNA interaction,
thus leading to derepression of a set of quinone-detoxification
genes. High-resolution crystal structures of both QsrR-DNA and
QsrR-menadione complexes further allow us to picture the mo-
lecular basis for the signaling and regulatory mechanisms of this
family of transcriptional regulators.

Results

QsrR Is Involved in Quinone Sensing and Response. Quinone mole-
cules represent a category of reactive oxygen species, which are
often used by the human immune system to counter invading
pathogens. Human pathogens such as S. aureus, on the other hand,
must develop a certain counteractive defense mechanism to tackle
quinone molecules. To study quinone signaling, we focused on
S. aureus QsrR (SAV2123), a homolog of B. subtilis quinone stress-
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sensing regulator YodB (38% identities, 61% positives) (19, 21).
We first performed a disk-diffusion assay to examine the role
of QsrR in response to quinone stress. The gs7R in-frame de-
letion mutant strain (AgsrR) exhibited high resistance to 2 M
1,4-benzoquinone (the major moiety of most cellular quinone
molecules) with a growth inhibition area of 16 mm (Fig. 14),
whereas the Newman wild-type strain was more sensitive to 1,4-
benzoquinone, with a growth inhibition area of 33 mm under the
same conditions (Fig. 14), indicating the role of QsrR in quinone
detoxification. Similar results were obtained by using another
quinone compound, methyl-p-benzoquinone (Fig. S14). In both
cases, introducing a single-copy plasmid p-gsrR containing an
intact gsrR gene could restore the decreased quinone suscepti-
bility of the AgsrR mutant. The decreased quinone susceptibility
of the AgsrR mutant is also observed in USA300 and MW2 strains
(Fig. S1B).

To test the role of QsrR in gene regulation, we performed
transcriptomic analysis on both the wild-type strain and AgsrR
mutant. Fig. 1B lists genes that are up-regulated in the AgsrR
mutant. The list consists mainly of putative antioxidant/quinone
detoxification genes including: SAV0340, which encodes a NADH-
dependent FMN reductase; SAV2033, which encodes a nitro-
reductase family protein; SAV0338, which encodes a glyoxalase
family protein; SAV2522, which encodes a glyoxalase/bleomycin
resistance protein, as well as riboflavin biosynthesis genes (SAV1771,
SAUSA300_1714, SAV1769, and SAUSA300_1712). The micro-
array result was confirmed by quantitative real-time PCR (qRT-
PCR) analysis of the selected genes (Table S1). In addition, the
expression levels of putative quinone detoxification genes
(SAV0340, SAV2033 and SAV2522) were highly induced in the
wild-type strain in the presence of 1,4-benzoquinone, whereas the
expression levels of these genes were unchanged (SAV0340 and
SAV2522) or even slightly decreased (SAV2033) in AgsrR under
the same conditions (Fig. 1C), further supporting the role of QsrR
in quinone stress sensing and response.

Electrophoretic mobility-shift assays (EMSAs) showed that the
QsrR protein is able to bind to the promoter regions of its target
genes including SAV0340, SAV2033, and SAV2522. This result is
highly indicative of a direct regulatory role of QsrR in controlling
the expression of these genes (Fig. 1D). Footprinting assays further
revealed a putative palindromic (inverted-repeat) binding box of
“GTATAN{5}TATAC” located in the promoter region of SAV2033
(Fig. S1 C and D). This palindromic sequence is essential for the
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binding of QsrR because EMSAs showed that deletion of the
binding box fully abolished the QsrR-DNA interaction (Fig.
S1E). A genome-wide search of the invert repeats in S. aureus
intergenic regions revealed a list of 13 genes that contain the
putative QsrR binding box, including its own promoter region
(gsrR, SAV2123) (Table S2 and Fig. S24). EMSAs combined with
pB-galactosidase assays on the promoter of gsrR further confirmed
the autoregulation of this gene (Fig. S2 B and C). As expected,
genes identified from the whole-genome search based on the con-
sensus binding sequence of QsrR are in accordance with the
microarray result, thus supporting the notion that QsrR regulates
the expression of these genes through a direct-binding mechanism.

Cys-5 Plays an Essential Role in Quinone Signaling. Quinone mole-
cules act as electrophiles as well as oxidants. As electrophiles,
quinone molecules can react with cellular thiols to form Michael-
addition products. As an oxidant, a quinone molecule can produce
reactive oxygen species (ROS) by reducing itself. Because the one-
electron reduction potential of 1,4-benzoquinone is far beyond
the physiological relevant range, 1,4-benzoquinone is commonly
regarded as an electrophile (35), which may form Michael-
adducts with cysteine residues in QsrR as a way to tune the
function of QsrR.

QsrR contains three cysteine residues (Cys-5, Cys-30, and Cys-
33). To determine which Cys residue is essential for quinone
sensing inside S. aureus, we mutated the residues to serine and
introduced the mutated genes back to AgsrR, separately. We then
performed a disk diffusion assay with 2 M 1,4-benzoquinone on the
following six strains: the wild-type Newman (NWMN/pCLS55),
AgsrR mutant (AgsrR/pCLSS), AgsrR mutant complemented with
wild-type gsrR (AgsrR/p-gsrR), AgsrR mutant complemented
with gsrRC5S (AgsrR/p-qsrRCS5S), AgsrR mutant complemented
with gsrRC30S (AgsrR/p-gsrRC30S), and AgsrR mutant com-
plemented with gsrRC33S (AgsrR/p-gsrRC33S). As a result, the
complementation strain carrying gsrRC5S showed an extremely
high sensitivity with 50-mm inhibition area, whereas the other two
complementation strains, AgsrR/p-gsrRC30S and AgsrR/p-gsrRC33S,
did not exhibit any observable difference compared with AgsrR/
p-gsrR (Fig. 24). This difference was likely attributed to the loss of
the quinone-signaling function of the variant protein QsrRCSS,
resulting in the overrepression of QsrR-target quinone-detoxification
genes, thus demonstrating the critical role of Cys-5 in quinone
sensing and response. The various QsrR variants were also

Fig. 1. QsrR is involved in quinone signaling and
response. (A) Disk-diffusion assays showing that QsrR
impacts bacterial resistance toward 1,4-benzoqui-
none. The wild-type strain (NWMN/pCL55), AgsrR
mutant (AgsrR/pCL55), and complementation strain
(AgsrR/p-qsrR) were assayed with 2 M 1,4-benzoqui-
none and incubated overnight before data collection.
The experiments were performed in triplicate with
consistent results. *P < 0.01 (Student t test). (B) Se-
lected genes differentially expressed in the AgsrR
mutant compared with the wild-type strain from
transcriptomic profiling. Transcriptomic profiling was
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SAV2522 dependent manner. The mRNA levels of SAV0340
(Glyoxalase) (FMN reductase), SAV2033 (nitroreductase), and
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SAV2522 (glyoxalase) were monitored before and
after treatment of 1 mM 1,4-benzoquinone at
midlog growth stage by gRT-PCR. The experiments
were performed in triplicate with consistent results.
(D) QsrR directly binds to the promoter regions of
SAV0340, SAV2033, and SAV2522. EMSAs were
performed at a serial concentration of QsrR ranging
from 0 to 1 uM with the 3P-labeled DNA.
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Fig. 2. Cys-5 is essential for quinone sensing and response of QsrR. (A) Disk-
diffusion assays showing that Cys-5, but not Cys-30 or Cys-33, is critical to
bacterial response and susceptibility toward 1,4-benzoquinone. Strains in-
cluding wild-type Newman (NWMN/pCL55), AgsrR mutant (AgsrR/pCL55),
AgsrR mutant complemented with pCL55-gsrR (AqgsrR/p-qsrR), AqsrR mutant
complemented with pCL55-qsrRC5S (AqgsrR/p-qsrRC5S), AgsrR mutant com-
plemented with pCL55-qsrRC30S (AgsrR/p-qsrRC30S), and AgsrR mutant
complemented with pCL55-qsrRC33S (AgsrR/p-qsrRC33S) were assayed under
the same condition with 2 M 1,4-benzoquinone and incubated overnight
before data collection. The experiments were performed in triplicate with
consistent results. *P < 0.05 (Student t test). (B) Transcriptional analysis
showing that Cys-5 in QsrR is essential for its response to quinone. Cells were
grown to midlog phase before treatment of 1 mM 1,4-benzoquinone. The
mRNA levels of SAV0340 were analyzed by qRT-PCR and 16S rRNA was used
for normalization. The experiments were performed in triplicate with con-
sistent results.

immunoblotted by using flag-tag expression vector pCL55-
flag. No significant change of QsrR expression levels was ob-
served, suggesting that various QsrR variants share similar
stability and activity (Fig S34).

The importance of Cys-5 is further supported by transcrip-
tional analysis of QsrR target genes (SAV0340 and SAV2522) in
the four aforementioned strains NWMN/pCLS55, AgsrR/pCLS5S,
AgsrR/p-gsrR, and AgsrR/p-qsrRC5S. Bacteria were grown to
midlog phase (ODgoo = 0.6) and treated with or without 1 mM
1,4-benzoquinone for 10 min before RNA isolation. In the ab-
sence of quinone, the transcript levels of both genes were low in
NWMN/pCLS5S, AgsrR/p-gsrR, and AgsrR/p-gsrRC5S compared
with levels in AgsrR/pCLS5S (Fig. 2B and Fig. S3B). Upon qui-
none treatment, a 10-fold increase of SAV0340 and a 50-fold in-
crease of SAV2522 in gene expression were observed in the wild-
type strain (Fig. 2B and Fig. S3B). In the AgsrR mutant, however,
the addition of quinone either had no effect (SAV0340) or even
slightly down-regulated the gene expression (SAV2522) (Fig. 2B
and Fig. S3B). More importantly, complementation of AgsrR with
gsrRC5S rendered the bacterium unresponsive to quinone stress
and resulted in a constant repression of the expression of these two
genes (Fig. 2B and Fig. S3B). This result further supports the
critical role of Cys-5 in quinone signaling in QsrR.

EMSAES further substantiated the key role of Cys-5 in quinone
signaling. As shown in Fig. S3C, 20 pM 1,4-benzoquinone fully
abolished the DNA-binding ability of QsrR but hardly affected
the DNA binding of QsrRCS5S. Moreover, mass spectrum analysis
on the QsbRC30S/C33S double-mutant protein (both Cys-30 and
Cys-33 were mutated to Ser because they were not involved in
quinone response based on the disk diffusion assay; Fig. 24), and
the QsbRC5S/C30S/C33S triple-mutant protein demonstrated
the critical role of Cys-5 in quinone alkylation. A clear mass shift
was observed around 112 Da (Fig. S3D) for the double-mutant
protein QsbRC30S/C33S after incubation with 1 mM 1,4-
benzoquinone (molecular weight 108), whereas the mass value of
the triple mutant protein QsbRC5S/C30S/C33S remained un-
changed (Fig. S3E) with the same treatment.

Structural Characterization of the QsrR-DNA Complex. The high
degree of sequence conservation (>30% sequence identities)

5012 | www.pnas.org/cgi/doi/10.1073/pnas.1219446110

among YodB/QsrR family members suggests a shared mode of
protein—-DNA interaction as well as quinone-mediated gene reg-
ulation (Fig. S4). However, the lack of structural information for
YodB/QsrR family proteins prevents a deeper understanding of
the detailed molecular mechanism. Therefore, we first determined
the crystal structure of the QsrR-DNA complex (Fig. 34), which
was solved by maximum likelihood molecular replacement meth-
ods and refined to 2.30-A resolution (Table S3). We used a 17-bp
duplex DNA containing a pair of inverted repeats (bold) (5'-
AGTATAATTATTATACC-3') to perform cocrystallization. A
dimer of QsrR bound to a double-stranded DNA is found in the
asymmetric unit. The duplex DNA shares a canonical B-DNA
shape as a C2’ endo sugar pucker, a 36° rotation per base pair, and
a 3.3-A rise per base pair along the axis are observed. Each subunit
of the DNA-bound QsrR provides the classic winged helix-turn—
helix (WHTH) domain (a3, o4, p1, and f2 in Fig. 34) for the DNA
binding, with the N-terminal two helices (a1 and o2 in Fig. 34)
and the C-terminal one helix (a5 in Fig. 34) at the vertex for
dimerization.

The QsrR dimer presents a classic mode of DNA recognition
with the wHTH domains; the recognition o helix contributes mainly
to DNA binding. In total, 22 residues of the QsrR dimer make 26
DNA contacts, in which each subunit contributes a nearly identical
interaction with the palindromic operator DNA (Fig. 3B).

The recognition a-helices (ad4/a4’) of the HTH motif (a3, the
turn, and o4) interact with two consecutive major grooves of the
operator DNA where the highly conserved R50/R50" residues
(except that in B. subtilis, in which R is replaced by K; Fig. S4) at
the N termini of the helices to make base-specific contacts: one
hydrogen bond between Ne of R50 and O4 of thymine6, one

B T46
R17 S18 Kss\vﬁ
9|19 §

Fig. 3. Structure of the QsrR-DNA complex depicting interactions between
QsrR and the palindromic sequence. (A) Crystal structure of the QsrR-DNA
complex. One subunit of the QsrR dimer is colored lemon and the other half
is colored cyan. The secondary structure elements and DNA recognition
helices are indicated. (B) Schematic diagram of contacts between one QsrR
subunit and the half palindromic DNA. The operator DNA is a palindromic
sequence except the side C:G pair (yellow), which is replaced by an A:T pair
at the other half. The palindromic center is marked by an oval. Filled
arrowheads represent hydrogen bonds and the dash arrowhead represents
a van der Waals interaction. Filled blue circles represent water-mediated
contacts. The inverted repeats are colored dark green and the central pairs
are colored light green. (C and D) Close view of the interactions between the
HTH motif of QsrR dimer and the operator DNA. Water molecules are blue
spheres. van der Waals interactions are viewed as semitransparent spheres.
Distances of putative hydrogen bonds are labeled in angstrom units.

Jietal


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219446110/-/DCSupplemental/pnas.201219446SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219446110/-/DCSupplemental/pnas.201219446SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219446110/-/DCSupplemental/pnas.201219446SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219446110/-/DCSupplemental/pnas.201219446SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219446110/-/DCSupplemental/pnas.201219446SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219446110/-/DCSupplemental/pnas.201219446SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219446110/-/DCSupplemental/pnas.201219446SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219446110/-/DCSupplemental/pnas.201219446SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219446110/-/DCSupplemental/pnas.201219446SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219446110/-/DCSupplemental/pnas.201219446SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219446110/-/DCSupplemental/pnas.201219446SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1219446110

L T

/

D\

water-mediated hydrogen bond between terminal nitrogen of R50
and N6 and N7 of adeninel5’, as well as one van der Waals in-
teraction between C8 of R50 and thyminel4' (Fig. 3C). The turn
region of the HTH motif provides two additional water-mediated
hydrogen bonds via Op of T48 with N6 and N7 of adenine, as well
as the carbonyl oxygen of T46 with the phosphate of thymine6
(Fig. 3D). Moreover, F37 at the N-terminal residue of a3 helix is
involved in another water-mediated hydrogen bond through its
backbone nitrogen with the phosphate of guaninel8’ (Fig. S54).

The second DNA-binding element, the wing, is composed of
two fB-sheets (B2 and p3), as well as their connecting loop, and
contributes two additional contacts with the backbone phosphate
of the operator DNA. The N-terminal residue of p2-sheet, 177,
interacts with the backbone phosphate of guaninel8’ through
a water-mediated hydrogen bond with its carbonyl oxygen (Fig.
S5A4). Additionally, the highly conserved residue in YodB/QsrR
family members, Y79 (Fig. S4), provides a direct hydrogen bond
with the backbone phosphate of guaninel8’ via its side-chain
oxygen (Fig. S54).

In addition to the wHTH motif, the loop region of the helix—
helix (HH) motif (helices al, a2, and the connecting residues)
contributes a third element for DNA binding. The backbone ni-
trogen of S18 and N5 of R17 directly interacts with the phosphate
of adenine8 through hydrogen bonding (Fig. S5B). Similar inter-
actions are observed in OhrR-type regulators, in which the HH
motif crosses the pseudodyad axis to interact with the DNA (23).

Structural Characterization of the Menadione-Bound QsrR. To crys-
tallize quinone-bound QsrR, we tried three different kinds of
quinone molecules: 1,4-benzoquinone, methyl-p-benzoquinone,
and menadione. The menadione-bound QsrR complex yielded
diffraction data of sufficient quality to determine the structure.
The gel-filtration purified QsrR-menadione sample was analyzed
by UV spectrum to confirm the formation of the QsrR-menadione
complex, which revealed two characteristic peaks at 270 and
350 nm, which correspond to the absorbance of menadione (36). A
burying peak at 280 nm corresponds to the absorbance of the
protein itself. No peaks at 270 and 350 nm were observed in

A _30 ~270nm
Q QsrR
£24 " T QsrR+
2 18 & menadione
§ ' 278 nm
S 1.2
350 nm
306 I’4
0.0

300 400 500 600
Wavelength (nm)

C5-menadione

Fig. 4. Structure of the QsrR-menadione complex. (A) QsrR covalently at-
tached with menadione displays a UV absorbance distinct from apo-QsrR.
Purified QsrR (80 uM) was incubated with 200 1M menadione, followed by
gel filtration to remove unbounded menadione. (B) Crystal structure of the
QsrR-menadione complex. One subunit of the QsrR dimer is colored lemon
and the other subunit is colored cyan. The C5-menadione is colored orange.
(C) Hydrogen bonds between menadione and QsrR. Distances of putative
hydrogen bonds are labeled in angstrom units. (D) The menadione-binding
pocket of QsrR. The pocket is viewed as a semitransparent surface. The hy-
drophobic surface is colored white. The positively charged surface is colored
dark blue. The negatively charged surface is colored red.

Jietal

the QsrR protein sample without quinone treatment (Fig. 44).
The resulting QsrR-menadione complex sample was directly used
for crystallization, which yielded stick-like crystals at pH 8.5.
Maximum-likelihood molecular replacement methods were used
to solve the structure of the menadione-bound QsrR and the
structure was refined to 2.55-A resolution (Table S3). The
asymmetric unit of the crystal contains a QsrR dimer (Fig. 4B)
covalently attached with a well-defined menadione molecule at
the Cys-5 site of each monomeric subunit. The omit electron
density for menadione molecule is consistent with the planar ar-
omatic ring of naphthalene (Fig. S64).

The high reactivity of this Cys-5 residue toward menadione is
likely attributed to the positive dipole of the first a-helix where
Cys-5 is located. This positioning could effectively lower the pK,
of the sulfhydryl group (-SH), which resides at the N-terminal of
the helix with increased nucleophilicity. This type of positive
macrodipole-mediated deprotonation of cysteine residues is also
observed in the OhrR family proteins, in which the cysteine
residues function as sensors for oxidative stresses via cysteine
oxidation or the formation of disulfide bonds with low molecular
weight thiols (23, 29).

Besides the covalent interaction, five residues of QsrR dimer
directly contact the naphthalene ring, oxygen, and the methyl
group of menadione through six noncovalent interactions (Fig.
S6B; calculated by LigPlot+) (37). These interactions include
a strong hydrogen bond between the side-chain nitrogen of N25’
(a2’ of subunit B") and the O1 of menadione plus two weak hy-
drogen bonds including the interaction of the side-chain oxygen of
E96" (a5 of subunit B") with the O1 of menadione and the side-
chain oxygen of E9 (al of subunit A) with the O2 of menadione
(Fig. 4C). In addition, the two residues L22’ and G21’ at a2’ of
subunit B’ provide three van der Waals interactions with the car-
bons of the naphthalene ring (Fig. S6C). Taken together, these
interactions are likely to fix the orientation of menadione in the
pocket surrounded by three helices that include ol of subunit A,
a2’ of subunit B’, and a5’ of subunit B’ at the dimeric interface.
Close inspection of the pocket reveals a quite hydrophobic envi-
ronment, suitable for the association of hydrophobic quinone
molecules (Fig. 4D and Fig. S6 D and E).

Menadione Disrupts the QsrR-DNA Interaction by Perturbing QsrR
Dimerization. Menadione association causes significant conforma-
tion change of the DNA-bound QsrR. The recognition helices (a4
and a4') in the DNA-bound QsrR are separated by 29.9 A (be-
tween R50/R50'-Ca atoms; green in Fig. 54) with a 106° rotation
that allows the helices to recognize the consecutive major grooves
of the duplex DNA. However, a 39.1-A distance and a 117° rota-
tion (salmon in Fig. 54) are observed for a4 and a4’ in the men-
adione-bound QsrR structure, which prevent its binding to the
operator DNA. Superimposition of the DNA-bound QsrR and
menadione-bound QsrR structures by Co atoms in subunit B’
reveals a rotation in the other subunit and a significant translation
at the recognition helix (a4, 11 A) as well as the wing parts (31 and
f2) and the menadione-binding helix («1) (Fig. 5B and Fig. S74).
However, little difference is observed within the monomeric sub-
units with 0.67-A rmsd of subunits A (Fig. 5C) and 1.32-A rmsd of
subunits B’ (Fig. S7TB) compared with 2.99-A rmsd between overall
dimers. This movement is quite similar to most known repressors
that take the DNA-binding domains of a dimeric pair spatially
apart (38, 39). The translation of the first helix (al) at the di-
merization interface likely initiates the structural change. This
change provides suitable space for menadione association and
minimizes the clash between helices al and a2’ generated by
menadione binding, thus leading to the rearrangement of the he-
lices al as well as a2’ (Fig. 5A4). The structural change is further
transferred to the DNA-binding domain, leading to the dissocia-
tion of QsrR dimer from operator DNA.

The gsrR Mutant Favors S. aureus Survival within Macrophages. Be-
cause a set of quinone/ROS detoxification enzymes are highly
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Fig. 5. Addition of menadione to QsrR causes a dramatic conformational
change. (A) Structural comparison of the QsrR-DNA complex and QsrR-
menadione by superimposing Ca atoms in overall dimer. The protein and
DNA in QsrR-DNA are colored green and sky blue, respectively. The QsrR-
menadione complex is colored salmon. Distances between the two recog-
nition arginines (R50 Ca) are indicated. The clashes between menadione of
QsrR-menadione complex and Asn25' as well as Leu22’ of QsrR-DNA com-
plex are viewed as semitransparent spheres. (B) Structural comparison of
QsrR-DNA and QsrR-menadione by superimposing Ca atoms in subunit B'.
The arrowheads point in the direction of the structural change after men-
adione association. The distance is measured between the Ca of R50 at the
end of helix «4. The subunit A is viewed as cartoon and the subunit B’ is
viewed as ribbon. (C) Overlay of Cax atoms in subunit A reveals the structural
similarity of the QsrR-DNA (green) and QsrR-menadione (salmon) subunits.

expressed in the AgsrR mutant, we tested the role of gsrR in the
S. aureus survival inside macrophages. The phagocytosis process of
the Newman wild-type, gsrR mutant, and the complementation
strains inside bone marrow-derived macrophages (BMDMs) was
investigated, which showed more than twofold resistance of the gsrR
mutant than its parental strain to phagocytosis (Fig. 64). We also
examined the survival of the three aforementioned strains inside
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Fig. 6. The gsrR mutant favors S. aureus survival in BMDMs. (A) The
phagocytosis assay of the Newman wild-type, AgsrR mutant, and comple-
mentation strains within macrophages. Macrophages were infected as de-
scribed in Experimental Procedures. The experiments were performed in
triplicate. *P < 0.01. (B) Killing assay of the Newman wild-type, AgsrR mu-
tant, and complementation strains within macrophages. The bacteria were
infected for 1 h before being analyzed. The experiments were performed in
triplicate. *P < 0.01.
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macrophages. As shown in Fig. 6B, the gsrR mutant is much more
resistant to macrophage killing than its parental strain, indicating
the critical role of gsrR for S. aureus in macrophage resistance.

Discussion

Although quinone molecules play important roles in various cel-
lular processes (5), quinone-mediated gene regulation is poorly
understood. We present here a quinone-sensing and response
system in S. aureus and demonstrate the detailed mechanism of
quinone signaling. The increased quinone resistance of the AgsrR
mutant compared with the wild-type strain can be attributed to the
enhanced expression of quinone-detoxification genes. SAV2522
and SAV0338, which encode the glyoxalase family proteins that
may mediate the thiol-dependent ring cleavage of quinone-
S-adducts (40-42). The homolog of SAV2522 in B. subtilis yfiE
indeed possesses metabolic activity of catechol degradation (43).
In addition, SAV0340, which encodes a NADH-dependent FMN
reductase, could act on the detoxification of quinones (44, 45); its
homologyhdA in B. subtilis functions as a reductase for a variety of
quinone molecules (46). Meanwhile, a nitroreductase, encoded by
SAV2033, may contribute to a two-electron reduction of nitro
groups in nitroaromatic compounds as well as quinones (47, 48).

In addition, the elevated expression of riboflavin biosynthesis
genes in the AgsrR mutant (Fig. 1B) could also contribute to the
detoxification of quinone molecules. Riboflavin is the central
component of the cofactors FAD and FMN and is, therefore, re-
quired by all flavoenzymes (49). Flavoenzymes function in a wide
variety of cellular processes, including the reduction and de-
toxification of quinones (49-51). We analyzed the total riboflavin
content and found a threefold increase in the AgsrR mutant
compared with the wild-type strain (Fig. S84). The elevated ri-
boflavin in the AgsrR mutant strain would contribute to the bio-
synthesis of cofactors FAD and FMN, consequently increasing the
activity of flavoenzymes for potential detoxification functions.

To facilitate the crystallization of menadione-modified QsrR
complex, we mutated both of the non—quinone-signaling cysteine
residues, Cys30 and Cys33, to serine, thereby ensuring the homo-
geneity of S-quinonization. The crystal structure of the wild-type
QsrR-DNA complex showed that these two cysteines are located
in the loop region between helices a2 and 3. Therefore, the
mutation of the cysteines will be less likely to interfere the overall
structure of QsrR, although it may influence the local loop con-
formation. Our structural study proves that menadione, the pre-
cursor of menaquinone, is one of the signals for the quinone sensor
QsrR. Because S. aureus relies on menaquinone, not ubiquinone,
for electron transport, we suspect whether the precursor of ubi-
quinone, 2,3-dimethoxy-5-methyl-p-benzoquinone, is also a signal
for QsrR. The gel-shift assay (Fig. S8B) confirms that it can disrupt
QsrR-DNA interaction, indicating that this quinone molecule
may also trigger response of QsrR. It is possible that QsrR can
sense a variety of quinone molecules, including endogenous as well
as exogenous quinone signals.

We show that quinones covalently modify QsrR through
S-quinonization of the essential residue Cys-5. Cys-alkylation plays
important roles in biology (52, 53); however, Cys-alkylation by
quinones in signaling and transcription has not been revealed in
the past. Comparison of the structures of QsrR-DNA and QsrR-
menadione indicates that menadione association causes the two
QsrR monomers to rotate, leading to the dissociation of QsrR
from operator DNA. To support this mechanism, we found that
the monomer conformation does not change between the QsrR-
menadione complex and the QsrR-DNA complex. Therefore, we
propose the following quinone-sensing mechanism (Fig. S8C) (1):
quinones covalently modify Cys-5 of QsrR as a unique sensing
mechanism (2); the two monomers of QsrR have to rotate and
translate coordinately to accommodate or respond to quinone
association (3); this conformational change is then transferred to
the DNA-binding domains, thus causing these domains to rotate
and translate apart, which induces dissociation of the protein from
operator DNA (4); this dissociation derepresses the quinone-
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detoxification systems, thereby rebalancing the altered quinone
pool. This S-quinonization-based quinone-sensing mechanism
could be widely used in other organisms.

Experimental Procedures

Bacterial Strains, Primers, Plasmids, and Growth Conditions. Bacterial strains
and plasmids used in this study are listed in Table S4. Primers used in this study
are listed in Table S5. E. coli strains were grown in Luria-Bertani broth (LB). S.
aureus strains were grown in tryptic soy broth, except during transduction
procedures, for which heart infusion broth supplemented with 5 mM CaCl,
was used. The transposon insertion AgsrR mutant was obtained from
0. Schneewind and D. Missiakas (The University of Chicago, Chicago, IL) and
further identified by phage transduction and PCR test. When necessary,
antibiotics were added at the following concentrations: ampicillin, 100 pg/mL;
kanamycin, 50 pg/mL; and chloramphenicol, 10 pg/mL. Vector pMCSG19 was
used for expressing His-tagged proteins. E. coli-S. aureus shuttle vector pCL55
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Other Procedures. Detailed procedures are available in S/ Experimental
Procedures.
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