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work. The SaeR/S two-component regulatory system is essential for controlling the

expression of many virulence factors in Staphylococcus aureus. SaeR, a member
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of the OmpR/PhoB family, is a response regulator with an N-terminal regulatory
domain and a C-terminal DNA-binding domain. In order to elucidate how SaeR
binds to the promoter regions of target genes, the crystal structure of the
DNA-binding domain of SaeR (SaeR"®P) was solved at 2.5 A resolution. The
structure reveals that SaeR®PP exists as a monomer and has the canonical
winged helix—turn-helix module. EMSA experiments suggested that full-length

supporting information at journals.iucr.org/d

SaeR can bind to the P1 promoter and that the binding affinity is higher than
that of its C-terminal DNA-binding domain. Five key residues on the winged
helix—turn-helix module were verified to be important for binding to the P1
promoter in vitro and for the physiological function of SaeR in vivo.

1. Introduction

Staphylococcus aureus is an important human pathogen that
can cause diseases ranging from mild to life-threatening
(Lowy, 1998). Some severe syndromes or pathologies
including pneumonia, sepsis and endocarditis have been
compounded by the emergence of methicillin-resistant and
vancomycin-resistant S. aureus (Gillet et al., 2002; Adem et al.,
2005; Miller et al., 2005; Cosgrove et al., 2004). The diversity
and severity of these diseases depend on the expression of
virulence factors in S. aureus. The coordinated temporal
expression of these virulence factors is tightly regulated by
many regulatory elements including global regulators (for
example SigB, SarA and SarA homologues), two-component
regulatory systems (for example agr, saeRS and arIRS) and
regulatory RNA molecules (for example RNAIIT) (Bischoff et
al., 2004; Cheung et al., 2008; Giraudo et al., 1997; Fournier et
al., 2001; Arvidson & Tegmark, 2001; Cheung & Ying, 1994;
Morfeldt et al., 1996).

Two-component regulatory systems (TCSs) exhibit a signal
transduction mechanism by which bacteria, lower eukaryotes
and plants monitor and respond to environmental conditions
(Wuichet et al., 2010). S. aureus harbours 16 conservative TCSs
(Jeong et al., 2011), which are involved in the regulation of
biofilm formation, capsular polysaccharide synthesis, autolysis,
antibiotic resistance and haem toxin resistance (Xue et al,
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2011; Brunskill & Bayles, 1996; Gardete et al., 2006; Hiron et
al., 2011). As TCSs are absent in mammals and play a role in
virulence, they have been envisaged to be valid targets for the
development of new antimicrobials (Barrett & Hoch, 1998;
Stephenson & Hoch, 2002). In general, a TCS consists of a
sensor histidine kinase (HK) and response regulator (RR)
(Hoch, 2000). On receiving a signal, the HK autophos-
phorylates and the phosphate group is then transferred to a
conserved Asp residue in the RR (Stock et al., 2000). The
phosphorylation of the RR most often alters its DNA-binding
activity, which leads to changes in gene expression (Hoch,
2000; West & Stock, 2001). The RR has a conserved receiver
domain (RD) and a variable output domain (Galperin, 2006).
About two-thirds of output domains bind to DNA; the
remainder includes enzymatic domains, domains with protein-
binding ability and some domains of unknown function
(Galperin, 2006).

The sae (S. aureus exoprotein expression) locus consists of
four genes, saeP, saeQ, saeR and saeS (Novick & Jiang, 2003),
among which saeS and saeR encode the sensor HK and the
RR, acting as a TCS (Giraudo et al., 1999). The SaeR/S TCS
plays a key regulatory role in the expression of many virulence
factors, including some secreted proteins (for example Coa,
Hla and HIb), cell-wall proteins (for example Spa and FnbA)
and cell wall-associated proteins (for example Eap and Emp)
(Giraudo et al., 1994, 1997; Goerke et al., 2005; Harraghy et al.,
2005). Additionally, SaeR/S has a more complicated tran-
scriptional pattern that is profoundly influenced by agr and by
certain environmental stimuli (e.g. 1 M NaCl, a pH below 6 or
subinhibitory clindamycin; Novick & Jiang, 2003).

SaeR belongs to the OmpR/PhoB subfamily of response
regulators. It contains an N-terminal receiver domain and a
C-terminal DNA-binding domain (DBD) that recognizes
motifs near the promoter sequences of target genes (Giraudo
et al., 1999; Steinhuber et al., 2003). To date, seven structures of
full-length response regulators from the OmpR/PhoB family
have been deposited in the Protein Data Bank: DrrB
(Robinson et al., 2003) and DrrD (Buckler et al., 2002) from
Thermotoga maritima, PrrA (Nowak et al, 2006), MtrA
(Friedland et al., 2007), RegX3 (King-Scott et al., 2007) and
PhoP (Menon & Wang, 2011) from Mycobacterium tubercu-
losis, and KdpE (Narayanan et al., 2014) from Escherichia coli.
Comparison of these structures suggests that the DNA-
binding domain can exist in two types of conformation: closed
and open. The DrrB (Robinson et al., 2003), DrrD (Buckler et
al., 2002), RegX3 (King-Scott et al., 2007), PhoP (Menon &
Wang, 2011) and KdpE (Narayanan et al., 2014) structures
have the DNA-binding elements fully exposed, showing that
they are able to bind to DNA without phosphorylation. In
contrast, MtrA (Friedland et al., 2007) and PrrA (Nowak et al.,
2006) exhibit very compact structures with the recognition
helix completely inaccessible to DNA. However, PrrA
(Nowak et al., 2006) can exist in an open conformation in
order to bind DNA in solution without phosphorylation. Some
structures of the receiver domains in complex with beryllium
fluoride to mimic the phosphorylation-activated structure
have been reported (Bachhawat & Stock, 2007; Bachhawat et

al., 2005; Toro-Roman et al., 2005). These receiver domains
dimerize using their a4—pB5-a5 faces in the active state. Some
receiver domains also form dimers through the same interface
in the absence of phosphorylation (Bachhawat & Stock, 2007,
Bachhawat et al., 2005). Besides the RD structures, some DBD
structures have also been reported, such as the DBD struc-
tures of PhoB (Blanco et al., 2002), OmpR (Martinez-Hackert
& Stock, 1997), KdpE (Narayanan et al., 2012) from E. coli
and PhoP (Wang et al., 2007) from M. tuberculosis. They all
contain a typical helix—turn-helix motif and a B-hairpin motif.
All structures show monomers in the crystal except for PhoP,
which exhibits a hexamer ring with neighbouring molecules
interacting in a head-to-tail pattern (Wang et al., 2007).

In order to elucidate how SaeR binds to the promoter
regions of target genes, we determined the crystal structure of
the DNA-binding domain of SaeR (referred to as SaeR"®P)
at 2.5 A resolution. The structure reveals that SaeRPPP exists
as a monomer and has the typical winged helix—turn-helix
module. EMSA experiments showed that full-length SaeR
had a higher binding affinity than that of SaeR®"P. We also
confirmed the vital role of several key residues in the winged
helix—turn-helix module of SaeR in binding to P1 promoter
DNA in vitro and the physiological function of SaeR in vivo.
Finally, the putative SaeRP®P-dsDNA recognition model is
discussed.

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

The full-length SaeR (residues 1-228), SaeR®" (residues
3-136) and SaeRPPP (residues 125-228) genes were PCR-
amplified from S. aureus strain NCTC 8325 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 SaeR mutations were
generated using the MutanBEST kit (Takara). Overexpression
of all recombinant proteins was induced in E. coli BL21 (DE3)
cells (Novagen) using 0.5 mM isopropyl B-p-1-thiogalacto-
pyranoside (IPTG) when the cell density reached an ODgg of
0.6-0.8. After growth for about 20 h at 289 K, the cells were
collected and lysed. The recombinant proteins were purified
using Ni**—nitrilotriacetate affinity resin (Ni-NTA, Qiagen) in
buffer (50 mM Tris-HCI pH 7.5, 200 mM NaCl, 5% glycerol)
and the 6xHis SaeRPPP fusion protein was eluted with
200 mM imidazole. The proteins were further purified using
HiTrap Q FF (5 ml) and HiLoad 16/60 Superdex 200 (GE
Healthcare) columns. The proteins were concentrated to
29 mg ml~! in buffer consisting of 20 mM Tris-HCI pH 7.5,
100 mM NaCl for crystallization trials.

2.2. Crystallization, data collection and structure
determination

Crystals of SaeRPP were grown using the hanging-drop
vapour-diffusion method at 289 K and yielded crystals in 2 d
when mixed in a 1:1 ratio with well solution consisting of
15% PEG 6K, 0.1 M bis-tris pH 6.2. The addition of 0.1 M
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Table 1

Data-collection and refinement statistics for SaeR"5P.

Values in parentheses are for the highest resolution shell.

Data-collection statistics

Space group P2,2,2,

a, b, c (A) 31.97, 62.65, 116.26
a By | 90, 90, 90
Wavelength (A) 0.9791

Resolution limits (A) 50.00-2.50 (2.59-2.50)

No. of unique reflections 8586
Completeness (%) 99.7 (100)
Multiplicity 13.8 (14.3)
Ruerget (%) 9.2 (49.5)
Mean I/o(I) 34.3 (8.4)
Refinement statistics _
Resolution limits (A) 31.32-2.50
Ryorkt/Riree§ (%) 23.21/27.33
R.m.s.d., bond lengths (A) 0.028
R.m.s.d., angles (°) 1.704
B factor (A?)
Protein 60.67
H,O 51.70
No. of non-H protein atoms 1585
No. of water O atoms 11
Ramachandran plot (%)
Most favoured regions 84.4
Additional allowed regions 15.6
Generously allowed regions 0
PDB entry 4qwq

T Rmerge = Yput 2ot (kD) — (I(hKD)| /> "0 3= 1,(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. % Ryork = s ||Fobs] = |Featel |/ 3 nss | Fops |, Where Fopg and Foye are
the observed and calculated structure factors for reflection hkl, respectively. § Ryree
was calculated in the same way as Ryon but using a randomly selected 5% of the
reflections which were omitted from refinement.

spermidine yielded larger crystals. 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 the HKL-2000
package (Otwinowski & Minor, 1997) and programs from the
CCP4 package (Winn et al., 2011). The SaeR”®P structure was
determined by molecular replacement using MOLREP (Vagin
& Teplyakov, 2010) from the CCP4 suite (Winn et al., 2011).
The structure of the DNA-binding domain of PhoB from
E. coli (PDB entry 1gxq; Blanco et al, 2002), which shows
31.8% identity to SaeRPEP was used as the search model. The
initial model from MOLREP was refined to the full resolution
range using REFMACS (Murshudov et al.,, 2011), PHENIX
(Adams et al., 2010) and manual rebuilding in Coot (Emsley &
Cowtan, 2004). TLS restraints were used in the last several
cycles of refinement in phenix.refine. The final model was
evaluated with MolProbity (Chen et al, 2010) and
PROCHECK (Laskowski et al., 1993). The crystallographic
parameters are listed in Table 1. All figures showing structures
were prepared with PyMOL.

2.3. Electrophoretic mobility shift assay (EMSA)

An EMSA was performed as described previously (Xue et
al., 2014). The P1 promoter of the sae operon was PCR-

amplified from S. aureus strain NCTC 8325 with a biotin-
labelled primer P1-F (5-TTGGTACTTGTATTTAATCGTC-
TATC-3’) and P1-R (5-GTTGTGATAACAGCACCAGC-3).
The DNA probe was mixed with increasing amounts of SaeR
in a 10 pl reaction mixture consisting of 20 mM Tris—-HCI pH
7.5,100 mM NaCl, 0.5 pg poly(dI-dC) on ice for 30 min. After
incubation, the mixtures were electrophoresed in 5% native
polyacrylamide gel in 1x TBE buffer and then electro-
transferred onto a charged nylon membrane (Millipore) in
0.5x TBE. The biotin-labelled probe was detected using the
Chemiluminescent Nucleic Acid Detection Module (Pierce).

2.4. Size-exclusion chromatography assay

Size-exclusion chromatography was carried out using a
Superdex 200 column (10/300 GL, GE Healthcare) attached
to an AKTAprime plus (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). Proteins were detected by the
absorbance measured at 280 nm.

2.5. CD spectroscopy

Purified SaeR and its mutants (0.15mgml™") in 50 mM
sodium phosphate buffer pH 7.5 were loaded into a quartz
cuvette (d = 0.1 cm path length) and CD spectra were
recorded from 190 to 260 nm on a Jasco J810 spectro-
polarimeter at 298 K. A buffer-only sample was used as a
reference. All CD spectra represent the average of three
successive spectra. The molar ellipticities (0) were plotted
versus wavelength and the reference curve was subtracted
from each curve.

2.6. Complementation of the saeR knockout strain

The saePQRS knockout strain NMAsae is an S. aureus
Newman strain with the sae operon deleted, which was kindly
provided by Dr Taeok Bae (Sun et al., 2010). Complementa-
tion of the saePORS knockout was achieved using a plasmid
expressing the saePQRS operon under the control of its native
promoter. The fragment of the saePORS operon was amplified
using primer pairs P671 (5-AACGAATTCTTGGTACTTG-
TATTTAATCGTCTATC-3') and saeC-R (5-GCGGGATC-
CTGATGAGAAGGATACCCATA-3) and cloned into the
plasmid pLI5S0 (Addgene). The complementary plasmids of
different SaeR mutants were generated using the MutanBEST
kit (Takara) with the plasmid pLI50-saePQRS as a template.
These recombinant plasmids were transformed into S. aureus
RN4220 for modification and then transformed into wild-type
and NMAsae strains by electroporation.
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2.7. Assays for the a-toxin

A Western blot of the a-toxin was performed as described
previously (Zhu et al., 2014). Briefly, the same amount of
stationary-phase supernatant of different strains was collected
and heated for 10 min at 368 K; the samples were then sepa-
rated by SDS-PAGE and electrotransferred onto a poly-
vinylidene difluoride membrane (GE). The protein was
detected by a rabbit anti--toxin antibody (Sigma) followed
by horseradish peroxidase-conjugated sheep anti-rabbit anti-
bodies (Pierce). Haemolysis was assayed by spotting 5 pl of an
overnight culture onto sheep blood agar (Kailin, People’s
Republic of China) and incubating at 310 K for 3 d.

3. Results and discussion
3.1. The DNA-binding properties of SaeR and SaeR°®P

The saePQORS operon is a key element in the regulatory
cascade governing the staphylococcal virulon. The SaeR/S
TCS upregulates many virulence factors, including secreted
proteins such as haemolysin, coagulase, proteases etc. and

some cell wall-associated proteins, and downregulates
SaeR
]
SaeR-DNA { B ” ~ “ ;
complex > 1 h

FreeDNA—bh ' .
1 2 3 4 5 6 7

capsular polysaccharide (Giraudo et al., 1994, 1997; Harraghy
et al., 2005; Li & Cheung, 2008; Arumugaswami et al., 2009;
Goerke et al., 2005). SaeR acts as a transcriptional regulator
and modulates the expression of target genes by directly
binding to their promoters. How SaeR interacts with the
promoter region of target genes, however, remains unknown.
To investigate the DNA-binding properties of SaeR, the P1
promoter of the sae operon was chosen as the DNA-binding
substrate because the promoter is strongly autoregulated by
sae (Geiger et al., 2008). As shown in Fig. 1(a), the SaeR
protein displayed a specific affinity for the P1 promoter frag-
ment. Addition of unlabelled specific DNA abolished the shift
(Fig. 1c, lane 7), while the nonspecific competitor poly(dI-dC)
did not, indicating that the binding of SaeR to the promoter is
specific. The EMSA experiments indicated that both SaeR and
SaeR"PP could bind to P1 promoter DNA and that SaeRP®P
had a lower DNA-binding affinity than the full-length protein.
In addition to the previous report that the deletion of residues
1-103 of SaeR may enhance the DNA-binding affinity of SaeR
(Sun et al., 2010), the different DNA-binding affinities of the
truncations SaeR'**?*® and SaeR'*?*® indicated that the loop
region consisting of residues 104-124 in SaeR plays an
important role in DNA substrate
binding or in SaeR domain
arrangement.

3.2. Overall structure of SaeRPBP

In order to study the
mechanism of SaeR as a response

regulator, we prepared three
SaeR"®P : :
recombinant proteins, SaeR,
. SaeR®P and SaeR"®P, for the
: : & 33 growth of crystals. Unfortunately,
SaeR-DNA 1 h hi i only the crystals of SaeR"®P
complex > ’ = h .
Free DNA u o diffracted well enough to allow
8 9 10 11 12 13 14 data collecj[lon. Details of the
@) data-collection and refinement
ey ; RS statistics are summarized in
SaeR_S. aureus 125 ---QPVEQLSFDELTLINLSKVVTVNGHEVPMRIKEFELLWYLASRENEVISKSELLEKVWG 183 Table 1. The SaeRP"P crystals

PhoB_E. coli 124 SPMAVEEVIEMQGLSLDPTSHRVMAGEEPLEMGPTEFKLLHFFMTHPERVYSREQLLNHVWG 185

OmpR_E. coli 130 APSQEEAVIAFGKFKLNLGTREMFREDEPMPLTSGEFAVLKALVSHPREPLSRDKLMNLARG 191
- *

belonged to space group P2,2,2,
and each asymmetric unit
contained two molecules: mole-
cule A and molecule B. Because
of poor electron density, residues

— 3 6 —— 7
SaeR_S. aureus 184 YDYYEDANTVNVHIHRIREKLEKESFTTYTITTVWGLGYKFERSR--- 228 185-188 of molecule A of
DBD .
PhoB_E. coli 186 TNVYVEDRTVDVHIRRLRKALEP-GGHDRMVQTVRGTGYRESTRF--- 229 SaeR were not modelled in

OmpR_E, coli 192 REYSABERSIDVQISRLRRMVEEDPAHPRYIQTV?GLGYVFVPDGSKA 239

*k K
(0
Figure 1

Overall structure of SaeRP®P and its DNA-binding properties. (¢) EMSA of SaeR and SaeRP®" with
biotin-labelled P1 promoter. DNA is at 0.7 nM in each lane; the protein in lanes 1-7 is at 0, 36, 54, 72, 90,
108 and 108 pM, respectively; the protein in lanes 8-14 is at 0, 84, 126, 168, 210, 252 and 252 pM, cule
respectively. 7 nM cold DNA (unlabelled P1 promoter DNA) was added to lanes 7 and 14. (b) Cartoon
representation of SaeRP®P. (¢) Sequence alignment of the DNA-binding domains of SaeR, PhoB and
OmpR. The secondary-structural elements of SaeR”®P are shown at the top of the sequence. a-Helices are
coloured green and S-strands are coloured orange. Strictly conserved residues and similar residues are
depicted in red and green. Residues labelled with a blue star were mutated in this study.

the final structure. Superposition
of the two molecules shows little
structural variation [0.619 A root-
mean-square deviation (r.m.s.d);
Supplementary Fig. S2a]. Mole-
B, with better electron
density in the asymmetric unit,
will be discussed in the following.
The overall structure of molecule
B is shown in Fig. 1(b). To test
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whether SaeR and SaeRPBP exist as a monomer in solution,
we performed a size-exclusion chromatographic assay. As
shown in Supplementary Fig. S1, SaeR and SaeRP"P eluted
with molecular weights of approximately 26.0 and 9.8 kDa,
respectively, which were close to the theoretical values for a
monomer (26.86 and 12.40 kDa).

SaeR”PP adopts a peach-shaped structure (Fig. 1b). It
consists of three a-helices and seven B-strands with topology
B1-B2-B3-p4—al-B5-a2-a3-p6—P7. The o2 and o3 helices

compose the classical helix—turn-helix motif. The C-terminal
antiparallel S-strands (86—87) that form a B-hairpin structure
constitute the winged motif. The loop between the 2 and &3
helices is called the o loop (or the transactivation loop) and
interacts with the RNA polymerase (RNAP) subunit to acti-
vate transcription, as has been shown in OmpR and PhoB
from E. coli (Martinez-Hackert & Stock, 1997; Makino et al.,
1993). The &3 helix is the recognition helix, which is very
important for recognizing dsDNA by binding the major

30 —— SaeR

25_' —— SaeR K174A
. SaeR H198A

254 —— SaeR R199A

15 - = SaeR R201A

—— SaeR W218A

[6] x 10-3(deg cm? dmol!)

20— T 7T T T T T T
200 205 210 215 220 225 230 235 240 245 250
Wavelength(nm)
®
SaeR K174A SaeR H198A
— 1] -
SaeR-DNA
zzmplex —> : u H“ : i
Free DNA ——p u u uu u ““
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
SaeR R199A SaeR R201A SaeR W218A
- ] —_— ]
SaeR-DNA 2 [ | BTEY
2;?)mplex —> u u “" ? : é &
Free DNA —p u : 3
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
()
Figure 2

The interaction between SacR and the P1 promoter. (a) Superposition of SaecRPEP onto the structure of PhoBP®P-bound dsDNA (PDB entry 1gxp).
Only the winged helix-turn-helix modules of SaeR”"® and molecule A of PhoBP®" in 1gxp and part of the dsDNA are shown. Colouring scheme:
orange, SaeRPBP; cyan, PhoB®P; grey, DNA strands. The following side chains of residues of PhoBP®P (the equivalent residues in SaeR PBP labelled
with an orange background are given in parentheses) are shown as sticks: Argl76 (Lys174), Arg200 (His198), Arg201 (Argl199), Arg203 (Arg201) and
Arg219 (Trp218). Residues Argl76, Arg200, Arg201, Arg203 and Arg219 are labelled in blue. (b) The CD spectra of recombinant SaeR and its mutants.
(c) EMSA of SaeR and SaeR mutants with biotin-labelled P1 promoter. DNA is at 0.7 nM; the protein in lanes 1-5 is at 0, 18, 36, 72 and 108 uM,
respectively.
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grooves, and the B-hairpin motif contacts the minor grooves,
as has been reported in the OmpR/PhoB family (Martinez-
Hackert & Stock, 1997; Makino et al., 1993).

3.3. The interaction between SaeR and the P1 promoter

To analyze the interacting surface between SaeR”PP and

dsDNA, we superposed SaeRPP" with the PhoB"*P-DNA
complex (PDB entry 1gxp; Blanco et al., 2002; Fig. 2a). Five
key residues in the winged helix—turn-helix module were
found to have the possibility of interacting with dsDNA. In
order to verify that these residues are important for recog-
nizing the target dsDNA, we constructed five SaeR mutants
(K174A, H198A, R199A, R201 A and W218A) and studied the
effects of the various mutations on DNA binding by EMSA.
As shown in Fig. 2(c), SaeR displayed a high binding affinity
for the P1 promoter fragment, while mutations of these resi-
dues caused decreased binding affinity. The binding affinity of
SaeR H198A, SaeR R201A and SaeR W218A decreased
significantly, while the effects of the K174A and R199A
mutations were slight. Addition of the nonspecific competitor
poly(dI-dC) did not alter the shift, indicating that the binding
of SaeR and mutations to the promoter is specific. Sequence
alignment showed that with the exception of His198, the other
four residues were conserved among SaeR, PhoB and OmpR
(Fig. 1¢). To ascertain that the decreased DNA-binding affinity
of these mutant proteins was not owing to abnormal folding
behaviour, their secondary structures were determined using
circular-dichroism (CD) spectroscopy (Fig. 2b). The secondary
structures of these mutant proteins were similar to that of the
wild-type protein, suggesting that all of the above mutations
do not appear to affect the overall protein structure during the
recombinant expression process.

3.4. Positive regulation of a-toxin by SaeR

It has been reported that a-toxin is a pore-forming cyto-
toxin that is upregulated by SaeR (Goerke et al., 2001; Li &
Cheung, 2008). The promoter region of a-toxin contains the

y & I T =
SIS
s X ¥ & & A
3 TS~ A~ TR s <R 14
5 T § S 88 F
) & 9 & 9 o9 4
é3 + + + + + +
F S 5§ 5 §FFS§F S
N
N Q S S N S
< v v v v v

40 © O O ©

Figure 3

Functional analysis of S. aureus Newman strain (wild-type strain), the
saeR knockout strain and complementary strains with SaeR and SaeR
mutants in vivo. (a) Western blot analysis of the a-toxin. (b) Haemolysis
on sheep blood agar. Clear zones indicate haemolytic activity.

sequence GTTAANGGTTAA, which has been shown to be the
SaeR binding site (Sun et al., 2010). To confirm that the resi-
dues involved in interaction with promoter DNA in vitro were
also active in vivo, we assayed the expression of o-toxin in the
wild-type strain, the saeR knockout strain NMAsae and the
NMAsae strain complemented with different SaeR mutants.
As shown in Fig. 3(a), expression of the o-toxin was obviously
detected in the wild-type strain and the SaeR complementary
strains, but not in the saeR knockout strain NMAsae. As
expected, complementation with SaeR mutants failed to
activate expression of the o-toxin except in SaeR H198A, with
weak expression. In order to further validate the importance
of these residues for the physiological function of S. aureus, we
analyzed the haemolytic activity of different strains. As shown
in Fig. 3(b), a high level of haemolytic activity was detected in
the wild-type strain and on complementation with SaeR, but
not in the knockout strain and on complementation with SaeR
mutants, which was in agreement with the Western blot results
for the a-toxin. For SaeR H198A, with weak expression of
a-toxin, we also did not observe haemolytic activity. We
speculated that the Western blot assay is more sensitive and
the amount of a-toxin was not sufficient to reach the threshold
of the haemolytic activity assay. Two mutations (K174A and
R199A) had a slight influence on the in vitro DNA binding of
SaeR but impacted greatly on in vivo a-toxin expression, while
the H198A mutation abolished DNA binding in vitro but
showed detectable a-toxin in a Western blot assay. These
suggest that the binding between the P1 promoter and the
«-toxin promoter may be different and there may be other
layers of regulation of o-toxin gene expression.

3.5. Putative SaeRPBP—dsDNA recognition model

Blanco and coworkers reported the crystal structure of
PhoB"”"" in complex with its target DNA, in which two
PhoB”®” molecules bind in tandem to the DNA moiety
(Blanco et al., 2002). Subsequently, Narayanan and coworkers
presented the structure of full-length KdpE, a member of the
OmpR/PhoB family, bound to 30 bp dsDNA, in which two
KdpE molecules form a asymmetric dimer in an active-like
conformation without phosphorylation (Narayanan et al.,
2014). We compared SaeRPPP with the DNA-binding domains
of PhoB (PDB entry 1gxq; Blanco et al., 2002) and OmpR
(PDB entry lopc; Martinez-Hackert & Stock, 1997), which
showed similar overall structures with C* r.m.s.d.s from
1.863 A (96 C* atoms) to 3.926 A (74 C% atoms) (Supple-
mentary Figs. S2¢ and S2d). The r.m.s.d. of the winged helix—
turn-helix module between SaeR”®"” and OmpR"”®" was
4.095 A for 52 comparable C* atoms, while the winged helix—
turn-helix modules of SaeRP®P and PhoBP"P were more
similar, with an r.m.s.d for 51 C* atoms of 2.181 A. Based on
the high sequence identity (31.8%) and structural similarity
between SaeRPP” and PhoB”®P, we speculated that SaeRPPP
recognized the P1 promoter with the helix—turn-helix motif
and B-hairpin motif, which is similar to the DNA-binding
model of PhoB”"P. We also confirmed that five residues in the
winged helix—turn—helix module were important for binding to
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the P1 promoter in vitro and for the
DBD physiological function in vivo. Little
difference between SaeR"®P  and
PhoB"®” in interacting with dsDNA
was found on comparing their struc-
tures. The largest backbone deviations
occur in the loop regions a2—«3 (o loop)
and o3-p6 (Fig. 4). The o loop of
SaeRPPP has a unique structure, with
helix-turn-helix motif the first half turn of the &3 helix
unwound compared with PhoB®®P. As
shown in the close-up view in Fig. 4, this
conformation will result in steric clashes
between the « loop and the DNA if the
recognition helix of SaeR”®" binds to
the dsDNA in a similar manner as in
PhoB""P. However, owing to the flex-
ibility of the loop, it is possible that the
conformation of the « loop will change
once it binds to its target dsDNA. By
comparing the surface electrostatic
potential  between SaeRP®”  and
PhoBPBP, the C-terminus of the o2
helix and the N-terminus of the o3 helix
in SaeRP®" have a positive electrostatic
potential and the rest of the molecular
surface is either negatively charged or
neutral, while PhoBPBP has an alkaline
patch at a similar position (Fig. 5). The
C-terminal B-hairpin turn of SaeRP®P
Figure 4 has a neutral electrostatic potential,
Structural superposition of the DNA-binding domains of SaeR and PhoB. SaeR is in orange; PhoB while the corresponding turn of
(P eney Loy s n cyan, The o i M e il i he o of bding o oB”"™ s highly positivly charge
entry 1gxp) is shown in grey. The DNA-binding patch electrostatic

PhoB'

SaeRPBP

p-hairpin motif

Helix—turn—helix motif

f-Hairpin motif

SaeR"®"

pDBD
PhoB

PhoB"®”

Figure 5
Surface view of the electrostatic potentials of SaeRP®" and PhoB”®P. SaeRP"P is in orange and PhoBP"P is in cyan. Residues interacting with DNA are
shown as sticks (left figure).
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potential differences between SaeR”®" and PhoBP"P indicate
that the DNA-binding details of these two proteins would be
somewhat different.

SaeRPPP and PhoB"®P have a similar acidic patch built up
by the transactivation loop and the &2 helix. This patch on the
PhoBPPP surface has been reported to interact with the
RNAP subunit (Blanco et al., 2011), and P-SaeR also can bind
to the RNAP subunit to activate transcription at the promoter
(Sun et al., 2010; Cho et al., 2012). Therefore, we speculated
that SaeRPPP could interact with the RNAP subunit in a
similar manner as PhoBPBP. However, further studies will be
needed to demonstrate the details of how SaeR interacts with
the RNAP subunit to activate transcription of the target
promoters.
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