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Structure of Rot, a global regulator of virulence

genes in Staphylococcus aureus

Staphylococcus aureus is a highly versatile pathogen that can
infect human tissue by producing a large arsenal of virulence
factors that are tightly regulated by a complex regulatory
network. Rot, which shares sequence similarity with SarA
homologues, is a global regulator that regulates numerous
virulence genes. However, the recognition model of Rot
for the promoter region of target genes and the putative
regulation mechanism remain elusive. In this study, the 1.77 A
resolution X-ray crystal structure of Rot is reported. The
structure reveals that two Rot molecules form a compact
homodimer, each of which contains a typical helix—turn-helix
module and a B-hairpin motif connected by a flexible loop.
Fluorescence polarization results indicate that Rot preferen-
tially recognizes AT-rich dsDNA with ~30-base-pair nucleo-
tides and that the conserved positively charged residues on the
winged-helix motif are vital for binding to the AT-rich dsDNA.
It is proposed that the DNA-recognition model of Rot may be
similar to that of SarA, SarR and SarS, in which the helix—
turn-helix motifs of each monomer interact with the major
grooves of target dSDNA and the winged motifs contact the
minor grooves. Interestingly, the structure shows that Rot
adopts a novel dimerization model that differs from that of
other SarA homologues. As expected, perturbation of the
dimer interface abolishes the dsDNA-binding ability of Rot,
suggesting that Rot functions as a dimer. In addition, the
results have been further confirmed in vivo by measuring the
transcriptional regulation of a-toxin, a major virulence factor
produced by most S. aureus strains.

1. Introduction

Staphylococcus aureus is an important human pathogen that
is capable of causing a wide range of toxin-mediated diseases
such as skin infections, pneumonia, toxic shock syndrome
and sepsis (Bayer et al., 1996). The success of S. aureus as a
versatile pathogen is attributable to its ability to produce
wide-ranging virulence factors that facilitate tissue coloniza-
tion and tissue destruction (Foster, 2005, 2009; Foster & H60Kk,
1998). The virulence factors of this organism can be broadly
subdivided into two categories: (i) secreted proteins, such as
lipases, haemolysins and proteases, that can degrade host
components with antimicrobial activity and (ii) cell-wall-
associated proteins, such as fibrinogen, fibronectin and
collagen, that allow S. aureus to bind to host proteins (Lowy,
1998). The coordinated expression of these virulence factors
is tightly regulated by a network of interacting regulators
including two-component regulatory systems (ie. Agr and
SaeRS), global regulators (ie. SigB, SarA and SarA
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homologues) and regulatory RNA molecules (Cheung et al.,
1992; Dunman et al., 2001; Novick & Geisinger, 2008; Liang et
al., 2006; Morfeldt et al., 1996).

SarA (staphylococcal accessory regulator), a well studied
transcriptional regulator in S. aureus, is vital for the regulation
of various genes involved in virulence by binding to the target
promoter regions (Bayer et al., 1996). There are at least 11
members of the SarA family, which can be classified into three
subfamilies: (i) single-domain proteins (SarA, SarR, SarT,
SarV, SarX and Rot), (ii) double-domain proteins (SarS, SarU
and SarY) and (iii) MarR homologues (MgrA and SarZ)
(Manna et al., 2004; Schmidt et al., 2001; Ingavale et al., 2003;
Luong et al., 2003; Manna & Cheung, 2003, 2006; Ballal et al.,
2009). The SarA family proteins are a group of DNA-binding
proteins that share sequence homology with each other. To
date, the crystal structure of five members of the SarA family
proteins have been determined: SarA, SarR, SarS, MgrA and
SarZ (Liu et al., 2001, 2006; Li et al., 2003; Chen et al., 2006;
Poor et al., 2009; Sun et al., 2012). These reported structures
reveal that they share similar topological folds, all belonging to
the winged-helix DNA-binding proteins, with helix—turn—helix
and winged regions interacting with the target promoter DNA.
However, owing to low sequence homology, these structures
diverge significantly from each other, indicating a discrepancy
between the transcription-regulation processes.

Rot (repressor of toxins), a member of the SarA family of
proteins, has been characterized as a global regulator of
virulence-gene expression in S. aureus and behaves as both a
positive and a negative modulator (McNamara et al., 2000,
Said-Salim et al., 2003; Tseng & Stewart, 2005; Li & Cheung,
2008). It has been reported that Rot can affect the transcrip-
tion of 168 genes in S. aureus, some of which encode proteins
that are involved in cell-surface adhesion and tissue invasion,
indicating its vital role in pathogenicity (Said-Salim et al.,
2003). Rot can also work with other regulators to activate
promoters, for example Rot and SaeRS, cooperatively to
activate expression of the staphylococcal superantigen-like
exoproteins (Benson et al., 2012). However, because of a lack
of structural information, how Rot binds to the promoter
regions of target genes remains unknown. Here, we report the
crystal structure of Rot at 1.77 A resolution. The structure
reveals that Rot exists as a homodimer in which each molecule
adopts a winged-helix DNA-binding module. We confirmed
the vital role of several conserved positively charged residues
in the winged-helix motif in binding to dsDNA both in vitro
and in vivo. In addition, our structure also shows that the
pattern of dimerization of Rot is significantly different from
that of the reported SarA homologues, hinting at a divergence
between Rot and other SarA homologues in the transcription-
regulation process.

2. Materials and methods
2.1. Construction, expression and purification

The Rot gene was PCR-amplified from S. aureus strain
NCTC8325 using Prime STAR HS DNA Polymerase (Takara).

The DNA fragment was cloned into a modified pET-28a(+)
vector with a 6 xHis tag using the Ndel/Xhol restriction sites.
All Rot mutations were generated using the MutanBEST Kit
(Takara). Overexpression of all recombinant proteins was
induced in Escherichia coli BL21 (DE3) cells (Novagen) with
0.5 mM isopropyl B-p-1-thiogalactopyranoside (IPTG) when
the cell density reached an ODggg nm Of 0.6-0.8. After growth
for approximately 20 h at 16°C, the cells were collected and
lysed. The recombinant proteins were purified using Ni*'—
nitrilotriacetate affinity resin (Ni-NTA; Qiagen) in buffer
(50 mM Tris-HCl pH 7.5, 200 mM NaCl, 5% glycerol) and the
6xHis-Rot fusion protein was eluted with 200 mM imidazole.
The proteins were further purified using HiTrap Q FF (5 ml)
and HilLoad 16/60 Superdex 200 (GE Healthcare). The final
proteins were concentrated to 43 mg ml™" in buffer consisting
of 20 mM Tris-HCI pH 7.5, 100 mM NacCl for crystallization
trials. A selenomethionine derivative of Rot (Se-Rot) was
overexpressed in the same competent cells as native Rot but
using M9 medium based on a methionine-biosynthesis inhi-
bition method. The purification of Se-Rot followed the same
protocol as used for native Rot.

2.2. Crystallization, data collection and structure
determination

Crystals of both native Rot (apo-Rot) and selenomethionine-
derivatized Rot (Se-Rot) were grown using the hanging-drop
vapour-diffusion method at 285 K and grew to maximum size
in approximately 1 d in buffer consisting of 1.5 M ammonium
chloride, 0.1 M sodium acetate trihydrate pH 4.6. For data
collection, all crystals were soaked in a cryoprotectant solution
consisting of the respective reservoir solution supplemented
with 20% (v/v) glycerol and were then flash-cooled in liquid
nitrogen. Data sets for all crystals were collected on beamline
17U at the Shanghai Synchrotron Radiation Facility (SSRF)
at 100 K. The data were processed and scaled with HK1-2000
and programs from the CCP4 package (Winn et al.,2011). The
structure of Se-Rot was determined by the single-wavelength
anomalous dispersion (SAD) phasing technique using
AutoSol as implemented in PHENIX (Adams et al., 2010).
The initial model was built automatically using AutoBuild
in PHENIX. Using the Se-Rot structure as the search model,
the structure of apo-Rot was determined by the molecular-
replacement method using MOLREP (Vagin & Teplyakov,
2010) as implemented in CCP4i (Winn et al., 2011). All of
the initial models were refined using the maximum-likelihood
method implemented in REFMACS5 (Murshudov et al., 2011)
as part of the CCP4 program suite and rebuilt interactively
using Coot (Emsley & Cowtan, 2004). The final models
were evaluated with MolProbity (Chen et al., 2010) and
PROCHECK (Laskowski et al., 1993). The crystallographic
parameters are listed in Table 1. All of the figures showing
structures were prepared with PyMOL.

2.3. Fluorescence polarization assays

Fluorescence polarization assays (FPAs) were performed at
298 K using a SpectraMax M5 microplate-reader system in
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Table 1

Data-collection and refinement statistics for Se-Rot and apo-Rot.

Values in parentheses are for the highest resolution shell.

Se-Rot Apo-Rot

Data-collection statistics
Space group . P2, P2,
Unit-cell parameters (A, °) a=317,b="718, a=317,b="715,

¢ =658, c=657,
a=y=90, a=y=90,
i B =988 B =994
Wavelength (A) 0.9791 0.9791
Resolution limits (A) 50.00-2.00 50.00-1.77
(2.07-2.00) (1.83-1.77)
No. of unique reflections 18795 27813
Completeness (%) 96.1 (92.9) 98.1 (99.9)
Multiplicity 7.5 (6.6) 2.8 (2.8)
Ruerget (%) 13.9 (30.0) 6.9 (55.1)
Mean I/a(I) 222 (12.9) 18.1 (2.9)
Refinement statistics _
Resolution limits (A) 32.42-1.77
Ruorict/Riree§ (%), 16.32/21.72
R.m.s.d., bonds (A) 0.007
R.m.s.d., angles (°) 1.089
B factor (A?)
Protein 31.74
Water 39.45
No. of non-H protein atoms 2146
No. of water O atoms 140
Ramachandran plot (%)
Most favoured regions 95.7
Additional allowed regions 3.8
Generously allowed regions 0.4
PDB entry 4q77

T Ruerge = 2 pia 2 Mi(hkl) — (I(hkD))| />y > I;(hkl), where I(hkl) is the ith observa-
tion of reflection hkl and (I(hkl)) is the weighted average intensity for all i observations
of reflection hkl. % Ruork = Y pu “Fnr“‘ = |Fea| ‘/th [Fopsl, where Fops and Fey are
the observed and calculated structure factors for reflection hkl, respectively. § Rgee Was
calculated in the same way as Ry, but using a randomly selected 5% of the reflections
which were omitted from refinement.

buffer consisting of 20 mM Tris-HCI pH 7.5, 100 mM NacCl.
The wavelengths of fluorescence excitation and emission were
490 and 524 nm, respectively. Each well of a 384-well plate
contained 100 nM fluorescent-labelled (5'-FAM) DNA probe
and different amounts of Rot or Rot mutant with a final
volume of 80 ul. For each assay, DNA-free controls were
included. The fluorescence polarization P (in mP units) was
calculated as

P= (I|| - IJ_)/(IH + IJ_)‘ 1)

The fluorescence polarization change AP (in mP units) was
fitted to

AP = AP, x [Rot]/(K, + [Rot]). 2)

The binding curves were fitted according to a one-site binding
model using the Origin software. The dsDNA probe used
in the assays was formed by annealing ssDNA with comple-
mentary ssDNA. The sequences of the 5'-FAM-labelled DNA
probe are described in Supplementary Table S1.!

! Supporting information has been deposited in the IUCr electronic archive
(Reference: QH5011).

2.4. Size-exclusion chromatography assay

The apparent molecular masses of Rot and the Rot-M9
mutant (see §3.5) were estimated with a Superdex 200 column
(10/300 GL; GE Healthcare). Briefly, protein samples or
molecular-mass standards were applied onto the Superdex 200
column at a flow rate of 0.6 ml min~' and eluted with 50 mM
Tris—-HCI pH 7.5, 100 mM NaCl. The standard proteins (GE
Healthcare) used in this assay were S-amylase (200.0 kDa),
alcohol dehydrogenase (150.0 kDa), albumin (66.0 kDa),
carbonic anhydrase (29.0 kDa) and cytochrome ¢ (12.4 kDa).
The void volume was determined with blue dextran (GE
Healthcare).

2.5. Complementation of the rot knockout strain

The rot knockout strain SX21 was kindly provided as a
gift by Dr Baolin Sun. All the complementary plasmids of
different rot mutants were generated using the MutanBEST
kit (Takara) using the plasmid pLISO-rot as a template. These
recombinant plasmids were transformed into S. aureus
RN4220 and then electroporated into the rot knockout strain
SX21 (Xue et al., 2012).

2.6. Western blot

A Western blot of a-toxin was performed as described
previously (Xue et al, 2014). Briefly, the same amount of
stationary-phase supernatant of the wild type, the rot
knockout stain and the complementary strains of different
rot mutants were collected and concentrated by 10kDa
ultrafiltration (Millipore). These samples were then separated
by 12% SDS-PAGE and electrotransferred onto a poly-
vinylidene difluoride membrane (GE). Finally, o-toxin was
detected by a rabbit anti-a-toxin antibody (Sigma) followed
by horseradish peroxidase-conjugated sheep anti-rabbit anti-
bodies (Pierce).

3. Results
3.1. The DNA-binding properties of Rot

Although Rot, a SarA homologue, was previously identified
as a global regulator of virulence genes in S. aureus, the DNA-
recognition model of Rot for the target promoter region
remains unknown. To investigate the DNA-binding properties
of Rot, we performed a fluorescence polarization assay (FPA)
to test the binding affinities of Rot for different lengths of
dsDNA. As shown in Fig. 1(a), Rot displayed no binding
affinity for 7 bp AT-rich dsDNA, but could bind to AT-rich
dsDNAs longer than 24 bp. The K, value for the binding of
Rot to 24 bp AT-rich dsDNA was 32.47 uM and the K, value
increased to 19.87 and 7.30 uM when binding to 28 bp AT-rich
dsDNA and 38 bp AT-rich dsDNA, respectively. Next, we
examined whether Rot had a sequence preference; as shown
in Fig. 1(a), no obvious binding affinity of Rot to 24 bp
GC-rich dsDNA was observed. Our results suggested that Rot
preferentially recognizes AT-rich dsDNAs with ~30 bp
nucleotides and were consistent with the previously reported
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crystal structures of SarA homologues, which revealed that the
longest distance for two winged-helix motifs could accom-
modate a B-form dsDNA with ~27 bp nucleotides (Liu et al.,
2001, 2006; Li et al., 2003).

3.2. Overall structure of Rot

To improve the understanding of the DNA-recognition
model of Rot, we determined the crystal structure of Rot at
1.77 A resolution. The structure was solved by SAD phasing
and molecular replacement. The crystallographic statistics

38AT-rich
28AT-rich
24AT-rich
24GC-rich

7AT-rich

240
220

A O )4

200
180

140

Polarization change (AP) (mP)

Protein concentration (uM)
(@)

are summarized in Table 1. The monomeric Rot adopts an
L-shaped structure (Fig. 1b). There are two Rot molecules
in one asymmetric unit, which form a homodimer through
extensive hydrophobic interactions (Fig. 1b). Rot displays a
similar topology to the structures of SarA and SarR, consisting
of five a-helices and three f-strands. The arrangement of the
secondary-structure elements in each monomer is al-o2—-81-
o3-a4-PB2-B3-a5 (Figs. 1b and 1c¢). Helices ol and o2 are
oriented perpendicular to each other (Fig. 1b). Helices @1 and
o5 from each monomer bring the two Rot molecules together
(Fig. 1b). Interestingly, helix o5 of Rot is longer than that of

Rot ~—MKKVNNDTVFGILQLETLLGD! NS | FSEI ESEYKMSREE | LM_T!WQKGSMT———LHEMVEVEPY@T%THNN!\/ELEMYBHDVDDEaTuI MEKL

©

SarA
SarT
SarV
SarR
—— 5 )
Rot QQEKVELLNFI SDA| ASRATAMQNSLNAI | AV: 133
SarA RKKTESLLSRVNKR| TEANNE | EL ———=——: 124
SarT HNY IKNLLSEININET—=—=——=————=——1106
SarV KKLLDKITKEI EVLSVIN————=—=———— 116
SarR KAN IQKLI SELEEY | KN=—=——————-——:115
Figure 1

MA1 TK| N--—-DCF ELL SMVTYADKLKSL | KKEFSISFEEFAMTYISENKEKE-—YYL&JII NHLNY!QPQWMKISOEDEDMEHD E&T!LMAQQ
———————————————MKRVLTTYELRKYLKKYFOTLDNYLMAYDVFKNDEGKYFM&JII SYIGI DQSHl VSHKDSKKGM%EOHJPHDSEN!I MVKQ
———MSN-———KVQRF | EAERELSOLKI-IWLKTTHKIS [ EEFV&K!YEAEK [ SGKELRDT!-IFEMLWDTSI blY InRKIYKKEuSh.HSETDEaQuFI:HSTSQ
—MSKI N—-—-——DINDLVNATFOVI«FFRDTKKKFNNY EE| YM‘HILRSESNE—— [ SSEEMSEFEPYYLTMQK!KDLK!SMLQD E&Tul MDTQ

Overall structure of Rot and its DNA-binding properties. (a) Fluorescence polarization assay of the interaction of Rot with dsDNA oligonucleotides of
different lengths. (b) Two views of the Rot dimer. Monomer A is shown as a cartoon coloured magenta and monomer B is coloured cyan. (c) Sequence
alignment of Rot, SarA, SarT, SarV and SarR. The secondary-structural elements of Rot are shown at the top of the sequence. a-Helices are coloured red
and B-strands are coloured yellow. The conserved hydrophobic residues involved in building up the large hydrophobic environment to sustain the
winged-helix motif are highlighted in black. The residues involved in binding to DNA are highlighted in blue. The sequence extension (residues 120-133)

at the tail of Rot is marked by a green box.
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other single-domain SarA homologues, which is caused by a
sequence extension (residues 120-133) at the tails of the Rot
molecules, which form a coiled coil with each other (Figs. 1o
and 1c). In addition, helices &3 and a4 form the typical helix—
turn-helix motif, a widely existing DNA-binding module
(Fig. 1b). B2 and B3 form a B-hairpin constituting the winged
motif (Fig. 1b). The DNA-binding winged-helix motifs from
each monomer are separated by approximately 43 A, which
is similar to that in SarA, SarR and SarS but is significantly
different from that in the MarR homologues MgrA and SarZ
(Liu et al., 2001, 2006; Li et al., 2003; Chen et al., 2006; Poor et
al., 2009). Owing to the distinct pattern of dimerization, the
winged-helix motifs in MgrA and SarZ are separated by only
14 A (Chen et al., 2006; Poor et al., 2009). Large differences
can also be found in the loop region connecting the S-hairpin,
which is missing because of flexibility (residues 87-91) but is
well defined in the structures of SarA, SarR and SarS. It is
worth noting that surrounding the winged-helix motifs, a large
number of hydrophobic residues build up a large hydrophobic
environment to form a compact and rigid structure, indicating

the vital role of these elements in target DNA recognition
(Figs. 1b and 1c¢).

3.3. The interaction between Rot and DNA

Consistent with the SarA family proteins, Rot contains a
high percentage of positively charged residues, which are
mainly accumulated on the winged-helix motifs (Figs. 1la and
1b). Sequence alignment revealed that these positively
charged residues were conserved among SarA homologues
(Fig. 1c). Next, we performed a fluorescence polarization
experiment (FPA) to investigate which residues in the winged-
helix motifs were important for recognition of the target
DNA. We produced eight Rot mutants, Rot-M1 (Lys55
mutated to Ala), Rot-M2 (Arg59 mutated to Ala), Rot-M3
(Lys64 mutated to Ala), Rot-M4 (Lys67, Arg68 and Arg70
mutated to Ala), Rot-M5 (Lys83 mutated to Ala), Rot-M6
(Arg85 mutated to Ala), Rot-M7 (Arg91 mutated to Ala) and
Rot-M8 (Tyr66 mutated to Ala) and tested their abilities to
bind to 38 bp AT-rich dsDNA (Fig. 2b). As shown in Fig. 2(c),

Figure 2

200
180
160
140
120
100
80
60
40
20

Polarization change (AP) (mP)

-20+

T T ¥ T ¥ T . T T T 1
0 20 40 60 80 100 120
Protein concentration (pM)

©

The interaction between Rot and dsDNA. (a) Two electrostatic potential surface views of the Rot dimer. (b) The conserved positively charged residues
in the helix—turn-helix and B-hairpin regions are labelled and highlighted in yellow. (¢) Fluorescence polarization assay of Rot and mutants with a 5'-
FAM-labelled 38 bp AT-rich dsDNA.
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the dsDNA-binding ability of the Rot mutants (Rot-M1-Rot-
M7) decreased significantly compared with that of wild-type
Rot (WT-Rot), indicating that these conserved positively
charged residues in the winged-helix motifs were vital for
recognition of the target dsDNA and were most likely
involved in interaction with the DNA phosphate backbone.
Interestingly, Tyr66 in the loop region connecting B2 and 3
also played an important role in DNA binding, and the DNA-
binding affinity of this mutant decreased sevenfold compared
with that of WT-Rot. It is worth noting that this residue
(Tyr66) was not conserved among the SarA homologues
(Fig. 1c). Taken together, we propose that the residues in the
winged-helix motifs from each monomer are necessary for Rot
to bind to target dsDNA, which is similar to the case in other
SarA homologues, but a subtle difference exists in the residues
involved in binding to the dsDNA.

3.4. Unique pattern of dimerization

As discussed above, Rot exists as a homodimer in the
asymmetric unit, similar to SarA, SarR, MgrA and SarZ (Liu
et al., 2001, 2006; Chen et al., 2006; Poor et al.,2009). However,
the pattern of dimerization of Rot was significantly different
from that of the reported SarA homologues. Based on the
structures reported previously, we found that the pattern of
dimerization of SarA family proteins could be divided into two
classes. As shown in Fig. 3, the single-domain proteins SarA
and SarR and the double-domain protein SarS represent a
universal pattern of dimerization of SarA homologues, in
which o1 of one monomer inserts into the hydrophobic pocket
formed by o1, a2 and o5 of the other monomer. This differed

Rot MgrA

)

53
B ¢

SarA SarR

Figure 3

from another two SarA homologues, MgrA and SarZ, which
contained structural features similar to those of MarR instead
of the SarA homologues (Chen et al., 2006; Poor et al., 2009).
In the structures of MgrA and SarZ, the dimerization inter-
faces were mediated by two hydrophobic pockets through
domain swapping, in which «1 of one monomer inserts into the
hydrophobic pocket formed by al, o5 and a6 of the other
monomer and forms a coiled coil with a6 of the other
monomer (Chen et al., 2006; Poor et al., 2009; Fig. 3). Inter-
estingly, the crystal structure of Rot, a single-domain SarA
homologue, revealed a novel pattern of dimerization. The
structure suggested that both o1 and 5 from one monomer
insert into the hydrophobic pocket formed by a1, o2 and a5
from the other monomer (Fig. 3). The interaction was further
strengthened by sequence extensions (residues 120-133) at the
tail of the Rot molecules, which formed a coiled coil with each
other through hydrophobic interactions (Fig. 4a). The inter-
actions between the two monomers were quite extensive,
burying ~2870 A? of solvent-accessible surface area. Residues
Val9, Ile12, Leul3, Leul5, Leul8, Ile22, Ile25 and Phe26 from
a1, residues Leud4 and Trp47 from o2 and residues Ile112,
Ile116, Alal120, Met123, Leul27 and Ile131 from o5 of each
monomer were involved in the hydrophobic dimer interface
(Fig. 4a). In addition, GIn124 from each monomer contributed
two hydrogen bonds (Fig. 4a).

3.5. Rot functions as a dimer

Previous work has demonstrated that SarA homologues
such as SarA, SarR, MgrA and SarZ all crystallize as a
homodimer, indicating that a dimer may be the smallest

SarZ

SarS

Distinct patterns of dimerization of SarA homologues. Dimer views of Rot and other SarA homologues (SarA, SarR, SarS, MgrA and SarZ). Monomer
A is coloured magenta and shown as a surface representation and monomer B is shown as a cartoon and coloured cyan.
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functional unit of this family of proteins (Liu ez al., 2001, 2006;
Chen et al., 2006; Poor et al., 2009). However, there was still
not sufficient evidence to support this notion. To test it, we
produced a mutant Rot-M9 (Met123, Leul27 and Ile131
mutated to Ala) to disrupt the dimer interface and compared
the DNA-binding ability of Rot-M9 with that of WT-Rot.
First, we performed a size-exclusion chromatographic assay, as
shown in Fig. 4(b), in which WT-Rot eluted with a molecular
weight of approximately 44.6 kDa, which was larger than the
theoretical value of 31.2 kDa for the Rot dimer. Considering
the oblong rather than globular shape of Rot, we thought that
this was credible. As expected, Rot-M9 eluted with a mole-
cular weight of 25.6 kDa, which was approximately half of
44.6 kDa, indicating that Rot-M9 existed as a monomer. Next,
we performed a fluorescence polarization assay to compare
the DNA-binding affinity of Rot-M9 with that of WT-Rot.
As shown in Fig. 4(c), the DNA-binding ability of Rot-M9
decreased significantly compared with that of WT-Rot, indi-

300
280
260
240
220

— WT
— M9

5 200
< 180 44.6 kDa
£
= 160
& 140
O 120
100
80
60
40
20
0
1 ]
0 5 10 15 20 25 30
Volume (ml)
(®)
Figure 4

Q1244
D

(@)

cating that a dimer was the smallest functional unit of Rot that
can contact DNA.

3.6. Repression of a-toxin by Rot

a-Toxin is a pore-forming toxin that has cytolytic, haemo-
lytic and dermonecrotic activities and has been reported to be
down-regulated by Rot (Xue et al, 2014; Li & Cheung, 2008).
To confirm that the residues involved in interaction with DNA
also functioned in vivo, we assayed the level of transcriptional
repression of a-toxin by WT-Rot and Rot mutants (Rot-M1-
Rot-M8). As shown in Fig. 5, the expression of «-toxin was
extremely suppressed by WT-Rot, which could be detected in
the rot knockout strain SX21. As expected, Rot mutants failed
to repress the expression of «-toxin except for Rot-M2
(Fig. 5). We speculated that ArgS9 may not play an important
role in interacting with DNA in vivo, which was consistent
with the observation that the DNA-binding ability of Rot-M2

F26'_

= WT
® M9

Polarization change (AP) (mP)

P

;“_.§.+_§’;/3

20

T T T
40 60 80

Protein concentration (p\)

©

T 1
100 120

Rot functions as a dimer. (a) The dimerization interface of Rot; the residues involved in the dimerization interaction are labelled and coloured as in
Fig. 1(b). (b) Gel-filtration analysis of WT-Rot and a Rot mutant; WT-Rot and Rot-M9 elute with molecular weights of approximately 44.6 and 25.6 kDa,
respectively. (¢) Fluorescence polarization assay of WT-Rot and Rot-M9 with a 5-FAM-labelled 38 bp AT-rich dsDNA.
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displayed a slight decrease compared with that of other Rot
mutants (Rot-M1-Rot-M7). Next, we further confirmed that
destruction of the dimerization of Rot (Rot-M9) affected the
transcriptional repression of a-toxin in vivo (Fig. 5). In brief,
these data strongly supported the in vitro assay results.

4. Discussion
4.1. Putative Rot—dsDNA recognition model

To reveal the structural similarities and differences between
Rot and other SarA homologues, we compared the structure
of Rot with those of SarA, SarR and MgrA. The overall main-
chain rms.d. between Rot and SarA was 3.886 A for 101
comparable C* atoms (Supplementary Fig. S1b). Because of
structural divergence, we were unable to compare the winged-
helix motif of Rot with that of SarA. The overall main-chain
r.m.s.d. between Rot and SarR was 2.165 A for 73 comparable
C” atoms and the r.m.s.d. of the winged-helix motif was
1917 A for 35 comparable C* atoms (Supplementary Fig.
S1c). The overall main-chain r.ms.d. between Rot and MgrA
was 4.542 A for 102 comparable C* atoms and the r.m.s.d. of
the winged-helix motif was 6.555 A for 29 comparable C*
atoms (Supplementary Fig. S1d). As described previously, Rot
preferentially recognized dsDNA with ~30 bp nucleotides,
and the winged-helix motif was responsible for the recognition
of the target DNA by Rot. Our data supported a model in
which helix a4 from each monomer of Rot inserts into the
major grooves of the target DNA and the loops between (2
and B3 directly contacted the minor grooves, similar to the
DNA-recognition model observed in the structure of MarR
family proteins such as MepR, Sc03205, OhrR and ST1710
(Birukou et al., 2014; Stevenson et al., 2013; Hong et al., 2005;
Kumarevel et al., 2009). In addition, a slight rearrangement of
the winged-helix motif was also required to better accom-
modate the target DNA. However, the structure of the
complex of Rot with DNA was still needed to confirm our
hypothesis.

4.2. Rot represents a novel type of dimerization

As discussed above, the single-domain SarA homologues
have been classified into two subfamilies. In the first subfamily,
five helices and three short g-strands built up a global domain,
such as in SarA and SarR, in which a1 of one monomer inserts
into the hydrophobic pocket formed by «l, &2 and a5 of the
other monomer (Liu et al., 2006; Liu et al., 2001; Fig. 3). In
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Figure 5

Western blot analysis of a-toxin in S. aureus RN6911 (WT), the rot knockout strain and rescue

strains of Rot and Rot mutants.

the second subfamily, there was an additional helix at the
C-terminus, for example in the MarR homologues MgrA and
SarZ (Chen et al., 2006; Poor et al., 2009). In addition to o1,
this additional helix («6) further strengthens the monomer—
monomer interaction by inserting into the hydrophobic pocket
formed by «l and a6 of the other monomer (Fig. 3).
Surprisingly, Rot adopted a similar topology to the single-
domain SarA homologues SarA and SarR but displayed a
significantly different mode of dimerization. The structure of
Rot revealed that both «l and o5 from one monomer insert
into the hydrophobic pocket formed by o1, &2 and &5 from the
other monomer. Combining the previously reported structures
of SarA homologues, we proposed that the distinct pattern of
dimerization of Rot was mainly caused by the orientation of
helices al-a5. In each monomer structure of Rot, helix a1 was
oriented approximately perpendicular to helix «5, differing
significantly from the other SarA homologues, in which helices
o1 and a5 were oriented approximately 120° to each other. In
addition, there was a sequence extension (residues 120-133) at
the tail of Rot compared with the other single-domain SarA
homologues; these formed a coiled coil with each other
through hydrophobic interaction. Consequently, we strongly
suggest that Rot should be classified into a novel subfamily.

4.3. Distinct types of dimerization may hint at distinct
regulation mechanisms

Previous studies have reported that Rot is an important
transcriptional regulator in S. aureus; however, how this
transcription factor carries out this function remained
unknown. Several years ago, Ptashne and Gann proposed that
transcription activators work by bringing the transcriptional
machinery to the DNA for gene activation, and many tran-
scription activators have been reported to activate transcrip-
tion via protein—protein contact between the transcription
apparatus and transcription factors (Ptashne & Gann, 1997).
For example, cyclic AMP receptor regulates downstream
protein expression through interacting with the C-terminal
domains of the « subunit of RNA polymerase in Escherichia
coli (Ishihama, 1993). Similarly, deletion of the « subunit of
RNA polymerase suppressed the transcriptional activation
of FIhD/FIhC (Liu et al., 1995). According to this theory,
transcription-activating proteins should have two structural
motifs: a DNA-binding motif and an activation motif. Previous
studies discovered that in the structures of SarA, SarR and
SarS there was an acidic patch on the convex side in each
monomer which possibly acted as an
activation motif to recruit RNA poly-
merase to the promoter region via
direct electrostatic interaction with a
positively charged surface of the RNA
polymerase subunit (Liu er al, 2001,
2006; Li et al., 2003). To probe the
putative function of the novel mode of
dimerization of Rot, we compared the
convex side of Rot with that of SarA
homologues. Surprisingly, we found that
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Figure 6

/SarS

SarZ

Surface view of the putative transcription-activation motif of SarA homologues. @6 of SarZ and «5 of Rot are coloured magenta and cyan in each
monomer. The cartoon views of SarA, SarR and SarS are coloured red, yellow and green, respectively.

the two convex sides were separated in Rot by the tail of helix
a5 (residues 120-133) of each monomer but formed a
continuous interface in the structures of SarA, SarR and SarS
(Fig. 6). Similarly, the two convex sides were also separated in
the structures of MgrA and SarZ by helix a6 of each monomer
(Fig. 6). However, helix a6 was oriented approximately
perpendicular to helix o5 in each monomer of MgrA and
SarZ, but the tail of helix a5 was oriented approximately 150°
to the head in each monomer of Rot (Fig. 6). In addition, the
conformation of the Rot dimer was more extended than those
of MgrA and SarZ (Fig. 6). These studies revealed that the
distinct types of dimerization of SarA homologues causes a
distinct interface that may function in the recruitment of RNA
polymerase, indicating that the putative regulation process
may differ between Rot and other SarA homologues.
However, the details of protein—protein communication
between SarA homologues and the transcription apparatus
are still unknown, and further studies are still needed to verify
this hypothesis.
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