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Hongzhe Sun b, Xuechen Li b and Richard Yi-Tsun Kao a

aDepartment of Microbiology, School of Clinical Medicine, Li Ka Shing Faculty of Medicine, The University of Hong Kong, Pokfulam, Hong
Kong Special Administrative Region, China; bMorningside Laboratory for Chemical Biology and Department of Chemistry, The University
of Hong Kong, Hong Kong, People’s Republic of China

ABSTRACT
Staphylococcus aureus is a major human pathogen responsible for a wide range of clinical infections. SaeRS is one of the
two-component systems in S. aureus that modulate multiple virulence factors. Although SaeR is required for S. aureus to
develop an infection, inhibitors have not been reported. Using an in vivo knockdown method, we demonstrated that
SaeR is targetable for the discovery of antivirulence agent. HR3744 was discovered through a high-throughput
screening utilizing a GFP-Lux dual reporter system driven by saeP1 promoter. The antivirulence efficacy of HR3744
was tested using Western blot, Quantitative Polymerase Chain Reaction, leucotoxicity, and haemolysis tests. In
electrophoresis mobility shift assay, HR3744 inhibited SaeR-DNA probe binding. WaterLOGSY-NMR test showed
HR3744 directly interacted with SaeR’s DNA-binding domain. When SaeR was deleted, HR3744 lost its antivirulence
property, validating the target specificity. Virtual docking and mutagenesis were used to confirm the target’s
specificity. When Glu159 was changed to Asn, the bacteria developed resistance to HR3744. A structure–activity
relationship study revealed that a molecule with a slight modification did not inhibit SaeR, indicating the selectivity
of HR3744. Interestingly, we found that SAV13, an analogue of HR3744, was four times more potent than HR3744
and demonstrated identical antivirulence properties and target specificity. In a mouse bacteraemia model, both
HR3744 and SAV13 exhibited in vivo effectiveness. Collectively, we identified the first SaeR inhibitor, which exhibited
in vitro and in vivo antivirulence properties, and proved that SaeR could be a novel target for developing
antivirulence drugs against S. aureus infections.
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Introduction

The highly virulent nature of Staphylococcus aureus (S.
aureus) makes it a life-threatening pathogen. It may
invade any region of the body and produce symptoms
ranging frommoderately severe skin infections to fatal
pneumonia and sepsis [1]. Methicillin-resistant
S. aureus (MRSA) is a leading pathogen responsible
for hospital- and community-acquired infections
worldwide. Widely reported MRSA infections such
as bacteraemia and skin and soft tissue infection
pose a significant threat to patients. Limited thera-
peutic options are available to treat bacteria that are
resistant to multiple classes of antibiotics, including
vancomycin, β-lactams, and aminoglycosides [2]. In
2017, the World Health Organization (WHO)
reported that antibiotics are becoming obsolete and
highlighted that antimicrobial resistance is a global
health and development threat. The rapid emergence

of resistant S. aureus strains especially for antibiotics
like clindamycin, makes patients vulnerable to mor-
bidity and mortality [3]. Meanwhile, antibiotics may
exacerbate infections by enhancing bacterial virulence
[4]. Additionally, antibiotics with its bacterial inhi-
bition property, may generate selection pressure on
pathogens leading to the emergence of resistant
strains. Hence, the usage of antibiotics may not be
an efficient and sustainable strategy to combat bac-
terial infections. There is an urgent need for an
alternative anti-infective agent such as antivirulence
molecules, which selectively inhibit the pathogenesis
pathways, without inducing selective pressure in
pathogens [5,6].

Multitude of virulence factors play a pivotal role in
S. aureus pathogenesis. Infection starts with coloniza-
tion which requires a diverse repertoire of virulence
factors. Later, the bacteria disseminate by adapting
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to the host environment, subvert host functions, and
finally evade the host immune response [7]. Blocking
these infection pathways will make the pathogen
more susceptible to the host immune system, leading
to its natural clearance. Therefore, the utilization of
antivirulence agents is crucial in attaining this goal,
as they do not impose any selective pressure on the
pathogens and may preserve the natural microbial
flora within the host [8,9].

Voluminous literature on key regulatory networks
in S. aureus, such as accessory gene regulator
(agrAC), staphylococcal accessory regulator (sarA)
and S. aureus exoprotein expression regulator
(saeRS) has shown that these genes affect the
expression of haemolysin A (hla) both in vitro and
in vivo. Moreover, sae plays a crucial role in this con-
text [10]. The histidine kinase (SaeS) and response
regulator (SaeR) comprise a two-component system
[11]. When exogenous stimuli (e.g., β-lactam anti-
biotics or α-defensin) are present, SaeS changes its
conformation and auto-phosphorylates. The phos-
phate group is then transferred to SaeR. The binding
of phosphorylated SaeR to the target gene promoter
recruits RNA polymerase to the promoter, and
initiates transcription [12].

Within the network, the sae system exerts its func-
tion as a central downstream regulator [13]. Many
dominant virulence genes are controlled by the sae
system, including hlb (coding for β-haemolysin), hla,
cna (coding for coagulase), eap (coding extracellular
adherence protein), and fnbA (coding for fibronec-
tin-binding protein A), probably by direct interactions
with promoters of such genes [14]. Depending on the
rate of saeR phosphorylation, sae system-controlled
genes can be characterized into two distinct groups:
class I and class II. A high level of phosphorylated
SaeR (P-SaeR) is required for inducing class I target
genes (e.g. the sae P1 promoter, cna, fnbA, and eap),
whereas for class II targets (e.g. hlb and hla), a basal
level of P-SaeR is sufficient [15].

In a saeRS mutant, expression of exotoxin (hla, pvl)
genes was decreased and the production of α-toxin was
entirely abolished, leading to reduced haemolytic
activity [14]. In a murine haematogenous pyelonephri-
tis model, these properties, in turn, contributed to the
reduced virulence of the saeRS mutant [16]. More
importantly, mutation of agr or sarA was shown to
have weak impact on the expression of hla in vivo.
The deletion of saeRS, however, led to the repression
of hla under in vitro and in vivo conditions [10].

In this study, our focus was to evaluate the target-
ability of SaeR and identify novel small molecules that
can inhibit its activity. To achieve this, we employed
molecular docking and mutagenesis studies to investi-
gate and validate the target specificity. Additionally,
we assessed the in vivo efficacy of the identified small
molecules using a mouse bacteraemia model.

Results

SaeR is targetable for antivirulence drug
development

Deletion of SaeR in S. aureus has been shown to inhi-
bit the occurrence of skin infection, pneumonia [17],
bacteraemia [18], and virus-MRSA co-infection [19].
Despite its pivotal role in pathogenesis, no SaeR
inhibitors have been identified.

To demonstrate the targetability of SaeR, we used an
inducible knockdown system [20]. We designed four
oligos (kd-saeR-1–4, Supplementary Table 3) for SaeR
and transformed knockdown plasmids into USA300.
The knockdown effect on SaeR was determined by
measuring the production of the downstream gene,
hla. By adding 100 ng/mL of the inducer anhydrotetra-
cycline (aTc), we found that the production of α-toxin
reduced significantly (Figure 1(A)). This showed that
the knockdown strain was successfully constructed.
The strain harbouring pSD1-kd-saeR-2 (USA300-
pSD1-saeR) was selected for further studies.

Using a skin subcutaneous infection mouse model,
the pathogenicity of different deletion mutants of the
saeRS system was assessed. Deletion of saeR, saeS,
saeQRS, and agrA significantly decreased abscess size
and bacterial load (Figure 1(B, C)), but deletion of
sigB increased abscess size. In addition, complementa-
tion of saeR resulted in abscess sizes that were compar-
able to those of a wildtype strain harbouring a blank
plasmid under the induction of aTc, indicating that
in vivo induction by aTc was effective.

Although these deletion (knock-out) strains
showed substantial reduction in bacterial load, they
do not mimic the real-life antivirulence effect. Anti-
virulence molecules cannot delete or alter the genes,
but they interact directly with the proteins involved
in pathogenesis. Hence, a knock-down approach is
more suitable to mimic the antivirulence effect. In
the knockdown system, the addition of an inducer
such as anhydrous tetracycline suppresses the
expression of saeR mimicking the antivirulence
effect. Using this approach, we tested whether the
saeR can be suppressed in vivo.

CFU analysis revealed that the saeR knockdown
strain reduced the size of the abscess and decreased
the bacterial burden significantly (Figure 1 (D, E)).
These results showed that, by inhibiting SaeR using
the knock-down approach, S. aureus pathogenesis
can be quenched in vivo, and SaeR is targetable for
the development of antivirulence drugs.

Identification of HR3744 as an inhibitor of SaeR

After screening against 400 compounds with effects on
hla expression, 139 compounds exhibited a repression
effect on saeP1 promoters (Supplementary Figure 1).
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After the purification of SaeR and SaeS, a phos-
phorylation assay was performed (Supplementary
Figure 2 (A to E)). Based on the optimized concen-
tration of P-SaeR (Supplementary Figure 2(F)), a mix-
ture of 10 μM of P-SaeR and the sae P1 promoter were
pre-treated with DMSO or 250 μM of the compounds.
After the interaction, the bound protein and DNA
were examined by EMSA (Supplementary Figure 2
(G)). Compounds No. 2 and No. 3, inhibited the inter-
action. Therefore, after screening, HR3744 was ident-
ified as an SaeR inhibitor (Figure 2(A)). The

differential scanning fluorimetry (DSF) assay revealed
that with the increasing concentration of compound
HR3744, the thermal stability of SaeR decreased.
This indicated that an interaction may exist between
HR3744 and SaeR protein (Figure 2(B)).

Western blot analysis revealed that the compound
HR3744 decreased the production of virulence factors
α-toxin and Panton-Valentine Leukocidin (PVL) at
various doses, but not protein A (Figure 2(C)). A
dose-dependent inhibition of HR3744 against these
virulence factors was observed with a concentration

Figure 1. Targetability of SaeR by the in vivo knockdown approach. (A) Protein A and α-toxin production in different saeR knock-
down strains with or without inducer aTc (100 ng/mL). (B) Abscess size (cm2) in Balb/c mice (n = 5/group) up to 14 days after
subcutaneous (s.c.) skin injection with 50 μL of S. aureus USA300 parental strain or USA300ΔsigB, USA300ΔsaeR, USA300ΔsaeS,
USA300ΔsaeQRS, and USA300ΔagrA, mutant strains (5 × 107 colony-forming units [CFU]/site). (C) Bacterial load from abscesses
on day 14 from mice infected with USA300 wildtype and mutant strains. (D) The mice were infected with different strains and
treated with aTc orally 6 h post-infection, and the abscess size was measured up to 14 days. (E) Bacterial load on day 14 from
abscesses recovered from aTc treated groups. The statistical significance was calculated by one-way ANOVA and two-way
ANOVA. Data on graphs represents mean values ± SD (*p < .05; **p < .01; ***p < .001; ****p < .0001).

EMERGING MICROBES & INFECTIONS 3



ranging from 100 µM to 6.2 µM. Based on theWestern
blot results, the IC50 for the production of α-toxin and
PVL was less than 6.2 µM. The overall impact on the
virulence genes expression was further assessed
using Quantitative Polymerase Chain Reaction
(qPCR). Similar to the Western blot results, HR3744
reduced the expression of hla, pvl, and other virulence
genes such as psm and agr (Figure 2(D)). In addition
to the Western blot and qPCR, haemolysis and leuco-
toxicity assays were carried out using HR3744. The
novel small molecule demonstrated dose-dependent
reduction of staphylococcal haemolysis activity
against human RBC and leucotoxicity against macro-
phage J774 cells, and epithelial A549 cells respectively
(Figure 2(E)).

The cytotoxic effect of HR3744 was tested using
Raw264.7 cells. The TC50 of HR3744 in this cell line
was found to be greater than 200 µM, suggesting
that the drug does not induce any cytotoxic effect at
lower concentrations. In addition, HR3744’s MIC
against S. aureus USA300 was more than 240 µg/mL

(500 µM). Thus, results from these findings exem-
plifies the importance of non-toxic, and non-antibiotic
antivirulence molecules such as HR3744, which sup-
press S. aureus pathogenesis by inhibiting the
expression of virulence factors without any killing
effect. These preliminary in vitro findings directed us
to explore the target specificity of HR3744.

Target specificity of HR3744

The target specificity of HR3744 against SaeR was
determined by analysing the expression of hla in
wild-type and mutant strains. In the wildtype
USA300 strain, HR3744 inhibited the fluorescence sig-
nal with an EC50 of approximately 10 µM, but the
EC50 in the saeS and saeR deletion strains were greater
than 100 µM. Additionally, we found that the EC50 of
HR3744 in the agrA deletion strain was approximately
25 µM, demonstrating that HR3744 does not suppress
hla production by inhibiting AgrA, but rather SaeR
(Figure 3(A)).

Figure 2. SaeR inhibition and antivirulence effect of HR3744 in vitro. (A) EMSA of SaeR bond to saeP1 promoter was inhibited by
HR3744. (B) DSF analysis of HR3744 on SaeR thermal stability. Different concentrations of HR3744 (200 µM to 3.2 µM) and 5 µM
SaeR were applied in this assay. (C) A dose-dependent effect of HR3744 reduced major virulence factors production. HR3744
reduced the production of two important virulence factors, α-toxin and PVL, but had no effect on protein A at different concen-
trations. Data collected on 5 h of culture. (D) HR3744 suppressed major virulence gene expressions by qPCR. HR3744 reduced the
expression of four important virulence factors and regulators, hla, psm, pvl, and agr at a concentration of 5 µM. Data were collected
on 5 h of culture. (E) Haemolysis activity against human RBC and leucotoxic activity against A549 cell and J774 cells.
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EMSA was used to assess the inhibition of HR3744
against SaeR, while NMR water ligand-observed gradi-
ent spectroscopy (waterLOGSY) was used to confirm
direct interaction of SaeR and HR3744. In 1D spec-
troscopy, the compound HR3744 exhibited some typi-
cal peaks; however, no positive peaks were identified
during waterLOGSY detection. When SaeRDBD or
SaeR was introduced to the system, positive character-
istic peaks were detected in waterLOGSY spec-
troscopy. These results demonstrated the direct
interaction between HR3744 and SaeR or SaeRDBD
(Figure 3(B)).

Virtual docking and mutagenesis

The virtual docking method was applied to investigate
the interaction of HR3744 with the relative amino

acids of the SaeR protein. Computer-simulated dock-
ing utilizing a grid box that encompasses the full crys-
tal structure of SaeR (PDB:4qwq and 4ixa) indicated
that HR3744 might fit into the pocket between the
two monomers (Figure 3(C) and Supplementary
Figure 3(A)). To limit the likelihood of missing a
potential interaction, we retained all seven confor-
mations of HR3744, with yellow lines representing
the interactions between HR3744 and SaeRDBD
(Figure 3(C)). To clearly analyse the interaction
between SaeR and HR3744 by ligplus in one confor-
mation (Figure 3(D)), direct hydrophobic interactions
with residues R154, R155, K156, W182, Y184, Y186,
E188, H196, and R199 were indicated. Other confor-
mations were presented in Supplementary Figure 3
(B to G). In summary, direct hydrophobic contacts
with residues M153, R154, R155, K156, W182, Y184,

Figure 3. Target specificity of HR3744 against SaeR. (A) The EC50 of HR3744 against hla expression by testing fluorescence signal
in different mutant strains, USA300, USA300-ΔsaeR, USA300-ΔagrA, and USA300-ΔsaeS. (D) WaterLOGSY of 0.8 µM SaeR or
SaeRDBD with 40 µM HR3744. (C) Predicted binding conformations of HR3744 to SaeR. The SaeR of S. aureus (PDB entry 4ixa)
is labelled in cyan. HR3744 is predicted to bind near the binding cavity of SaeR to DNA. The side chains of the predicted interacting
amino acid residues that participate in the hydrophobic contacts with HR3744 are shown. (D) A 2D schematic diagram of SaeR-
HR3744 interactions is shown. Hydrophobic contacts are represented by an arc with spokes radiating towards the HR3744 atoms
that they contact. The contacted atoms in HR3744 are shown with spokes radiating back. (E) α-toxin production in different strains
with or without HR3744. Example of the response of site-mutagenesis of amino acid E159 to the inhibition activity of HR3744.
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Y186, E188, A190, T192, H196, and R199 were ident-
ified in the conformations (Figure 3(C) and Sup-
plementary Table 1).

Based on the probable binding sites identified
through our docking models, we made site-directed
modifications along the expected binding pocket by
substituting the original amino acid residues with a
short side chain or by altering the polarity (Table 1).

By transforming mutation plasmids into USA300-
ΔsaeR, we explored whether the deletion of saeR
may be compensated by other saeR mutants through
the synthesis of α-toxin. Interestingly, 16 of the 31
mutants did not produce α-toxin despite aTc induc-
tion (Table 1). Our results also suggested that these
amino acids are essential for the function of SaeR.
Ten mutant strains did not alter the susceptibility to
HR3744. However, strains with SaeR mutation at
E188L, E188N, and D189H became sensitive to
HR3744, whereas, E159N and D185N showed resist-
ance to HR3744.

In the wildtype SaeR complementation strain,
HR3744 exhibited the similar suppression of α-toxin
production as that for the wildtype strain. However,
the saeR deletion strain did not produce α-toxin, irre-
spective of the presence of HR3744. It is noteworthy to
mention that two mutant strains with amino acids
replacement in SaeR from glutamic acid at position
159 to leucine and lysine exhibited the suppression

of α-toxin production in the presence of HR3744.
Their level of suppression was similar to the comple-
mentation strain. But in another strain with a
mutation in position 159 to asparagine (E159N) dis-
played resistance to HR3744 (Figure 3(E)). These
findings suggested that HR3744 might target SaeR
via interacting with the amino acid glutamic acid at
position 159 (E159).

Structure–activity relationship (SAR)

To further understand the property of HR3744, we
conducted SAR studies. Through this approach, we
aimed to discover analogues of HR3744 with increased
SaeR inhibition properties. We searched the analogues
of HR3744 in the Hits2lead database and found 79
compounds available with 85% similarity. Using lumi-
nescence and fluorescence signals in USA300-pGLhla,
the antivirulence effect of the newly identified ana-
logues against hla expression was investigated. To
exclude the possibility of a substance altering the lumi-
nescence or fluorescence reading, we constructed a
novel system in which the kanamycin resistance
gene was placed downstream of the hla promoter.
The USA300-pGLhlakan (Supplementary Figure 4
(A)) developed resistance to kanamycin in the absence
of an SaeR inhibitor; however, the addition of HR3744
was found to re-sensitize the bacterium to kanamycin
(Supplementary Figure 4(B)). Using this method, we
analysed the analogues of HR3744. Finally, we selected
those compounds which showed inhibition in all the
in vitro assays (Supplementary Figure 4 (C and D)).
Using these results, structure activity relationship
was established for the analogues.

Based on the inhibition results of the tested benzy-
lidene barbituric acid and benzylidene thiobarbituric
acid derivatives, the SAR paradigm is summarized in
Figure 4(A). The substituents on the two nitrogen
atoms in the (thio)barbituric acid segment (R1 and
R2) and the meta/para-positions on the benzylidene
segment (R4 to R6) were found to be important for
the activity, while keeping ortho-substituents R3 and
R7 as H/H were beneficial. In general, for R1 and R2,
both H/H and H/Me combinations were favoured,
while substitution with two Me groups or one or
two bulky groups like phenyl gave lower activity. For
R4 and R6, the combinations, such as Cl/Cl, EtO/Br,
EtO/H, and Br/H were favoured, while H/H and
bulky groups like aromatic sulphonates were disfa-
voured. For R5, the substituents comprising a hydro-
phobic aromatic ring and an O-containing flexible
spacer (e.g. benzyloxy group and aromatic sulpho-
nates) were favoured. In contrast, the linear flexible
groups without an aromatic ring gave lower activity.
Finally, both barbituric acid and thiobarbituric acid
contributed similarly to the activity. Considering the
stability issue caused by the base labile sulphonate

Table 1. Mutagenesis of SaeR.
Mutant Amino acids Activity HR3744 inhibition

Wildtype +++ C
1 P152A +++ C
2 M153A −
3 R154L −
4 R154E −
5 R154N +++ C
6 I155G +++ C
7 K156L −
8 K156E −
9 K156N −
10 E159L + C
11 E159K ++ C
12 E159N ++ R
13 W182L −
14 Y184A −
15 D185L ++ C
16 D185H ++ C
17 D185N ++ R
18 Y186A −
19 E188L ++++ S
20 E188K −
21 E188N ++ S
22 D189L −
23 D189H +++ S
24 D189N −
25 A190G ++ C
26 N191L −
27 T192A −
28 H196L + C
29 H198L + C
30 H198D −
31 R199L −
+: mutant showed activity on production of α-toxin; −: no production of
α-toxin; the more “+,” the higher the activity of SaeR. C: Similar inhi-
bition as a control; S: mutants became sensitive to HR3744; R: mutants
became resistant to HR3744.
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group, and the exhibited maximum inhibition across
all three assays, the compound SAV13 (Figure 4(B))
with 4-fluorobenzyloxy group at the R5 position and
Cl/Cl at R4/R6 was shortlisted for further studies.

TheMIC of SAV13 against USA300 was greater than
211 µg/mL (500 µM), while the cytotoxic activity
(TC50) against Raw264.7 cells was approximately
200 µM. Since SAV13 inhibited hla expression more
effectively based on the GFP-luciferase dual-reporter
method, the EC50 was calculated by these two assays.
SAV13 was almost five times more potent than
HR3744 in a GFP reporter test, with the EC50 value
around 1.9 and 9.4 µM, respectively (Figure 4(C)). Simi-
lar results were obtained in the luciferase assay, where
the EC50 for SAV13 was 1.06, and 4.2 µM for HR3744
(Figure 4(D)). Another compound analogue HR3763

(Figure 4(B)), with only minor structure modification
from HR3744, lost activity in both experiments. These
findings also indicated the specific inhibitory property
of the discovered antivirulence small molecules.

Effect of SAV13

By measuring the fluorescence signal for the GFP
reporter, the activity of the hla promoter cannot be
inhibited by HR3744 at 50 µM in some clinical iso-
lates, including isolates 43, 64, 65, and 73 (Figure 5
(A)). A Sanger sequencing analysis of saeR gene
sequence in these strains revealed no mutations,
demonstrating that the resistance to compound
HR3744 is not related to mutations on SaeR. In con-
trast to HR3744, SAV13 inhibited hla expression in

Figure 4. Structure-activity relationship of HR3744. (A) SAR analysis of HR3744 and its analogues based on the antivirulence effect
with a dual-reporter system and an hla-kan selection system. (B) Structure of HR3744, HR3763 and SAV13. (C) and (D) Comparison
of the antivirulence effect of HR3744, HR3764, and SAV13 by luminescence signal (C) and fluorescence signal (D).
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Figure 5. Antivirulence effect comparison of HR3744 and SAV13 in vitro and in vivo. (A) The inhibition of HR3744 at 50 µM on hla
expression in 20 clinical isolates harbouring pGLhla plasmid was evaluated by detecting fluorescence signal. (B) The inhibition of
SAV13 at 50 µM on hla expression in 20 clinical isolates harbouring pGLhla plasmid was accessed by detecting fluorescence signal.
(C) Selected isolates showed different responses to HR3744 and SAV13 and isolate 85 showed a similar response against two com-
pounds as a control. (D) The EC50 of SAV13 against hla expression by testing fluorescence signal in different mutant strains,
USA300, USA300-ΔsaeR, USA300-ΔagrA, and USA300-ΔsaeS. (E) The EC50 of SAV13 against hlgA expression by testing fluorescence
signal in different mutant strains, USA300, USA300-ΔsaeR, USA300-ΔagrA, and USA300-ΔsaeS. (F) WaterLOGSY of 0.8 µM SaeR
with 40 µM SAV13. (G) Bacterial load of S. aureus USA300 or USA300-ΔsaeR in the kidney of mice after i.v. infection in the presence
or absence of HR3744 and SAV13 treatment at different dosages. The statistical difference was calculated by one-way ANOVA. All
data represent mean values ± SD (*p < .05; **p < .01).
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all 20 clinical isolates at a dose of 50 µM with a ratio of
inhibition that varied among isolates (Figure 5(B)).
The HR3744-resistant isolates, No. 43, 64, 65, and
73, become sensitive to SAV13 (Figure 5(C)). By q-
PCR analysis, we analysed some other genes modu-
lated by SaeR. Deletion of SaeR showed reduced
expression of chp, hlgA, hlgC, map, and splA, while
enhanced the expression of ureA (Supplementary
Figure 5). The inhibitors, HR3744 and SAV13 showed
a similar effect as saeR deletion strain on decreasing
the expression of chp, hlgA, hlgC, map, and splA, how-
ever, increased ureA expression even stronger than
deletion of SaeR.

By measuring the fluorescence signal of pGLhla in
USA300 including various regulator deletion mutants,
the target specificity of SAV13 was further examined.
SAV13 inhibited hla expression in the USA300 strain
with EC50 around 3, and 10 µM in the agrA deletion
mutant, while around 80 µM in saeR or saeS deletion
strains (Figure 5(D)). Similar results were found for
hlgA expression and EC50 values for SAV13 against
USA300-pGLhlgA and USA300-ΔagrA-pGLhlgA,
which were approximately 3 and 5 µM, respectively.
Whereas, for USA300-ΔsaeR and USA300-ΔsaeS, the
EC50 values were greater than 100 µM (Figure 5(E)).
By detecting the physical binding of SAV13 to SaeR,
the positive peaks from the waterLOGSY panel were
observed, indicating the interaction between SaeR
and SAV13 (Figure 5(F)).

After analysing the in vitro activities of HR3744 and
SAV13, we investigated their in vivo effectiveness in
several animal models. To evaluate the efficacy of
SaeR inhibitors, a mouse bacteraemia model was
used. Mice were infected with the saeR deletion
mutant or S. aureus USA300 wild-type strains and
treated with high dose of HR3744 or low dose of
SAV13. CFU analysis revealed similar amount of bac-
teria from their kidneys in treatment groups was
recovered (Figure 5(G)). Significant differences in
the bacterial load were observed between mutant,
treatment, and control groups (p = .0075 for wildtype
and saeR deletion mutant, .0011 for vehicle and
SAV13 at 4.9 mg/kg, .0413 for vehicle and HR3744
at 7.5 mg/kg, and .066 for vehicle and HR3744 at
25 mg/kg).

Discussion

S. aureus has acquired resistance to practically all
known antibiotics, necessitating the discovery of new
therapeutic targets and the development of novel
strategies to treat infections caused by this pathogen
[5,21,22]. Surface-associated virulence factors, exotox-
ins, enterotoxins, and superantigens contribute to the
pathogenicity of S. aureus [23]. Exotoxins from
S. aureus, including α-toxin, β-toxin, δ-toxin, PVL,
and Phenol-Soluble Modulins (PSMs), all contribute

to the lysis of leukocytes [24], and α-toxin and PSMs
may also contribute to the formation of biofilms
[25,26]. Protein A, fibronectin-binding protein A/B,
and envelope-associated proteins are essential for the
adherence and penetration of S. aureus in epithelial
cells and for the development of abscesses in host tis-
sues [27]. Although upstream regulators control mul-
tiple virulence factors, suppression of these regulators
may not completely eliminate the expression of viru-
lence factors. Sometimes, the inhibition of upstream
regulator may enhance the expression of some viru-
lence factors [27]. Hence, by targeting downstream
regulator (wherein the majority of virulence factors
are under strict control), we can effectively suppress
the expression of virulence factors. Thus, these regula-
tors may offer effective and promising therapeutic
potential.

SaeR as a downstream regulator in the saeRS two-
component system can modulate many downstream
genes such as surface proteins (Spa, FnbA, Emp),
secreted proteins (SspA, HlgA, CHIPS, SplA), purine
synthesis pathway, pyrimidine biosynthetic pathway,
and arginine deiminase pathway, etc. Up-regulating
genes include lactose metabolic pathway genes (lacA-
G), urea catabolytic enzymes urease (ureA-G) [28].
Since saeR-regulated genes are essential for S. aureus
pathogenesis, by targeting this protein, we can develop
novel anti-infective agents against S. aureus. With this
unique approach, our present study provided an evi-
dence for developing anti-virulence agents against
MRSA.

Previous studies employing saeR deletion strains
showed reduced S. aureus pathogenesis in various
infection models [29–31]. Despite these findings, the
application of saeR deletion strains for antivirulence
in vivo studies has some limitations. Firstly, saeR is
pivotal for infection initialization. When we use saeR
deletion mutant, S. aureus fails to cause infection in
mice. Hence, saeR deletion strain may not help us
determine whether the antivirulence drug is effective
in reducing S. aureus pathogenesis. Also, due to the
non-antibiotic property of antivirulence molecules,
comparing the bacterial load between the wild-type,
compound-treated, and saeR deletion groups is not
ideal to determine whether saeR is a druggable target
for the development of antivirulence therapy. Sec-
ondly, saeR deletion blocks the spread of a bacterial
infection. But it may have little impact on reducing
the symptoms at the site of infection. Hence using del-
etion mutant, we cannot compare whether the anti-
virulence drug-treated group reduced the symptoms
at the site of infection. To address these lacunae, we
constructed CRISPR-dCas9-based knockdown plas-
mid and validated that SaeR is a targetable protein
for antivirulence drug development under in vivo con-
ditions. The in vivo knockdown of saeR simulated the
antivirulence therapy for S. aureus infection, wherein
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we first established the infection and then began the
treatment using an inducer aTc. When compared to
the mice group infected with a strain harbouring
blank plasmid, aTc treated group showed substantial
reduction in bacterial load and abscess size. These
findings validated the suppression of saeR expression
by aTc and proved that this protein is targetable.

To investigate antivirulence activity, an hla-kan sys-
tem was developed. Unlike the earlier approach that
monitored virulence gene expression using lumines-
cence and fluorescence signals [32], the hla-kan sys-
tem utilized bacterial survival in media containing
kanamycin. Our earlier studies using gfp-lux dual
reporter system revealed many false-positive results
[33]. Thus, an improved screening approach based
on the growth of bacteria in the presence of kanamy-
cin was developed. This novel hla-kan screening
approach was found to be more efficient and served
as a supplement for the dual-reporter-based screening
system. The hla-kan system is regulated by the hla pro-
moter and S. aureus can grow in kanamycin treated
growth media only when the hla is actively expressed.
When compounds suppress the activity of hla promo-
ter, the bacteria cannot grow in presence of kanamycin
(Supplementary Figure 4(B)). Thus, by combining the
dual reporter system with the hla-kan system, we sig-
nificantly reduced false-positive candidates. Addition-
ally, while creating this hla-kan system, many
antibiotic-resistant genes such as kanamycin/neomycin
(kan/neo), erythromycin (ermC), beta-lactamase
(NDM-1), and rifampicin (rif) were assessed for com-
patibility. Only kan/neo demonstrated a dose-depen-
dent response to the presence of the repressor. By
using this approach, SAR analysis was performed. An
analogue of HR3744 called SAV13 was identified
through SAR, which showed hla suppression effect in
both hla-kan and dual-reporter systems.

According to qPCR results, secreted virulence fac-
tors such as α-toxin, PVL, and PSMs were repressed
by HR3744. This finding suggested that HR3744
reduced renal infection by suppressing the expression
of these key virulence factors. Since protein A (spa) is
not regulated by SaeR [12], no differences were
observed between the bacteria treated with DMSO
or HR3744. However, HR3744 and SAV13 both
down-regulated the expression of HlgA and HlgC,
and suggested that the SaeR inhibitors reduced bac-
terial survivability in blood stream by repressing γ-
haemolysin production [34]. Chemotaxis inhibitory
protein of S. aureus (CHIPS, encoded by chp) is an
exoprotein and a potent inhibitor of neutrophil and
monocyte-mediated chemotaxis. This virulence factor
protects S. aureus from host innate immune response
and increases its survivability [35]. The suppression of
CHIPS by HR3744 and SAV13 may make the bacteria
susceptible to innate immune response and thus lead
to the decrease in bacterial load during bacteraemia

infection. The Map (MHC class II analogue protein)
protein, is a secreted protein that can bind to a variety
of extracellular membrane components, including
fibronectin, fibrinogen, vi-tronectin, bone sialoprotein,
and thrombospondin [23]. A decrease in Map
expression could inhibit bacterial attachment to host
tissue during infection. S. aureus secretes 6 serine pro-
tease–like proteins (SplA-SplF). These Spls are involved
in a variety of chronic ailments, such as asthma and
pneumonia, resulting in disseminated lung injury. By
cleaving the glycosylated cell surface protein mucin
16, SplA reportedly promotes bacterial invasion and
dissemination in lung tissues [36]. Therefore, inhibition
of SaeR may prevent chronic infection and bacterial
invasion. In addition to suppressing certain virulence
genes, HR3744 and SAV13 increased the expression
of ureA. Urease is an essential component of the acid
response in S. aureus. It is an essential enzyme required
for persistent kidney infections and subsequent staphy-
lococcal metastasis. Studies have shown that CcpA and
Agr upregulate urease gene transcription, whereas
CodY and SaeR downregulate its expression [28,37].
Thus the increased expression of ureA gene in the pres-
ence of HR3744 and SAV13, suggested that the inhibi-
tors may modulate the expression of ureA through
inhibiting SaeR.

The specificity of the target was determined using
three methods: chemical genetics; genetics; and muta-
genesis [33]. Using a chemical genetics technique, we
discovered that an analogue of HR3744 called HR3763
with a minor modification (one bromide), lost its
effectiveness against S. aureus. This shows that the
inhibition of SaeR by HR3744 was selective and that
the structure of the inhibitor was crucial for its effec-
tiveness. We examined hla expression in the saeR del-
etion strain using a genetic method. Due to the
deletion of HR3744’s target, S. aureus exhibited resist-
ance to HR3744’s antivirulence action. It was also
demonstrated that SaeR was the target of HR3744.
By using site-directed mutagenesis, we found that a
mutation at position 159 from E to N in SaeR protein
had no influence on the expression of the downstream
gene hla. A reduced susceptibility of SaeR-E159N
against HR3744 was observed. Hence, this SaeR-
E159N resistance suggested that HR3744 modulated
hla expression by inhibiting SaeR. Even though the
crystal structure and NMR structure of SaeR and
HR3744 have not yet been reported, the data from
our chemical genetics, genetics, and mutagenesis
studies demonstrated target specificity.

By analysing the structure–activity relationship, we
discovered that an analogue of HR3744 SAV13 exhib-
ited a five-fold increase in antivirulence activity. These
lead compounds (HR3744 and SAV13) not only
demonstrated in vitro antivirulence efficacy, but also
in vivo therapeutic effect. Through this study, we illus-
trated the application of chemical genetics to discover
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novel antivirulence agents against a major down-
stream virulence regulator SaeR. This constitutes the
initial stage in the development of an antivirulence
agent, and we aim to continue developing this type
of agent. In the future, this kind of medication may
function as an antibiotic adjuvant or even replace anti-
biotics in certain circumstances.

To conclude, our research showed that SaeR is a
potential druggable target for the development of anti-
virulence agents. In vivo knockdown is a suitable
method for investigating the targetability of a target.
The antivirulence small molecule HR3744 interacts
with the amino acid E159 of SaeR protein. This
specific interaction displayed SaeR inhibition which
resulted in the reduced expression of hla and other
virulence factors. Analogue of HR3744 named
SAV13 may serve as the lead molecule for optimizing
SaeR inhibitors. Both HR3744 and SAV13 demon-
strated in vivo effectiveness against S. aureus infection
in mice. By combining these compounds with anti-
biotics, they may function as antibiotic adjuvants
with an in vivo synergistic effect.

Materials and methods

Materials

The bacterial strains used in this study are listed in
Supplementary Table 2. Brain heart infusion (BHI)
broth and BHI agar plates were used throughout for
growing S. aureus. Chloramphenicol was used at
10 µg/mL. Unless otherwise stated, all cultures were
grown aerobically at 37°C with shaking, and growth
was monitored at 600 nm with a HITACHI U-2800
(Hitachi, Japan) spectrophotometer.

Hla-kan system

To generate the plasmid pGLhla-kan system, respective
PCR primers (Supplementary Table 3) were used to
amplify the hla promoters from S. aureus USA300
FPR3757 chromosomal DNA and kanamycin resistance
gene from plasmid pKan. The amplicons were com-
bined and another set of PCR was carried out to ligate
both amplicons using forward primer of the hla promo-
ter and reverse primer of kan. The resulting combined
amplicon called hla-kan was restriction digested with
NheI/NotI double-digestion enzymes and ligated with
pGL plasmid which was digested with the same restric-
tion enzyme(s). All of the plasmid constructs and PCR
products were verified by sequencing.

Minimum inhibitory concentration (MIC) tests

Antibiotics which were serially diluted were used for
MIC and were determined by inoculating 5 × 104

S. aureus cells in 100 μL BHI medium in 96-well plates.

The MIC was defined as the minimum concentration
resulting in a cell density less than 0.01 OD at 620 nm
[38,39], which corresponded to no visible growth,
after incubating for 18 h at 37°C.

Construction of S. aureus gene deletion
mutants

Plasmid pKOR1-saeR, pKOR1-saeS, pKOR1-saeQRS
were transformed into S. aureus USA300. The resulting
transformant was used to delete genes in S. aureus via a
previously reported procedure [40]. Deletion of genes
were further confirmed by PCR and sequencing.

Disk diffusion and lux assays

A single colony of bioluminescent S. aureus strains
with plasmid pGLhla or pGLspa (Supplementary
Table 2) from BHI agar was resuspended in 200 μL
of sterile water. Later, this bacterial suspension was
mixed with 75 mL of 0.7% (w/v) soft agar (375-fold
dilution), and overlaid onto BHI agar plates. Anti-
biotic disks (Becton Dickinson, Mississauga, ON,
Canada; Difco, Detroit, MI, USA) were placed on
the overlay, and the plates were incubated at 37°C.
After 20 h, inhibition zones were measured and lumi-
nescence was detected with Xenogen IVIS 100 in vivo
imaging system (Xenogen, Alameda, CA).

Gene expression measurement of bacterial
cultures

For quantification of GFP and bioluminescence, over-
night bacterial cultures of different strains with plas-
mid pGLhla were diluted in an appropriate medium
containing 10 µg/mL chloramphenicol. Samples
(100 µL) were transferred into a microtiter plate
from culture tubes, and fluorescence was measured
by using a DTX 800/880 multimode plate reader
(Beckman). Bacteria with pGL plasmid were included
as a control to allow correction for background fluor-
escence. For growth curve analysis, 100 µL of 106

S. aureus strains were loaded to 96-well microtiter
plates in triplicate and incubated at 37°C. The optical
density at 620 nm (OD620), the fluorescence (GFP, Ex/
Em: 485/535), and the bioluminescence were
measured every 30 min in the DTX 800/880 multi-
mode plate reader (Beckman).

Screening to identify saeR inhibitors

A platform with a total of 20 gfp-luxABCDE dual-
reporter plasmids with selected promoters from
S. aureus virulence-associated genes was constructed
[32]. The screening against hla promoter activity
from USA300-pGLhla was conducted with 50,240
compounds. A total of 670 compounds were found
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to repress 65% activity of hla promoter. Out of 670 hit
compounds, 400 showed reproducible repressive
effects on hla promoter activity [33]. Screening against
the promoter saeP1, was conducted to test lumines-
cence, OD600, and fluorescence as mentioned above.

Differential scanning fluorimetry (DSF)

The DSF was conducted as previously described [41].
The fluorescent dye SYPRO orange (Sigma–Aldrich),
an environmentally sensitive fluorophore, was used
to monitor the unfolding of SaeR. This assay was per-
formed using the Vii 7 Real Time PCR Detection Sys-
tem (Bio-Rad).

Samples for this assay were prepared by adding 50μL
each of of SaeR (final concentration, 2 μM), 5X SYPRO
orange, serial dilution of HR3744 (DMSO< 1%), and
DSF buffer (150-mM NaCl and 10-mM HEPES [pH
7.5]) t to the 96-well, 0.2-mL optical PCR plate in tripli-
cate. The plate was heated from 25°C to 90°C at a rate of
1°C/min. The fluorescence intensity was measured with
Ex/Em: 490 nm/530 nm. The data was processed as
previously described [41].

Western blot

Bacterial culture of S. aureus strains treated with com-
pounds and grown under shaking condition for 24 h
were collected. After adjusting the OD600 with BHI
broth, supernatants were extracted after centrifuging
the bacteria at high speed. The extracted supernatant
was boiled in Laemmli sample buffer and 5 μL of
this suspension were loaded into 12% sodium dodecyl
sulfate-polyacrylamide gel. Alpha-toxin was detected
using rabbit anti-staphylococcal α-haemolysin anti-
body (1:20,000) (Sigma–Aldrich) and goat horseradish
peroxidase (HRP)-conjugated anti-rabbit IgG (1:5000)
(Sigma–Aldrich). Protein A was visualized using
HRP-conjugated rabbit anti-staphylococcal Spa anti-
body (1:20,000) (Abcam). PVL was identified using
Rabbit anti-staphylococcal Leukocidin F (LukF) anti-
body (1:20,000) (IBT). The Western blot protocol
was performed as described in the product guide
for Amersham ECL Western blotting detection
reagents (GE Healthcare, Buckinghamshire, United
Kingdom).

Isolating human erythrocytes (HRBC)

Whole blood was centrifuged at 500×g for 10 min at
4°C, and supernatant (plasma) was aspirated. Erythro-
cyte pellet was resuspended with double volume of
HBSS. Another centrifugation at 500×g for 10 min at
4°C was conducted and the supernatant was discarded.
This step was repeated three times or until the disap-
pearance of colour in the supernatant. Erythrocyte was
diluted to respective concentration, and stored at 4°C.

Haemolysis assay on HRBC

Total haemolysis assay was conducted as described
previously [33] using human erythrocytes. Briefly,
50 μL of human erythrocytes (5 × 106 /mL) were
added to microtiter plates (Cellstar TC; Greiner,
Germany), which were pre-filled with 50 μL of serial
dilutions of bacterial culture supernatants, and incu-
bated for 60 min at 37°C. As a positive control,
ddH2O was used in each assay, whereas, phos-
phate-buffered saline served as a negative control.
Following centrifugation, the absorption at 450 nm
(A450) of the resultant supernatants was determined
with a Multimode detection DTX plate reader (Beck-
man, Germany). All experiments were performed in
triplicates and three independent assays were carried
out.

Leucotoxic assay

J774.1 mouse macrophage cells (ATCC TIB-67) were
cultured in DMEM medium supplemented with 10%
fetal bovine serum (Invitrogen). A549 mammalian
lung epithelial cells were grown using MEM medium
supplemented with 10% fetal bovine serum. Cells
were seeded in 96-well plates at a density of 5.0 × 104

cells per well. Later, 10 μL of staphylococcal suspen-
sion was added to 90 μL of cell culture medium per
well. Following incubation at 37°C for 6 h, cell viabi-
lity was measured using 3-(4,5-dimethylthiazol-2-
yl)−2,5-diphenyltetrazolium bromide (MTT) assay.
Ten microliters of a freshly prepared solution of
MTT (5 mg/mL; Sigma, Paris, France) in sterile PBS
was added to each well. The plates were incubated at
37°C in 5% CO2 for 4 h. Then, 100 mL of lysis
buffer (10% SDS, 0.1% hydrochloric acid) was added
to each well. After an overnight incubation at 37°C,
the optical densities at 540 nm were measured with a
DTX880/800 plate reader [42,43].

Protein expression and purification

The plasmid for expressing full-length SaeR and cyto-
sol part of SaeS (SaeSC) were obtained from Prof.
Taeok Bae and Prof. Victor J Torres, respectively.
The SaeRDBD amplicon was amplified by PCR from
USA300 genomic DNA, and then cloned into
pET28a plasmid. After transforming the plasmids in
E. coli Bl21 (DE3) strain, proteins were overexpressed
by growing the respective strains in LB broth at 20°C
and induction with 0.5 mM isopropyl β-D-1-thioga-
lactopyranoside (IPTG). Three-tier purification pro-
cess was followed for isolating SaeR, SaeRDBD, and
SaeSC. First we started with metal affinity (Hitrap
His-tag column), followed by anion exchange
(MonoQ, GE Healthcare), and then size-exclusion
chromatography (Superdex 200, GE Healthcare) was
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employed to isolate the purest form of SaeR,
SaeRDBD, and SaeSC proteins. Additionally, full-
length saeS amplicon was cloned into pRhisMBP
plasmid. After successful transformation and overex-
pression in E. coli Bl21 (DE3) strain, purification was
performed using a His-trap column and a maltose
binding protein (MBP) column. The MBP tag was
finally removed by tobacco etch virus protease on
the TEV site between the MBP and the target protein.

Phosphorylation assays

The kinase assays were performed in the presence of
20 μM SaeR and 1 μM SaeSC in kinase buffer (10 mM
Tris-HCl, pH 7.4, 50 mM KCl, 5 mM MgCl2, 10% gly-
cerol). The final reaction mixture volume was 20 μL. To
initiate the kinase reaction, 2 μL of ATP (100 μM) was
added. The reaction mixtures were kept at RT for
30 min, and then the ADP released by the reaction
was measured with the ADP-Glo Kinase Assay kit
(V9101, Promega, Madison, WI, USA).

Electrophoretic mobility shift assay (EMSA)

Purified SaeR (20 μM) and SaeSC (1 μM) were mixed
together in phosphorylation buffer (10 mM Tris-HCl,
pH 7.4, 50 mM KCl, 5 mM MgCl2, 10% glycerol). One
mM ATP was then added, and the mixture was incu-
bated at RT for 5 min. Later, FAM-labelled DNA
probe was added to the mixture. The phosphorylation
was confirmed by phosphorylation assay. For electro-
phoreticmobility shift assay (EMSA), the entire reaction
mixturewas used.DNAprobeswerePCRamplifiedwith
FAM-labelled primers and the labelled probe (80 ng)
was mixed with various amounts of the test protein in
25 μL of gel shift loading buffer (10 mM Tris-HCl, pH
7.4, 50 mM KCl, 5 mM MgCl2, 10% glycerol, 3 μg/mL
sheared salmon sperm DNA). After incubation at RT
for 30 min, the samples were analysed by 8% PAGE
(100 V for pre-run, 85 V for 85 min for sample separ-
ation). The gels were then imaged with a Typhoon scan-
ner (genome centre, HKU).

Cytotoxicity assay

The cytotoxicity of compounds in different cell lines,
J774.1, Raw264.7, Vero, and Hep2 cells were evaluated
by MTT assay according to the manufacturer’s
instructions and performed according to our previous
study [33]. In brief, ten microliters of a freshly pre-
pared solution of MTT (5 mg/mL; Sigma, Paris,
France) in sterile PBS was added to each well. The
plates were incubated at 37°C in 5% CO2 for 4 h.
Then, 100 mL of lysis buffer (10% SDS, 0.1% hydro-
chloric acid) was added to each well. After an over-
night incubation at 37°C, the optical densities at
540 nm were measured with a DTX880/800 plate

reader. The highest concentration of compound used
was 500 μM. GraphPad Prism (version 8.0) was used
for graph plotting. Experiments were carried out in
triplicate and repeated twice for confirmation.

Water ligand-observed gradient spectroscopy
(WaterLOGSY)

WaterLOGSY, a ligand-observed NMR technique, was
used to screen for HR3744 or SAV13-interaction with
SaeR [44]. WaterLOGSY experiments were conducted
on a 600-MHz Bruker Avance spectrometer using a 5-
mm PASEI probe. The pulse scheme used for the
WaterLOGSY experiment was “ephogsygpno.2” with
water suppression using excitation sculpting with gra-
dients. All experiments were conducted at 298 K using
5-mm-diameter NMR tubes with a sample volume of
500 μL and 40 μM HR3744 or SAV13 supplemented
and recorded using 4 K scans. All samples were dis-
solved in 95% H2O and 5% D2O with a final concen-
tration of 70 μM trimethylsilylpropanoic acid as an
internal standard. Control spectrum was recorded
under the same conditions without protein to
confirm the absence of self-aggregated HR3744 or
SAV13 macromolecules.

Molecular modelling

For molecular docking simulations, the SaeR structure
from S. aureus (Protein Data Bank [PDB] entry 4qwq
and 4ixa) was used. For preparation of the compounds
and SaeR protein structures for docking, the three-
dimensional structure of HR3744 was obtained with
wincoot 0.8.1. Polar hydrogen atoms and Gasteiger
charges were then added using autodock tools. Docking
experiments with compound HR3744 were performed
using a grid box covering the entire tetradecamer con-
sisting of HR3744 chains A to B with a grid size of 40 ×
40 × 60 and 1.0-Å resolution using Autodock vina soft-
ware [45]. After docking, the conformation of the com-
pound was analysed, and the (H bond and
hydrophobic) interactions and three-dimensional
models were generated with UCSF Chimera [46], LIG-
PLOT [47], or PyMol (Schrodinger LLC).

Mutagenesis

Thirty-one sets of primers were used to amplify the
entire plasmid pRMC2-saeR for generating site-
specific mutations. For example, for E159N, primer
E159N-f and E159N-r was used for PCR amplification,
with Phanta Max Super-Fidelity DNA Polymerase
P505 (Vazyme, China). The resulting PCR products
were purified using Purelink PCR purification kits
and transformed to XL1-Blue competent E. coli cells.
The mutated sequences of the saeR gene were verified
and confirmed by DNA sequencing (BGI). Then,
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plasmids were transformed into RN4220 competent
cells and USA300-ΔsaeR. Amino acid replaced SaeR
proteins were expressed in USA300-ΔsaeR for down-
stream gene expression by Western blot.

Mice bacteraemia infection models

BALB/c female mice of 6 to 8 weekold were housed in
microisolator cages in a biosafety level 2 animal facil-
ity, and they received food and water ad libitum. A
standard operating procedure was followed for the
ethically approved protocols (CULATR 5439-20 and
5092-19) by committee on the use of live animals in
teaching and research, the University of Hong Kong.
The experiments were also conducted in biosafety
level 2 animal facility. S. aureus strain USA300 was
cultured to the early exponential phase of growth,
washed twice with sterile phosphate-buffered saline
solution (PBS), and resuspended in PBS at 1 × 107

CFU/100 μL for the bacteraemia model and 5 × 107

CFU/100 μL for the skin infection model.
The female Balb/c mice, 6–8 weeks old, were

infected with S. aureus intravenously (i.v.) through
the tail vein (200 μL/ mouse) and randomized into
three groups (8–10 mice per group). Another group
with 10 mice received the same inoculum of
S. aureus USA300-ΔsaeR and this served as a control.
One hour after infection, mice were treated with
intraperitoneal injections of either the designated
concentrations of compound HR3744 (7.5 mg/kg or
25 mg/kg) or compound SAV13 (4.9 mg/kg) or an
injection of buffer (PBS with 2% DMSO and 2%
Tween-80) which served as a vehicle. The compounds
and injection buffer treatments were performed twice
per day at 12-h intervals. On day 4, animals from each
group were euthanized by overdose of dorminal (4%,
200 μL/mouse via ip infection), their kidneys were
harvested, homogenized in PBS, and plated on BHIA
to obtain bacterial counts.

Subcutaneous infection model

For subcutaneous infection, the fur from the dorsal
region of the mice was removed and infected with
S. aureus USA300, USA300-ΔsaeR, USA300-ΔsaeS,
USA300-ΔsaeQRS, USA300-ΔagrA and USA300-
ΔsigB at 5 × 107 via sub-cutaneous administration
(100 μL/mouse). The size of abscesses was monitored
for 14 days. Then, the infected skin tissues were har-
vested, homogenized in PBS, and plated on LBA
with clindamycin (1 µg/mL) and erythromycin (1 µg/
mL) to obtain bacterial counts. The knockdown
effect was determined by infecting the mice with
USA300-pSD1 or USA300-pSD1saeR at 5 × 107 via
sub-cutaneous administration with five mice per
group. Six hours post infection, mice were treated
with anhydrotetracycline (0.5 mg/kg) and

chloramphenicol (10 µg/kg). The size of abscesses
was monitored for 14 days. Animals from each
group were euthanized by overdose of dorminal (4%,
200 μL/mouse via ip infection) and bacterial loads
from the abscess were determined by viable count.

Statistical analysis

All experiments were performed in triplicates unless
specified otherwise. GraphPad Prism Software 8.0
was used for all statistical analyses. Results were pre-
sented as mean ± SD. Specific statistical tests were
indicated in the figure legends. *P < .05 was considered
significant.
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