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SUMMARY

As single- and mixed-species biofilms, Staphylococcus aureus and Pseudomonas aeruginosa cause diffi-
cult-to-eradicate chronic infections. In P. aeruginosa, pseudomonas quinolone (PQS)-dependent quorum
sensing regulates virulence and biofilm development that can be attenuated via antagonists targeting the
transcriptional regulator PgsR (MvfR). Here, we exploited a quinazolinone (QZN) library including PgsR ago-
nists and antagonists for their activity against S. aureus alone, when co-cultured with P. aeruginosa, and in
combination with the aminoglycoside tobramycin. The PgsR inhibitor, QZN 34 killed planktonic Gram-posi-
tives but not Gram-negatives. QZN 34 prevented S. aureus biofilm formation, severely damaged established
S. aureus biofilms, and perturbed P. aeruginosa biofilm development. Although P. aeruginosa protected
S. aureus from tobramycin in mixed biofilms, the combination of aminoglycoside antibiotic with QZN 34 erad-
icated the mixed-species biofilm. The mechanism of action of QZN 34 toward Gram-positive bacteria is

shown to involve membrane perturbation and dissipation of transmembrane potential.

INTRODUCTION

Pseudomonas aeruginosa and Staphylococcus aureus are
opportunistic human pathogens that are major causes of hospi-
tal- and community-acquired infections (Peleg and Hooper,
2010; Tong et al., 2015). They are members of the ESKAPE group
of multi- and pan-antibiotic-resistant bacteria that cause acute
and chronic infections in skin, blood, bone, and soft tissues as
well as in the respiratory and urinary tracts (Peleg and Hooper,
2010; Tong et al., 2015; De Oliveira et al., 2020). They are also
associated with difficult-to-eradicate biofilm-centered infections
involving implanted medical devices and can be considered as
shared ecological niche competitors, since they often co-exist
at an infection site (Percival et al., 2015; Orazi and O'Toole,
2019). For example, non-healing diabetic foot ulcer infections,
a serious complication of diabetes, are usually polymicrobial
and biofilm-centered and often harbor both P. aeruginosa and
S. aureus (Fazli et al., 2009; DelLeon et al., 2014). Similarly, their
co-infection of the lungs of individuals with cystic fibrosis is
indicative of poorer clinical outcomes than in those infected
with either species alone (Orazi and O’Toole, 2019).

To facilitate co-existence within the same environmental niche,
bacteria have evolved intricate regulatory networks that enable
themto evade, counter, inhibit, or suppress other bacterial species
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and gain mutual benefit through increased biofilm production, high
levels of tolerance to antimicrobial agents, and enhanced virulence
(Hotterbeekx et al., 2017; Orazi and O’Toole, 2019). In this context
and in contrast with the clinical situation (DelLeon et al., 2014),
planktonic co-culture of P. aeruginosa with S. aureus usually re-
sults in the inhibition of staphylococcal growth and virulence factor
production. This is mainly as a consequence of exposure to small-
molecule exoproducts produced by P. aeruginosa, including
phenazines, hydrogen cyanide, N-acylhomoserine lactones
(AHLs), and 2-alkyl-4(1H)-quinolones (AQs) (Hotterbeekx et al.,
2017; Orazi and O’Toole, 2019). In P. aeruginosa AHLs and AQs
co-ordinately control secondary metabolite production, virulence
gene expression and biofilm development through co-ordinated
cell-cell communication or quorum sensing (QS) (Williams and Ca-
mara, 2009). However, P. aeruginosa QS signal molecules can also
impact on other microbes including S. aureus sharing the same
ecological niche. For example, N-(3-oxododecanoyl)-L-homoser-
ine lactone and its base-catalyzed rearrangement product 5-hy-
droxyethyl-3-decanoyltetramic acid inhibit S. aureus growth (Kauf-
mann et al., 2005) and, at sub-inhibitory concentrations, virulence
factor production through blockade of agr-dependent QS (Qazi
et al., 2006; Murray et al., 2014).

P. aeruginosa also produces a diverse range of AQs and AQ N-
oxides of various alkyl chain lengths and saturation states (Heeb
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etal., 2010). Apart fromtheir role in AQ-dependent QS, AQs exhibit
a range of biological activities from immune modulation and cyto-
chrome inhibition to antimicrobial and iron-chelating activities
(Hooi et al., 2004; Diggle et al., 2007; Nguyen and Oglesby-Sher-
rouse, 2016). Forexample, the AQ N-oxide 2-heptyl-4-hydroxyqui-
noline N-oxide (HQNO) (Figure 1) and the unsaturated analogue
(E)-4-hydroxy-2-(non-1-en-1-yl)quinoline 1-oxide are effective in-
hibitors of S. aureus growth. Paradoxically, these N-oxides in-
crease S. aureus persistence since, at sub-inhibitory concentra-
tions and prolonged growth, they generate small-colony variants
(SCVs) that show increased tolerance to aminoglycoside antibi-
otics (Orazi and O’'Toole, 2019). When treated with HQNO,
S. aureus biofilms become more sensitive to fluoroquinolones
and membrane-targeting antibacterial agents but exhibit reduced
susceptibility to vancomycin (Orazi and O’Toole, 2019; Orazi
etal., 2019).

Given the global health threat posed by multi- and pan-anti-
biotic-resistant bacterial pathogens in single or polymicrobial in-
fections, novel antibacterial agents are required that have unique
modes of action and potent efficacy against biofilm-centered in-
fections. In this context, the attenuation of bacterial virulence
and biofilm formation have been viewed as attractive targets
for the development of “anti-virulence” or “anti-pathogenic”
agents that could be used individually or as antibiotic “adju-
vants” in combination therapy (Williams, 2017). QS systems
have therefore been considered promising targets for drug
development (Rampioni et al., 2014; Williams, 2017).

In P. aeruginosa, AQ-dependent QS regulates virulence,
biofilm development, and secondary metabolite production.
P. aeruginosa mutants defective in AQ biosynthesis or perception
are attenuated in experimental animal infection models (Déziel
et al., 2005; Rampioni et al., 2010; Starkey et al., 2014; Dubern
et al., 2015). Furthermore, the presence of AQs in sputum, blood,
and urine correlates with clinical status cystic fibrosis patients
suffering with chronic P. aeruginosa lung infections (Barr et al.,
2015, 2017). Consequently, there has been considerable interest
in AQ-dependent QS as a P. aeruginosa drug target and in partic-
ular the transcriptional regulator PgsR (also called MvfR) (llango-
van et al., 2013; Starkey et al., 2014; Williams, 2017). 2-Heptyl-
3-hydroxy-4(1H)-quinolone (PQS) and its biosynthetic precursor
HHQ (2-heptyl-4-hydroxyquinoline) (Figure 1) function as the pri-
mary QS signal molecules in this system (Xiao et al., 2006; Heeb
et al., 2010; llangovan et al., 2013). PQS and HHQ and their C9
congeners bind to and activate PgsR to trigger a positive feed-
back loop increasing expression of the pqgsABCDE operon and,
hence, AQ biosynthesis. PQS is also a ferric iron chelator and con-

1188 Cell Chemical Biology 29, 1187-1199, July 21, 2022

H

B

P
o

Cell Chemical Biology

(0] Figure 1. Structures of the AQs, PQS, HHQ,

and HQNO and a generalized structure for
the QZN series

HQNO

trols virulence, biofilm development, and
the iron-starvation response via PgsR-
dependent and PgsR-independent path-
ways (Diggle et al, 2007; Rampioni
et al., 2016).
Potent inhibition of PgsR-mediated
pPgsABCDE expression and, hence, AQ
biosynthesis has been achieved through ligand-based design,
which has yielded PgsR antagonists ranging from quinolinones
and quinazolinones (QZNs; Figure 1) to benzamide-benzimidazole
and hydroxybenzamide derived molecules (Soukarieh et al., 2018).
Inaddition to attenuating virulence, PgsR inhibitors have the added
advantage of reducing the formation of antibiotic-tolerant persister
cells (Starkey et al., 2014). From a series of (3H)-quinazolinones
(3aza-AQs) screened as potential PgsR antagonists (llangovan
et al., 2013), 12 Q2N PgsR antagonists were identified, including
3-NH,-7-CI-C9-QZN (ICs9 5 uM; Table 1 compound 19), which
was shown to inhibit virulence factor production and biofilm devel-
opment in P. aeruginosa (llangovan et al., 2013). Confirmation that
19 acted as a competitive PgsR antagonist was obtained by deter-
mination of the complex crystal structure of 19 bound within the
PgsR ligand-binding domain. This revealed a similar orientation
within the hydrophobic ligand-binding pocket as native AQ ago-
nists (llangovan et al., 2013).

Given that 19 inhibits AQ-dependent QS in P. aeruginosa and
that structurally related AQNOs display anti-staphyloccocal ac-
tivity, we screened our library of 45 QZNs and related benzo
[1,2,4]thiadiazines for activity against S. aureus and a range of
other clinically relevant bacteria. Here, we present data that indi-
cate that a subset of QZNs structurally related to 19, and most
notably 3-C3NH,-7CI-C9-QZN 34 (PgsR ICso 15 pM), kill plank-
tonic Gram-positive pathogens including S. aureus, Staphylo-
coccus epidermidis, Streptococcus pyogenes, and Clostri-
dioides difficile but not Gram-negative bacteria such as
P. aeruginosa and Escherichia. coli. Moreover, 34 inhibited
S. aureus biofilm formation, damaged established S. aureus bio-
films, and perturbed P. aeruginosa biofilm development. In
mixed S. aureus and P. aeruginosa biofilms, 34 provided partial
protection for P. aeruginosa. Although P. aeruginosa protected
S. aureus from tobramycin in mixed biofilms, the combination
of aminoglycoside and 34 eradicated the mixed-species biofilm.
We also show that the mechanism of action of 34 involves bind-
ing and perturbation of the bacterial cytoplasmic membrane and
disruption of transmembrane membrane potential.

RESULTS

Structure-activity relationship determination reveals

the QZN structural features required for S. aureus
growth inhibition

To evaluate the antibacterial activity of the QZN series, S. aureus
strain RN6390B was first grown in the presence of 100 uM of
each compound (Table 1). These included 43 QZNs and two
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Table 1. QZN and BTD chemical structures and S. aureus growth-inhibitory properties

RS i _R3 Y
N NH
R7 N/)\ R? N A R2

4(3H)-Quinazolinones (QZNs) BTD

No. R? R® R® R’ Abbreviation MIC (uM)
1 n-CHys H H H C7-QZN >100
2 n-CoH1o H H H C9-QzN >100
3 n-CoH1o H H F 7F-C9-QZN >100
4 n-CoH1o H H Cl 7CI-C9-QZN >100
5 n-C7H1s H H H C7-BTD >100
6 n-CoH1o H H H C9-BTD >100
7 n-CsHy 1 NH, H H 3-NH,-C5-QZN >100
8 n-C;Hys NH, H H 3-NH,-C7-QZN? >100
9 n-CoH1g NH, H H 3-NH,-C9-QZN? >100
10 n-C11Has NH, H H 3-NH,-C11-QZN? >100
11 HaC N~ NH, H H 3-NH,-C9:3-QZN >100
12 Ph(CH,)s NH, H H 3-NH,-PhC3-QZN >100
13 Cy(CHy)s NH, H H 3-NH,-CyC3-QZN >100
14 CHan g O NH, H H 3-NH,-(2,5-dioxa-C9)-QZN >100
15 W NH, H H 3-NH,-(3-Me-C8)-QZN >100

H,C
16 M NH, H H 3-NH,-(7-Me-C8)-QZN >100
H,C

17 n-CiHs NH, H H 3-NH,-C1-QZN >100
18 n-CoH1o NH, H F 3-NH,-7F-C9-QZN? >100
19 n-CoH1o NH, H Cl 3-NH,-7CI-C9-QZN? >100
20 n-CoH1o NH, Cl H 3-NH,-6CI-C9-QZN >100
21 n-CoH1o NH, F H 3-NH,-6F-C9-QZN >100
22 n-CoHyg NH, F F 3-NH,-6F,7F-C9-QZN? >100
23 n-CoHyg NH, OMe OMe 3-NH,-60Me,7OMe-C9-QZN >100
24 n-CoHyg NH, H CFs 3-NH,-7CF3-C9-QZN >100
25 Ph(CH,)3 NH, H cl 3-NH,-7CI-PhC3-QZN? >100
26 NH, H Cl 3-NH,-7CI~(Tri-OMeCgH,)C2-QZN >100

27 NHz H Cl 3-NH,-7ClI-(3-Ind) C2-QZN >100
4
N
H

28 H.C O O NH, H Cl 3-NH,-7CI-BiPhC1-QZN >100
2

29 HZCOOQ NH, H Cl 3-NH,-7CI-PhOBn-QZN >100

30 n-CgH1g (CH2)2NH, H H 3-CoNH,-C9-QZN? 50

31 n-CgHqg (CHy)2NH, Cl H 3-C,oNH,-6CI-C9-QZN? 25-50

32 n-CgHqg (CHy)2NH, H Cl 3-C,NH,-7Cl-C9-QZN*® 12.5

33 Ph(CH,)s (CH5)2NH, H Cl 3-C,NH,-7CI-PhC3-QZN*® 100

34 n-CgoH1g (CHy)3NH> H Cl 3-C3NH,-7CI-C9-QZN? 6.25°

(Continued on next page)

Cell Chemical Biology 29, 1187-1199, July 21, 2022 1189



¢? CellPress

OPEN ACCESS

Cell Chemical Biology

Table 1. Continued
(0] 0]
\W/4
R® R3 S.
Z

R N R2 H R2
4(3H)-Quinazolinones (QZNs) BTD
No. R? R R® R’ Abbreviation MIC (uM)
35 n-CgH1g (CH2)4NH, H cl 3-C4NH,-7CI-C9-QZN 12.5
36 n-C7His OMe H H 3-OMe-C7-QZN >100
37 n-CoH1g OMe H H 3-OMe-C9-QZN >100
38 n-CgHig OMe H cl 3-OMe-7CI-C9-QZN® >100
39 n-CgHig OMe H F 3-OMe-7F-C9-QZN" >100
40 n-CgHig OMe F F 3-OMe-6F,7F-C9-QZN® >100
41 n-C;Hqs NMe, H H 3-NMe,»-C9-QZN >100
42 n-CgH1g OH H H 3-OH-C9-QZN° 100
43 n-CgHi1g OH H F 3-OH-7F-C9-QZN” 100
44 n-CgH1g OH H cl 3-0OH-7CI-C9-QZN° 50
45 n-CoHig CH,OH H cl 3-C,0H-7CI-C9-QZN >100

findicates known PgsR antagonist.
Pindicates known PgsR agonist (llangovan et al., 2013).
°MIC increased to 25 uM in the presence of 10% FBS.

related benzo[1,2,4]thiadiazines (BTDs) that were synthesized
(see Schemes 1 and 2 for examples) with mono-, di-, tri-, and
tetra-ring substitutions. For each QZN that abolished growth, a
minimum inhibitory concentration (MIC) was generated (Table
1). QZNs with varying 2-alkyl chains and especially with the 3-
position unsubstituted (1-4) or substituted with NH, (7-29),
OMe (36-40), NMe, (41), and CH,OH (45) had MICs in excess
of 100 pM. These results strongly suggest that endocyclic hydra-
zide and O-methyl hydroxamate functionalities would result in
inactive analogs. Two related BTD derivatives (5 and 6) incorpo-
rating cyclic sulfonamide (-SO,NH) (sultam) motif were also inac-
tive. Compound 42 (30H-C9-QZN), however, gave a MIC of
100 puM that improved with chlorine substitution at the 7-position
(44). Growth-inhibitory activity improved markedly when the 3-
position was substituted with an aminoalkyl [(CH,),NH,, where
n =2, 3, or 4] group (30-35)]. The MICs for this class of QZN sug-
gested that, besides an aminoalkyl substituent at position-3, the
presence of a 9-carbon alkyl chain at position-2 and a chlorine at
position-7 were required for optimal activity. These systematic
modifications resulted in the lead compounds 32 (3-C,NH»-
7CI-C9-QZN) and 34 (3-C3NH,-7CI-C9-QZN), which gave the
lowest MICs (12.5 pM [4.4 pg/mL] and 6.25 pM [2.3 pg/mL],
respectively). We next sought to improve the potency of 34 by
extending the aminoalkyl chain from C3NH, to C4NH, (35); how-
ever, this increased the MIC 2-fold to 12.5 pM.

Growth-inhibitory properties of 3-C,NH,-7CI-C9-QZN

32 and 3-C3;NH,-7CI-C9-QZN 34

Compound 32 was assessed for the ability to inhibit the growth
of clinically relevant bacterial pathogens. The MIC data shown
in Table S1 demonstrate that 32 inhibits the growth of Gram-pos-
itives, including methicillin-sensitive S. aureus (MSSA) strains

1190 Cell Chemical Biology 29, 1187-1199, July 21, 2022

RN6390B and SH1000 and S. aureus hospital- (BH1CC) and
community-acquired (USA300) methicillin-resistant S. aureus
(MRSA) strains, as well as S. epidermidis, Streptococcus pyo-
genes, Streptococcus agalactiae and C. difficile. Nine recent
MRSA isolates resistant to diverse conventional antibiotics
were also tested and found to be similarly susceptible to 32,
with a MIC of 12.5 uM; 32 was, however, inactive as a growth in-
hibitor of the Gram negatives, E. coli, and P. aeruginosa. To
determine whether the active QZNs were bacteriostatic or
bactericidal, S. aureus, S. epidermidis, and P. aeruginosa were
assessed in a bactericidal assay using a dose of 50 uM of 34
(8% MIC for S. aureus). Figure 2 shows that the number of viable
planktonic S. aureus and S. epidermidis cells was reduced by
three logs within 3 h, indicating that 34 is indeed bactericidal
against both S. aureus and S. epidermidis, whereas the viable
count for P. aeruginosa increased over the equivalent time frame.

Anti-staphylococcal biofilm properties of 3-C3;NH,-7ClI-
C9-QZN 34

The impact of 34 on biofilms formed by S. aureus USA300, the
hospital-acquired MRSA strain BH1CC, as well as the laboratory
prototype S. aureus and S. epidermidis strains SH1000 and 1457
was investigated. Biofilms were treated with 34 either immedi-
ately after cell attachment or once the biofilm had established
(24 h post-attachment). Conversion of the redox-sensitive dye
resazurin to the fluorescent product resorufin was used as an in-
dicator of biofilm metabolic activity. Figure 3A indicates high
fluorescence for all four staphylococcal biofilms exposed to
the DMSO vehicle control, suggesting that a metabolically active
biofilm had established after 24-h growth. Exposure to as little as
10 uM of 34 immediately after attachment (Figure 3A) resulted in
a substantial loss of metabolic activity. Addition of 34 to a mature
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Figure 2. 3-C3NH,-7CI-C9-QZN (QZN 34) is bactericidal for
S. aureus and S. epidermidis but not for P. aeruginosa

Planktonic S. aureus USA300 JE2, S. epidermidis 1457 or P. aeruginosa PAO1
were treated with 50 uM (8x the S. aureus MIC) of compound 34. The data
presented are the mean viable counts (CFU) per mL from three independent
experiments +SD.

staphylococcal biofilm (Figure 3B), at a concentration of 50 uM
(8x MIC), resulted in a 2-fold reduction in fluorescence
compared with the vehicle control, whereas treatment with
100 uM 34 (16x MIC) reduced fluorescence to background for
all four staphylococcal strains tested. Although resazurin pro-
vides useful information on biofilm viability, alternative methods
are required to determine the impact of 34 on biofilm architec-
ture. To further investigate our initial findings, biofilms were es-
tablished over 24 h with S. aureus cells (SH1000) constitutively
expressing green fluorescent protein (GFP) and counterstained
with propidium iodide (PI) for live/dead quantification after chal-
lenge with increasing concentrations of 34 for 2 h. Confocal mi-
croscopy was used to generate the representative images
shown in Figure 3C and quantified with respect to biofilm
biomass and dead cells (Figure 3D). The data clearly show that
S. aureus biofilms treated with the vehicle control had a biomass
composed of cells expressing GFP with no visible red fluores-
cence (Pl), indicative of viable, undamaged S. aureus cells and
biofilms. Treatment with increasing concentrations of 34 re-
vealed a concentration-dependent increase in red fluorescence
(PI) and a reciprocal reduction in green fluorescence, confirming
that the bacterial cells were either severely damaged or dead. In
addition, viable count experiments demonstrated that whereas
34 completely inhibited biofilm formation, mature biofilms
treated with 34 were more refractory, exhibiting an ~1.5 log
reduction in viable counts (Figure S1). Taken together, the data
shown in Figures 2, 3, and S1 show that 34 can damage and
kill both planktonic and biofilm S. aureus.

3-C3NH>-7CI-C9-QZN 34 perturbs P. aeruginosa biofilm
development

Since PgsR inhibitors including 19 (3NH,-7CI-C9-QZN) inhibit
P. aeruginosa biofilm development (llangovan et al., 2013), we
examined the effect of 34, which has an ICsq for PgsR of
15.5 uM Figure 4 shows the impact of 34 on P. aeruginosa biofilm
formation. Biofilm biomass and extracellular DNA (eDNA) con-
tent were reduced by as little as 10 uM 34, with a substantial
reduction in biomass (~50%) clearly apparent at 100 uM 34
and with very little eDNA detectable (Figure 4).

¢? CellPress

OPEN ACCESS

S. aureus protects P. aeruginosa in a mixed-species
biofilm from the effects of 3-C3;NH,-7CI-C9-QZN 34
Fluorescently labeled S. aureus (GFP, green) and P. aeruginosa
(mCherry, red) were co-cultured to form mixed biofilm. Fig-
ure 5A shows that the biomass of the mixed biofilm is
significantly greater (~5x) than that formed by each individual
organism (compare Figures 3D and 4B with 5B). When incubated
with 34 at 100 uM, GFP fluorescence is reduced by ~90%,
suggesting that S. aureus, as with the single-species biofiim
(Figure 3), succumbs to treatment with 34 (Figures 5A and
5B). However, despite a prolonged treatment time (4 h
instead of 2 h) the red fluorescence of P. aeruginosa is only
marginally reduced (~15%), suggesting that in the presence of
S. aureus P. aeruginosa is protected to some extent from the ef-
fects of 34.

3-C3NH>-7CI-C9-QZN and tobramycin in combination
are highly active against mixed biofilms

The aminoglycoside tobramycin is commonly used to treat
chronic biofilm-associated P. aeruginosa infections in cystic
fibrosis patients (Beaudoin et al., 2017). To determine whether
3-C3NH,-7CI-C9-QZN 34 in combination with tobramycin
could eradicate both P. aeruginosa and S. aureus in mixed
biofilms, we first examined the susceptibility of S. aureus
and P. aeruginosa monoculture biofilms to 34 in the presence
and absence of tobramycin (Figure S2). For both pathogens,
the combination of tobramycin and QZN was more effective
than either compound alone. When we co-cultured with
P. aeruginosa in the presence of tobramycin alone, we
observed that the S. aureus biomass was protected, whereas
the P. aeruginosa biomass was reduced by ~60% (Figures 5C
and 5D). However, when 34 and tobramycin were used in
combination, they reduced biofilm biomass by >95% for
both bacterial species in the mixed biofilm (Figures 5C
and 5D).

Cytotoxicity of 3-C2NH,-7CI-C9-QZN 32 and 3-C3NH,-
7CI-C9-QZN 34 for eukaryotic cells

Since 34 showed excellent antibacterial activity, cytotoxicity
for eukaryotic cells was assessed. Hemolysis assays (Fig-
ure S3A) indicated that 34 has an ICsq of 173 pM, which is
~28 times higher than the MIC (6.25 uM) for S. aureus and
~69 times the MIC generated for C. difficile (Table S1). Similar
results were also observed with 32 (see Figure S3A). The non-
growth-inhibitory P. aeruginosa PqgsR-inhibitory QZN com-
pound 19 was not hemolytic (Figure S3A). The release of
lactate dehydrogenase from Jurkat cells after 24-h incubation
with 34 is shown in Figure S3B. Data indicate that exposure to
34 resulted in an ~30% loss of cytoplasmic lactate dehydro-
genase at concentrations above 6.3 uM; however, the total
amount of lactate dehydrogenase released did not increase
above 50% in the presence of up to 100 pM of 34; therefore,
an ICsq could not be generated. However, since the Jurkat cell
assay medium includes 10% fetal bovine serum (FBS), we
repeated the S. aureus MIC for 34 with FBS. This increased
the MIC to 25 uM (Table 1), suggesting that the QZN binds
to serum proteins, which would also reduce mammalian cyto-
toxicity. These data collectively suggest that 32 and 34
possess some limited selectivity for bacterial membranes.
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Figure 3. 3-C3NH,-7CI-C9-QZN 34 inhibits staphylococcal biofilm formation
(A and B) Resazurin was used to assess the metabolic activity of S. aureus MRSA (USA300 and BH1CC), MSSA (SH1000) strains, and S. epidermidis staphy-
lococcal biofilms treated with increasing concentrations of 34 directly after attachment (A) or after formation of mature biofilms (B). Data are means from 3 in-

dependent experiments + SD.

(C) 3D confocal microscope images of mature GFP-labeled S. aureus biofilms treated with 34 for 4 h.
(D) Quantification of biofilm biomasses shown in (C). Dead cells and extracellular DNA (red) were stained with propidium iodide (PI; 2uM). Scale bars, 50 pm. Data

are means from 3 independent experiments + SD.

Mechanism of action of 3-C>NH,-7CI-C9-QZN and 3-
C3NH>-7CI-C9-QZN for S. aureus

A potential explanation for QZN-mediated staphylococcal
growth-inhibitory activities given the structural similarity to the
AQs was reduced availability of ferric iron, since some AQs are
ferric iron chelators. Although 30H-C9-QZN 42 in common
with PQS sequestered iron, neither 32 nor 34 possessed iron-
chelating properties (Figure S4). The potency of 34 increased
when the assay medium osmolality was reduced by replacing
LB with sterile water. Under these conditions, 34 at 10 uM
(~1.5x MIC for S. aureus) resulted in a rapid 2.5 log reduction
in viable S. aureus cells after only 1 h of exposure (Figure S5).
The provision of ionic solutes (NaCl, KCI, or CaCl,) protected
S. aureus from the bactericidal activity of 34. These data sug-
gested that 3-C3NH,-7CI-C9-QZN 34 was likely to bind to and
perturb the staphylococcal cell membrane.

Antibacterial agents that target the cytoplasmic membrane
often disrupt essential electrical potentials, such as the trans-
membrane potential, that that are required to maintain essential
cellular processes. Consequently, we first determined whether
the QZNs interact with staphylococcal membranes, by utilizing
the fluorescent dye di-8-ANEPPS, to monitor changes in dipole
potential that permit quantification of membrane binding affinities
and information on binding specificity (Murray et al., 2014). Fig-
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ure 6A shows the changes in fluorescence ratio after the addition
of a series QZNs based on their structures and SAR for S. aureus
growth inhibition initially at a fixed concentration (40 uM). The
PgsR agonist C9-PQS and closely related QZN, C9-QZN 2 had lit-
tle impact on membrane dipole potential, which increased
following the introduction of 3NH,, 30H, and 7Cl substituents as
for 9, 19, 42, and 44, although these compounds exhibited either
no (9, 19, and 42) or very weak (44) growth-inhibitory activity. The
greatest changes in dipole potential were noted for the growth-
inhibitory QZNs 32, 34, and 35. Subsequently, binding curves
were constructed for selected QZNs by plotting changes in dipole
potential against concentration (Figure 6B). These show that 32,
34, and 35 bound in a saturable-specific manner with similar
high affinities (Kys 22 + 1.7, 6.6 £ 0.2, and 5.2 = 0.3 uM, respec-
tively) and that the data obtained fit a hyperbolic function consis-
tent with a non-cooperative, single-site receptor-binding model
(Figure 6B).

The bacterial membrane potential (AW) is a key component of
the proton motive force (PMF) and is generated by selective ionic
inclusion/expulsion. The cationic fluorescent dye Disc(3)5 can be
used to assess the membrane-perturbing effects of the QZNs on
AW. Figures 6C and S6 show that, after initial uptake and
quenching of the fluorescent dye, addition of the growth-inhibi-
tory QZNs 32 or 35 results in an increase in fluorescence as
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the cationic dye is released down a concentration gradient. In
contrast, the non-growth-inhibitory QZN 19, despite its ability
to bind to the membrane, does not increase fluorescence (Fig-
ure S6A). Addition of the ionophore valinomycin as a positive
control (Figures 6C and S6) but not antibiotics such as novobi-
ocin and chloramphenicol (which do not target the cytoplasmic
membrane) confirmed dye release as dependent on AW depo-
larization. Although significant, the loss of AW after addition of
either 32 or 35 is unlikely to fully account for rapid cell death (Fig-
ure 2A). Consequently, the impact of the QZNs on membrane
integrity was also investigated by evaluating uptake of the mem-
brane-impermeable dye Pl and the loss of ATP. The data pre-
sented in Figure 6D show that incubation with 32, 34, or 35,
but not 19 or 33, resulted in significant cellular ATP loss along-
side the reciprocal uptake of PI.

DISCUSSION

To discover compounds capable of attenuating biofilm forma-
tion and rendering biofilms more susceptible to conventional
antibiotics for S. aureus individually and in co-culture with
P. aeruginosa, we screened our library of QZNs for staphylo-
coccal growth inhibition. Whereas 36 out of 45 compounds
screened had MICs >100 uM, 3-OH-7CI-C9-QZN 44 had a
MIC of 50 uM for S. aureus. However, for P. aeruginosa, this
compound is a PgsR agonist (llangovan et al., 2013) and
therefore likely to enhance rather than inhibit P. aeruginosa
virulence and biofilm formation. Replacement of the 3-hydroxy
with 3-amino converted 3-OH-7CI-C9-QZN 44 from a PgsR
agonist to a potent antagonist (3-NH,-7CI-C9-QZN 19) (llan-
govan et al., 2013). Although the amino substitution at the 3-
position failed to improve the MIC for S. aureus, anti-staphy-
lococcal activity was markedly enhanced by an aminoalkyl
group (30-32; 34, 35), with 34 being the most potent com-
pound (MIC 6.25 uM; 2.3 pg/mL). The MICs for this class of

: QZN

¢ CellP’ress

Figure 4. Effect of 3-C3NH,-7CI-C9-QZN 34
on P. aeruginosa PAO1 biofilm formation
(A) 3D confocal microscope images showing
mCherry-tagged P. aeruginosa biofilms grown in
RPMI 1640 for 24 h in the presence of either DMSO
(vehicle control) or QZN 34 (10, 50, and 100 pM).
Scale bars, 50 pm.

(B) Biomass quantification of P. aeruginosa bio-
films. Extracellular DNA was stained with Yoyo-1
(2 uM). Data are means from 3 independent ex-
periments + SD.

100 uM QZN

QZN suggested that, besides an amino-
alkyl substituent at position-3, the pres-
ence of a 9-carbon alkyl chain at posi-
tion-2 and a chlorine at position-7 were
required for optimal activity. Whereas
these compounds are PgsR antagonists
with 30 being the most potent (ICsq
9.3 uM), compounds 32 and 34 were
more active toward staphylococci and
other Gram-positive pathogens while re-
taining good PqgsR-inhibitory activity
(ICs0s 19.3 and 15.5 uM, respectively; llangovan et al.,
2013). These compounds were therefore selected for further
evaluation. Although bactericidal for S. aureus, 32 and 34 do
not inhibit P. aeruginosa planktonic growth. However, PQS-
dependent QS regulates the release of eDNA, which is an
important component of the P. aeruginosa biofilm extracellular
matrix and is involved in the attachment, aggregation, and
stabilization of microcolonies during P. aeruginosa biofilm for-
mation (Allesen-Holm et al., 2006). eDNA also contributes to
the tolerance of biofilms toward antibiotics such as tobramy-
cin (Chiang et al., 2013; Wilton et al., 2015). 3-C3NH,-7ClI-
C9-QZN 34 substantially inhibited P. aeruginosa biofilm for-
mation and reduced eDNA to almost undetectable levels,
consistent with its activity as a PgsR inhibitor.

Apart from its bactericidal activity against planktonic S. aureus
strains as well as S. epidermidis, 34 substantially inhibited the
metabolic activity of staphylococcal biofilms at concentrations
as low 10 pM, while at 100 uM it effectively damaged mature bio-
films. In mixed biofiims with P. aeruginosa, 34 eradicated
S. aureus, although in this context it showed reduced efficacy
against P. aeruginosa. Interspecies interactions have long been
known to impact on the sensitivity profiles of bacteria to antimi-
crobial agents within multispecies biofilms via different mecha-
nisms (Orazi and O’Toole, 2019). However, here, it is unclear
whether the increased resistance of P. aeruginosa is simply
due to the much greater biomass of the mixed- compared with
the single-species biofilms so reducing the dose of 34 or whether
it is a consequence of sequestration into staphylococcal mem-
branes, given the mode of action of the QZN. Alternatively, the
presence of S. aureus within the biofilm may alter the physiology
of P. aeruginosa, resulting in a more QZN-resistant phenotype. In
this context, cell aggregation caused by the binding of S. aureus
protein A adhesin to the P. aeruginosa exopolysaccharide Psl
has been reported to increase tobramycin resistance in
P. aeruginosa (Beaudoin et al., 2017).
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Following exposure of P. aeruginosa cell-free culture superna-
tants, S. aureus biofilms have been reported to become more
sensitive to membrane-permeabilizing antibiotics and biocides
(Orazi et al., 2019). This increase was associated with HQNO
as well as the P. aeruginosa siderophores pyochelin and pyover-
dine. HQNO biosynthesis depends on the PqgsR-dependent
expression of the pgsABCDE operon. Consequently, PgsR an-
tagonists such as 34 inhibit the production of all AQs including
HQNO as well as reducing siderophore production, since PQS
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Figure 5. Impact of 3-C3NH,-7CI-C9-QZN 34
and tobramycin on P. aeruginosa and S.
aureus mixed biofilms

(A and B) 3-C3NH,-7CI-C9-QZN 34 confers partial
protection of P. aeruginosa (PA) in a mixed-species
biofilm with S. aureus (SA). Biofilms were allowed to
form on glass after sequential inoculation with GFP-
labeled S. aureus SH1000 (green) and mCherry
labeled P. aeruginosa PAO1 (red) in a 10:1 ratio in
RPMI 1640 containing either DMSO (vehicle control)
or QZN 34 (100 uM) and incubated for 48 h.

(C and D) Combined effect of 3-C3NH,-7CI-C9-QZN
34 and tobramycin on a mixed-species biofilm. The
biofilm was allowed to form on glass after sequential
inoculation with GFP-labeled S. aureus SH1000
(green) and mCherry labeled P. aeruginosa PAO1
(red) in a 10:1 ratio in RPMI 1640 containing either
DMSO (vehicle control) or QZN 34 (100 uM) and
incubated for 48 h. For some experiments, to-
bramycin (100 pg/mL) was also added, and the
biofilms were cultured for a further 4 h.

(A and C) show 3D confocal microscope images.
(B and D) show biomass quantification of the
mixed-species biofilms after treatment. Scale bars,
50 um. Data are means from 3 independent experi-
ments + SD.

@EPA

100 uM QZN

also regulates the latter (Rampioni et al.,
2016). Therefore, in mixed biofilms with
P. aeruginosa, the susceptibility of
S. aureus to the membrane-active 34
cannot be enhanced by HQNO, given that
the QZN at 100 uM (over six times the
ICso for PgsR) is likely to have abolished
HQNO production when provided following
the initial seeding inoculation of both spe-
cies in the biofilm assay. However, in mixed
biofilms under these experimental condi-
tions, 34 appears to be more active in
reducing the S. aureus biofilm biomass
than in the single-species biofilm (~7-fold
compared with ~4-fold). Further work will
therefore be required to determine whether
the dual properties of 34 as both an inhibi-
tor of HQNO production and a membrane-
permeabilizing agent are counter-produc-
tive in a single antimicrobial agent in mixed
biofilms at lower concentrations.

Alternative advantages of the 3-amino-
alkyl-substituted QZNs as inhibitors of
HQNO production by P. aeruginosa in bio-
film co-culture is that this should avoid HQNO-mediated inhibi-
tion of the electron transport chain, which reduces the suscepti-
bility of S. aureus to protein synthesis-inhibitory antibiotics,
including the aminoglycosides, tetracyclines, and macrolides
(Orazi et al., 2019).

When the mixed biofilm was treated with tobramycin (100 pg/
mL), the aminoglycoside reduced the P. aeruginosa biomass by
~60%, but the S. aureus component of the biofiim was clearly
protected by the presence of the Gram negative. Although the

EPA

@SA

QZN +
Tobramycin
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Figure 6. Affinity for and perturbation of the
S. aureus cytoplasmic membrane by
selected AQs and QZNs

(A) QZNs disturb the membrane dipole potential.
Changes in dipole potential were determined us-
ing di-8-ANEPPS to measure the variation in the
fluorescence ratio R(460/520) at a fixed concen-
tration of 40 uM for each compound. Data are
means from 3 independent experiments+SD

Change in 460/520 fluorescence ratio
Change in 460/520 fluorescence ratio
o

0.5 v (B) Binding curves as a function of QZN concen-
0 0.0 tration. The binding profiles for MeOH, 2, 19, 32,
FF V2R A 0 50 100 150 200 34, and 35. The data plotted are the mean values
v QzN [QZN] 1M of three independent experiments; error bars
c D represent standard deviations.

100~ 5100 ) (C) Depolarization of transmembrane potential by

s B ATP present in supernatant L. .
s B Pl fluorescence 34. (1) The cationic fluorescent dye DiSC3(5) was
80+ ’ o 801 added to cells, followed (2) by 10 uM of test
§ o Zg 60l compound. Complete depolarization of the mem-
S 3 e brane potential was achieved by the addition of
& 40 2 :>: 401 5 uM valinomycin (3). Experiments were repeated
g on three independent occasions, with represen-

204 = 201 tative data shown.
E-; (D) Membrane permeabilization. Cytoplasmic ATP
0 y T " ) \'2 0~ release and Pl fluorescence relative to nisin
o 20 100 130 e ) 19 e - = Es (0.6 uM; positive control) after treatment of
Time (Sec) QZN

mechanism involved has not yet been elucidated, in mixed
P. aeruginosa and Streptococcus biofilms tobramycin treat-
ment appears to enhance streptococcal biofilm formation as
a consequence of a tobramycin-driven reduction in rhamnolipid
production (Price et al., 2015). Furthermore, S. aureus may also
be protected by P. aeruginosa biofilm matrix components
including the exopolysaccharides Psl and Pel as well as
eDNA (Ciofu and Tolker-Nielsen, 2019). In contrast, when the
mixed biofilm was incubated with tobramycin after pre-treat-
ment with 34, most of the biofilm was killed, with less than
5% remaining. These data suggest that, in combination, tobra-
mycin and the QZN are capable of eradicating both bacterial
species in a mixed biofilm.

The bactericidal activity of the 3-aminoalkyl-substituted
QZNs toward planktonic S. aureus suggested that these

S. aureus with 10 uM of compounds 19, 32, 33, 34,
and 35. The data plotted are the mean values of
three independent experiments; error bars repre-
sent standard deviations.

QZNs may target the cytoplasmic membrane. We therefore
first investigated whether they possessed any affinity for the
S. aureus cytoplasmic membrane by measuring dipole poten-
tial. This membrane potential originates via the molecular
dipoles associated with carbonyl, oxygen-bonded phosphate
moieties of phospholipids and is orientated toward water mol-
ecules at the membrane interface (O’Shea, 2005). Previously,
we successfully used this technique to investigate the interac-
tions of AHLs and tetramic and tetronic acids with both staph-
ylococcal and eukaryotic membranes (Davis et al., 2010;
Murray et al., 2014). For example, 3-tetradecanoyltetronic
acid (C14-TOA), a membrane-active agent with a K4 of 4 uM,
inhibited agr-dependent quorum sensing, reduced S. aureus
colonization of human nasal epithelial cells, and showed effi-
cacy in a staphylococcal experimental mouse infection model

COOH COQH
NaOH
+ —_— . )J\
7
R NH, Cl R
Anthranilic acids N-Alkanoylanthranlllc acids
A | AcOAc
o NH4OAc for 4 o
s NH,NHfor 17 HN~ O OH
N~ R3NH2 for 35 /@\)J\ for 45 NI
R7 N/)\ R2 E:?H A )\ EtOH A R N/)\ R2

2- Alkylbenzo[d][1, 3]oxazm -4-ones

Scheme 1. Synthesis of 2-alkyl-4(3H)-quinazolinones (4, 17, 35, and 45)
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(Murray et al., 2014). Similar affinities for staphylococcal mem-
branes were calculated from the binding curves for QZNs such
as 34 and 35, consistent with the presence of a specific satu-
rable receptor. These data also indicated that anti-staphylo-
coccal activity positively correlated with a low-value Ky, given
the reduced membrane affinity of inactive QZNs such as com-
pound 2. Further investigation of the interactions of 32, 34, and
35 with the cytoplasmic membrane suggested that the Gram-
positive bactericidal activity of these QZNs depends on a
combination of membrane depolarization and pore formation
leading to ATP release and cell death. Similar results have
been reported for the clinically approved antibiotic daptomycin,
although this lipopeptide antibiotic has also been shown to
perturb fluid microdomains and, as a consequence, to interfere
with membrane-bound cell wall and lipid biosynthesis (Muller
et al., 2016). However, daptomycin lacks bactericidal activity
against Gram-negative bacteria, and this appears to be inde-
pendent of the outer-membrane permeability barrier (Miller
et al., 2016). This may also be the case for the QZNs 32 and
34, given that their antagonistic activity for PgsR requires their
uptake into the P. aeruginosa cytoplasm.

Our findings of the efficacy of tobramycin in combination with
the lead QZNs toward P. aeruginosa and S. aureus in mixed bio-
films offers additional opportunities to exploit the QZN scaffold
for the development of adjuvant drugs capable, in combination
with antibiotics, of eradicating chronic wound and lung infections
caused by these problematic pathogens.

SIGNIFICANCE

Staphylococcus aureus and Pseudomonas aeruginosa
commonly cause biofilm-centered chronic infections in
diverse body sites that are highly refractory to host immune
defences and antibiotics. Their co-existence in polymicrobial
biofilms within the same infection site often results in poor
clinical outcomes. To survive in the same environmental
niches, bacteria have evolved intricate regulatory networks
that facilitate co-operative behavior through quorum sensing
(QS) that facilitates evasion or suppression of other bacterial
species as well as providing mutual benefit by forming anti-
biotic-tolerant biofilms. Given the global health threat posed
by multi-antibiotic-resistant bacterial pathogens, novel anti-
bacterial agents are required that have potent efficacy
against biofilm-centered infections. In this context, QS sys-
tems have been viewed as attractive targets for drug mole-
cules that inhibit biofilm formation and virulence and could
be used alone or as adjuvants in combination with antibiotics.
In P. aeruginosa, pseudomonas quinolone (PQS)-dependent
QS can be attenuated via small-molecule antagonists target-
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ing the transcriptional regulator PgsR. Here, we explored our
library of quinazolinones (QZNs), which includes PgsR ago-
nists and antagonists, for their activity against S. aureus
alone, when co-cultured with P. aeruginosa, and in combina-
tion with tobramycin. We discovered that a subset of PqsR
Q2ZN antagonists not only perturbed P. aeruginosa biofilm
development but also killed planktonic cells and effectively
damaged S. aureus biofilms. Although P. aeruginosa pro-
tected S. aureus from tobramycin in mixed biofilms, the com-
bination of the aminoglycoside antibiotic with a QZN eradi-
cated mixed-species biofilms. The mechanism of action of
the active QZNs toward S. aureus is shown to involve pertur-
bation of the cytoplasmic membrane and dissipation of
essential membrane electrical potentials. Our findings of
the combined activity of tobramycin and the lead QZN toward
P. aeruginosa and S. aureus in mixed biofilms offers addi-
tional opportunities to exploit the QZN scaffold for anti-infec-
tive drug development.

STARXMETHODS

Detailed methods are provided in the online version of this paper
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Xiao, G., Déziel, E., He, J., Lépine, F., Lesic, B., Castonguay, M.H., Milot, S, @mic acid represents a novel treatment for intravascular catheter infections
Tampakaki, A.P., Stachel, S.E., and Rahme, L.G. (2006). MvfR, a key dueto Staphylococcus aureus. J. Antimicrob. Chemother. 72, 744-753.
Pseudomonas aeruginosa pathogenicity LTTR-class regulatory protein, has
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

S. aureus (Novick et al., 1993)_ RN6390

S. aureus (Horsburgh et al., 2002) SH1000

S. aureus (Fey et al., 2013) USA300 JE2

S. aureus (O’Neil et al., 2007) BH1CC

S. aureus (Holden, 2010) TW20

S. aureus (Castillo-Ramirez et al., 2012) HU6

S. aureus (Castillo-Ramirez et al., 2012) HU24

S. aureus (Castillo-Ramirez et al., 2012) U4

S. aureus (Castillo-Ramirez et al., 2012) U9

S. aureus (Castillo-Ramirez et al., 2012) U12

S. aureus (Castillo-Ramirez et al., 2012) DEU9

S. aureus (Castillo-Ramirez et al., 2012) DEU19

S. aureus (Castillo-Ramirez et al., 2012) DEU20

S. epidermidis This laboratory 1455

E. coli This laboratory MG1655

P. aeruginosa This Laboratory PAO1-N

S. pyogenes (Scott et al., 1986) JRS4

S. agalactiae (Valenti-Weigand et al., 1996) 6313

C. difficile Ed Kuijper Collection 8085054

C. difficile Ed Kuijper Collection 8079089

B. subtilis Bacillus Genetic Stock Centre 168

Chemicals, peptides, and recombinant proteins

Mdiller-Hinton broth Oxoid Cat# CM0405

L-cysteine Oxoid Cat# CM1135

Brain Heart Infusion broth Oxoid Cat# LP0021

Yeast Extract Sigma-Aldrich Cat# C7352

C. difficile supplement Oxoid Cat# SR0096

Luria Broth Oxoid Cat# CM0996B

Defibrinated Rabbit Blood TCS biosciences Cat# RB052

Phosphate Buffered Saline Sigma-Aldrich Cat# P4417

Triton X-100 Sigma-Aldrich Cat# T8787

Resazurin Sigma-Aldrich Cat# R7017

RPMI-1640 (Biofilm Studies) Lonza Cat# 12-918F

RPMI-1640 (Cell Culture) Sigma-Aldrich Cat# R7509

Penicillin Streptomycin mix Sigma-Aldrich Cat# P0781

Glutamine Sigma-Aldrich Cat# G7513

Fetal Bovine Serum Sigma-Aldrich Cat# F9665

Tobramycin Sigma-Aldrich Cat# T04014

Propidium lodide Sigma-Aldrich Cat# P4170

Nisin Sigma-Aldrich Cat# N5764

di-8-ANEPPS Thermo-Fisher Cat# D3167

Disc3(5) Thermo-Fisher Cat# D306

Valinomycin Sigma-Aldrich Cat# V0627
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

LDH Cytotoxicity Assay Kit Biochain Cat# K6330400
Cell Titre-Glo kit Promega Cat# G7570

Experimental models: Cell lines
Jurkat T cells Stratech PC-006-SIG
Recombinant DNA

pPMMR (Popat et al., 2012) Constitutive mCherry fluorescent reporter
pBK-miniTn7-egfp (Popat et al., 2012) Constitutive eGFP fluorescent reporter
Software and algorithms

ImageJ (Schneider et al., 2012) https://imagej.nih.gov/ij/

Zen Zeiss, Germany WWW.zeiss.com

Graphpad Prism 8.0 GraphPad Software, USA https://www.graphpad.com

RESOURCE AVAILABILITY

Lead contact
Requests for further information and requests for responding to material, resources and reagents should be directed to and will be
fulfilled by the Lead Contact Paul Williams (paul.williams@nottingham.ac.uk).

Materials availability

There are restrictions to the availability of the QZN compounds and bacterial strains due to the lack of an external centralized repos-
itory for their distribution and our need to maintain the stock. We are glad to share the QZNs with reasonable compensation by
requestor for its processing and shipping. Requests for QZNs and bacterial strains should be directed to the lead contact, Paul Wil-
liams (paul.williams@nottingham.ac.uk).

Data and code availability
The published article includes all biological data generated during this study. This study did not generate code. All data reported in
this paper will be shared by the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains and growth conditions

The bacterial strains used in this study are listed in the key resources table. S. aureus, S. epidermidis, P. aeruginosa, E. coli
and B. subtilis were grown in Muller-Hinton broth (MHB) S. aureus was also grown in MHB with 10% fetal bovine serum
(FBS). Strep. pyogenes and Strep. agalactiae were grown statically in brain heart infusion (BHI) with 5% CO,. C. difficile
isolates were grown anaerobically in BHI supplemented with yeast extract, L-cysteine and C. difficile supplement. Bacteria
were grown at 37°C.

Mammalian cells
Jurkat T cells were grown at 37°C in the presence of 5% CO,. Growth medium was RPMI-1640 supplemented with a final concen-
tration of 10% fetal bovine serum, 100 units penicillin, 0.1 mg/ml streptomycin and 2 mM glycine.

METHOD DETAILS

Bacterial strain susceptibility testing
MICs were determined by broth microdilution in the appropriate medium for bacterial growth.

Bactericidal activity

S. aureus, S. epidermidis and P. aeruginosa were grown overnight in Luria Broth, diluted 250-fold and grown to an ODgqg 0.5.
Cells were diluted to 1x10° per ml in challenge medium (LB plus QZN at 8 x MIC) or shock media (sterile water with or without
10 or 50 uM QZN and without or with 160 mOSm NaCl, KCI, or CaCl,). Samples were removed at intervals and viable counts
determined.

Cell Chemical Biology 29, 1187-1199.e1-€6, July 21, 2022 e2



mailto:paul.williams@nottingham.ac.uk
mailto:paul.williams@nottingham.ac.uk
https://imagej.nih.gov/ij/
http://www.zeiss.com
https://www.graphpad.com

¢ CellPress Cell Chemical Biology

OPEN ACCESS

Cytotoxicity

Haemolytic activity was assessed by incubating defibrinated rabbit blood (TCS Biosciences) in phosphate buffered saline (PBS) for
60 min in the presence of test compound or Triton X-100 (positive control). Samples were pelleted and supernatants collected. %
hemolytic activity was determined as As43 relative to the Triton X-100 treated control. Cytotoxicity for mammalian cells was measured
using the BioChain® LDH cytotoxicity assay kit as per the manufacturer’s instructions. Briefly, 2 x 10* Jurkat cells were incubated for
24 h in the presence of test compound or the lysis control agent. The A490 was measured and percentage cytotoxicity calculated
relative to the positive lysis control.

Chrome azurol S (CAS) iron chelation assay

A 0.5 ml aliquot of phosphate buffered saline (PBS; pH 7.4) without (as a reference) or with the relevant compound (50 uM) was
mixed with 0.5 ml of CAS assay solution prepared according to Schwyn and Neilands (1987). The sample (S) and reference (R)
absorbances were determined at 630 nm after 15 min incubation at room temperature. The percentage of iron-chelating activity
was calculated by subtracting the sample Agsg from that of the reference Agsg value. Siderophore units are defined as [A(r) — A(s)/
A(n] x 100.

Biofilm metabolic activity

The metabolic activity of staphylococcal biofilms was quantified using the redox sensitive dye resazurin as described previously (Za-
potoczna et al., 2017). Briefly, cells were grown overnight in BHI, diluted to an ODggo of 0.1 and aliquoted into a 96 well plate. Staph-
ylococci were incubated at 37°C for 3 h to allow for cell attachment. The growth medium was removed and the wells were washed
with PBS before fresh BHI was added. Biofilms were challenged with QZN immediately after bacterial attachment or after 24 h of
static growth and biofilm development at 37°C. After treatment with a QZN, biofilms were cultured for a further 24 h before Reaszurin
fluorescence was quantified.

Quantification of biofilm biomass

Biofilms were cultivated on borosilicate glass coverslips in 6-well microplates (Corning). P. aeruginosa strain PAO1 (Wash-
ington subline) and S. aureus strain SH1000, were transformed respectively with plasmids pMMR or pMRE147 and pBK-
miniTn7-egfp that constitutively express mCherry and a green fluorescent protein (GFP or mClover3 respectively) (Popat
et al., 2012; Schlechter et al., 2018). The fluorescently tagged strains were grown at 37°C for 16 h in RPMI-1640 (Lonza,
Slough, UK), diluted 1:100 (v/v) in fresh medium and allowed to grow until an ODggg Of ~0.5 was reached. These cultures
were diluted to ODggg 0.1 for S. aureus and 0.01 for P. aeruginosa in RPMI-1640 and inoculated into 6 well microplates
containing UV sterilised borosilicate glass coverslips (22 x 22 mm, thickness no.1) (VWR, Lutterworth, UK). Bacterial cells
were seeded onto the coverslip surface at 37°C under static conditions for 1 h before cultures incubated with shaking for
48 h for S. aureus or 24 h for P. aeruginosa to form mature biofilms. For the S. aureus biofilm killing assay, the medium was
discarded after 48 h incubation and replaced by fresh RPMI-1640 containing 3-C3NH,-7CI-C9-QZN 34 or tobramycin fol-
lowed by a further 4h incubation. For P. aeruginosa biofilm inhibition assays, 34 was added to the inoculum and incubated
for 24 h prior to tobramycin addition and a further 4 h of incubation. For the co-culture biofilm experiments, microplates
were inoculated first with S. aureus and incubated statically for 1 h followed by P. aeruginosa in a 10:1 ratio. 3-C3NH,-
7CI-C9-QZN was added and the cultures incubated for 48 h at 37°C. Where required, tobramycin was then added to
the 48 h-old co-cultures by a further 4h incubation. After incubation stained for extracellular DNA (eDNA) with propidium
iodide (Pl) or YOYO-1 (2 uM). Coverslips were directly examined under a confocal laser scanning microscope (Zeiss
LSM2, Zeiss, Oberkochen, Germany) using eGFP and mCherry modes at an excitation wavelengths of 488 nm and
555 nm. Imaging was carried out using Zen 2011 imaging software (Zeiss, Oberkochen, Germany). A total of 5 Z-stacked
images were collected per coverslip. Sampling was conducted at random from the central portion of each coverslip.
Biomass was calculated using Image J (NIH, Bethesda, MD, USA) and Comstat 2.1. Software package (www.comstat.dk,
Lyngby, Denmark). The percentage of live cells was determined as described by Ou et al. (2016).

Biofilm viability assay

Staphyloccocal cells were recovered from biofilms on coverslip surfaces by gentle sonication in an ultrasonic bath for 5 min at a fre-
quency of 37 kHz. The removal of biofilm was confirmed using confocal microscopy. Bacterial cells were collected and ODggonm
adjusted to 0.1. Cell suspensions were serial diluted down to 10 and 10pl spotted onto LB agar plates. These were incubated at
30°C for 16 h followed by manual colony counting. Cell numbers were expressed as logso CFU/ml.

Bacterial membrane permeabilization assays

Membrane permeabilization was evaluated by quantifying (a) ATP release (Higgins et al., 2005) and (b) the uptake of propi-
dium iodide (PI). S. aureus strain USA300 JE2 was grown overnight in CYGP medium (Ji et al., 1995) washed with phos-
phate buffer (100 mM, pH 7), re-suspended to ODggo 0.1 and incubated at 37°C with a range of concentrations of each
compound for 1 h. Nisin (0.6 uM) was used as a positive control. Cell-free supernatants were assayed for ATP content using
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the Cell Titre-Glo kit (Promega). Staphylococcal cells were re-suspended in phosphate buffer (pH 7) containing Pl (10 pg/ml),
incubated in the dark at room temperature for 10 min. After washing, Pl fluorescence (excitation: 575 nm; emission 630 nm)
was quantified.

Membrane dipole potential

S. aureus membranes were prepared and labelled with the dipole potential fluorescent sensor 1-(3-sulfonatopropyl)-4-[3-2-(di-n-oc-
tylamino)-6-naphthylvinyl] pyridinium betaine (di-8-ANEPPS) (Invitrogen) and the K4 for each compound determined using the dual
wavelength ratiometric method as described by Qazi et al. (2006).

Dissipation of bacterial membrane potential

Transmembrane potential was determined as described by Breeuwer and Abee (2000). Staphylococcal cells were sus-
pended in potassium phosphate buffer (50 mM, pH 7) containing 5 ptM of the cationic fluorescent dye Discs(5) (Invitrogen).
Fluorescence output was continually monitored over 200 s (excitation 650 nm, emission 680 nM). Once the fluorescent
signal had reduced and stabilised the selected QZN was added to the appropriate final concentration. To confirm that
the membrane potential was responsible for the uptake of the cationic dye, 5 pM valinomycin was added to completely
depolarise the remaining membrane potential. As negative controls, the antibiotics novobiocin and chloramphenicol were
also included at 10 ug/ml.

Chemical synthesis
QZNs (Table 1) were synthesized and characterized as described previously (llangovan et al., 2013) except for 4 (7-CI-C9-QZN), 5
(C7-BTD), 6 (C9-BTD), 17 (3-NH,-C1-QZN), 35 (3-C4NH,-7-CI-C9-QZN) and 45 (3-C,OH-7-CI-C9-QZN). These were synthesised
by the established literature procedures (Purcell, 2007; Kirchner and Zalay, 1968, 1974; Mahmoud et al., 2007), essentially in three
steps as outlined in Scheme 1.

The acylation of appropriate anthranilic acids with acid chlorides gave N-alkanoylanthranilic acids which via dehydrative intramo-
lecular cyclisation yielded 2-alkylbenzo[d] [1,3]oxazin-4-ones. The latter when aminated in refluxing ethanol (for 4,17,45) or THF (for
35) delivered the desired quinazolinones as crystalline solids after purification.

7-Chloro-2-n-nonylquinazolin-4(3H)-one (7CI-C9-QZN) 4

(0]

C,/@\)Nji/\/\/\/\

N-Decanoyl-4-chloroanthranilic acid

Decanoyl chloride (0.0275 mol) and a solution of sodium hydroxide, (0.025 mol) in water (10 mL) were simultaneously added dropwise
over 15 min to a solution of 4-chloroanthranilic acid (0.025 mol) in sodium hydroxide (0.025 mol) dissolved in distilled water (10 mL) at
0-5°C. The resulting slurry was stirred at 0-5°C for 30 min followed by a further 30 min stirring at room temperature. The reaction
mixture was then acidified to pH 1.0 with concentrated HCI (3.5 mL) and extracted with ethyl acetate (30 mL) which was washed
with brine (10 mL), dried with magnesium sulphate and concentrated to dryness under reduced pressure. The resulting solid residue
was stirred with petroleum ether bp 60-80°C (15 mL) for 1 h. The product was collected by filtration to give N-decanoyl-4-chloroan-
thranilic acid as a pale brown solid in 83% yield.

7-Chloro-2-n-nonyl-4H-benzo[d][1,3]oxazin-4-one
A mixture of N-decanoyl-4-chloroanthranilic acid (4.0 g) and acetic anhydride (25 mL) was stirred at reflux for 2 h. After cooling the
solvent was removed under high vacuum to give the title compound.

7-Chloro-2-n-nonylquinazolin-4(3H)-one
A mixture of 7-chloro-2-n-nonyl-4H-benzo[d][1,3]-oxazin-4-one (0.3077 g, 1 mmol) and ammonium acetate (0.154 g, 2 mmol) was
heated at 170°C for 2 h. The residue was cooled to room temperature and taken up in ethyl acetate (40 mL) and water (25 mL) which
after 30 min of stirring the mixture was fully dissolved. The aqueous layer was removed and the organic layer was washed with satu-
rated sodium bicarbonate, 1 M HCI, and brine. The organic layer was dried over magnesium sulphate and concentrated to dryness to
give an off white solid which was purified using Flash chromatography (40% ethyl acetate in hexane) to deliver 7-chloro-2-n-nonyi-
quinazolin-4(3H)-one as a white solid (0.096 g, 31%).

"H NMR (CDClg) 5 0.91 (3H, t, Me), 1.25-1.5 (12H, m, (CH2)sMe), 1.87 (2H, quintet, CHx(CH,)sMe), 2.76 (2H, t, CHo(CH,);Me), 7.44
(1H, 6-H), 7.72 (1H, 8-H), 8.22 (1H, 5-H), 10.74 (1H, s, NH), ES-MS m/z 307.1572 [M+H]*, C47H24CIN,O" requires 307.1572).
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3-Amino-2-methylquinazolin-4(3H)-one (3-NH,-C1-QZN) 17

0]

A
N

2-Methyl-4H-benzo[d][1,3]oxazin-4-one was prepared as a cream solid in quantitative yield from anthranilic acid (0.03 M) and ace-
tic anhydride (25 ml) by the procedure described above under 5. A solution of 2-Methyl-4H-benzo[d][1,3]oxazin-4-one (1 mmol) and
hydrazine monohydrate (4 mmol) in ethanol (20 mL) was stirred at reflux overnight. The solvent was removed under reduced pressure
to give the title compound as a cream solid 0.640 g (73% yield) which required no further purification.

"H NMR (CDClg) 8 2.74 (3H, t, Me), 4.92 (2H, s, NH,), 7.48 (1H, 8-H), 7.68 (1H, 6-H), 7.76 (1H, 7-H), 8.26 (1H, 5-H).

ES-MS m/z 176.0815 [M+H]*, CgH1oN3O* requires 176.0818.

3-(4-Aminobutyl)-7-chloro-2-n-nonylquinazolin-4(3H)-one (3-C4NH,-7-CI-C9-QZN) 35

(0]

/©\)J\N/\/\/NH2
/)\/\/\/\/\
Cl N

A solution of 7-chloro-2-n-nonyl-4H-benzo[d][1,3]oxazin-4-one (as described for 4) (0.615 g, 2.0 mmol) and N-Boc-1,4-butanedi-
amine (1.506 g, 8.0 mmol) in dry THF (20 mL) was stirred at reflux overnight. The solvent was removed under reduced pressure and
the residue was dissolved in ethyl acetate (40 mL) and washed with saturated NaHCO3 (2 x 15 mL), 1 M KHSO4 (2 x 15 mL) and brine
(15 mL). The organic layer was dried over magnesium sulphate and concentrated to dryness to give a pale brown oily solid which was
purified using flash chromatography (10% ethyl acetate in hexane followed by 15% ethyl acetate in hexane) and trituration with di-
ethyl ether/hexane to give 3-[3-(tert-butoxycarbonylamino)butyl]-7-chloro-2-n-nonyl-4(3H)-quinazolinone as a white solid ( 0.303 g).

A solution of 3-[3-(tert-butoxycarbonylamino)butyl]-7-chloro-2-n-nonyl4(3H)-quinazolinone (0.130 g, 2.8 mmol) in DCM (7 mL) and
trifluoroacetic acid (7 mL) was stirred overnight at room temperature. The solution was concentrated to dryness under reduced pres-
sure with the aid of acetonitrile. The residue was dissolved in ethyl acetate (15 mL) and washed with saturated sodium bicarbonate (2
x 7.5 mL) and brine (7.5 mL). The organic layer was dried over magnesium sulphate and concentrated to dryness to give an oily solid
which was purified by trituration with hexane and petroleum ether bp 40-60°C to give the title compound as a white solid (0.027
g, 13%).

"H NMR (CDClg) 3 0.91 (3H, t, Me), 1.31-1.51 (12H, m, (CHzsMe), 1.65 (2H, m, CH,CH,CH,CH,NH,), 1.83 (4H, m,
CH2CH20H20H2NH2 and CH2(CH2)6MG), 2.11 (2H, b, NH2), 2.84 (4H, m, CH2(CH2)7Me and (CH2)3CH2NH2), 411 (2H, 1,
CH(CH2)3NHy), 7.39 (1H, 8-H), 7.65 (1H, 6-H), 8.18 (1H, 5-H).

ES-MS m/z 378.2312 [M+H]*, C21H33CIN3O* requires 378.2307.

7-Chloro-3-(2-hydroxyethyl)-2-n-nonylquinazolin-4(3H)-one (3-C,OH-7CI-C9-QZN) 45

(o}

/©£J\N/\/OH
W
Cl N

A solution of 7-chloro-2-n-nonyl-4H-benzo[d][1,3]oxazin-4-one (as described for 4) (0.461 g, 1.5 mmol) and ethanolamine (0.367 g,
6 mmol) in ethanol (20 mL) was stirred at reflux overnight. The solvent was removed under reduced pressure and the residue was
dissolved in ethyl acetate (30 mL) and washed with saturated NaHCO3; (2 x 10 mL), 1 M KHSO4 (2 x 10 mL) and brine (10 mL).
The organic layer was dried over magnesium sulphate and concentrated to dryness to give an off white solid which was purified using
flash chromatography (10% ethyl acetate in hexane followed by 30% ethyl acetate in hexane and finally 70% ethyl acetate in hexane)
to give the titled compound as a white solid (0.133 g, 25%).

"H NMR (CDClg) 3 0.90 (3H, t, Me), 1.3-1.5 (12H, m, (CHo)sMe), 1.84 (2H, m, CH,(CH,)sMe), 2.4 (1H, b, OH) 2.91 (2H, t,
CH(CHy)7Me), 4.02 (2H, t, CH,CH,0H), 4.33 (2H, t, CH,CH,OH), 7.41 (1H, 8-H), 7.67 (1H, 6-H), 8.18 (1H, 5-H).

ES-MS m/z 351.1839 [M+H]*, C1gH2gCIN,O5* requires 351.1834.

Synthesis of 3-alkyl-3,4-dihydro-2H-benzo[e][1,2,4]thiadiazine 1,1-dioxide (5 and 6)

The compounds 5 and 6 were synthesised by the acid catalysed cyclative condensation of 2-aminobenzenesulfonamide with an
appropriate aldehyde in refluxing dioxane as outlined in Scheme 2.
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3-n-Heptyl-3,4-dihydro-2H-benzo[e][1,2,4]thiadiazine 1,1-dioxide (C7-BTD) 5

[ONge)

N
CLx
NJ\/\/\/\
H
A solution of 2-aminobenzenesulfonamide (0.344 g, 2 mmol), octanal (0.282 g/0.343 ml, 2 mmol) and concentrated H,SO, (4 drops)
in dioxane (10 mL) was stirred at reflux for 3 h. The solvent was removed under reduced pressure and the orange oily solid was pu-
rified using flash chromatography (20% ethyl acetate in hexane) to give the title compound as an off white solid (0.159 g, 28%).
"H NMR (DMSO-dg) 5 0.88 (3H, t, Me), 1.29 (8H, m, (CH,),Me), 1.46 (2H, m, CH5(CH,)4Me), 1.74 (2H, m, CHx(CH,)sMe), 4.63 (1H, m,
(NH),CHCH,(CH,)sMe), 6.69 (1H, t, 6-H), 6.81 (1H, d, 8-H), 6.97 (1H, s, 1-NH), 7.27 (1H, m, 7-H) 7.32 and 7.35 (1H, d, 3-NH), 7.45 (1H,
d, 5H).
ES-MS m/z 283.1474 [M+H]*, C14H23N20.S* requires 283.1475.

3-n-Nonyl-3,4-dihydro-2H-benzo[e][1,2,4]thiadiazine 1,1-dioxide (C9-BTD) 6

O. 0O

N
X
NJ\/\/\/\/\
H

A solution of 2-aminobenzenesulfonamide (0.344 g, 2 mmol), decanal (0.343 g/0.415 ml, 2 mmol) and concentrated H,SO, (4
drops) in dioxane (10 mL) was stirred at reflux for 3 h. The solvent was removed under reduced pressure and the brown oil was pu-
rified using flash chromatography (20% ethyl acetate in hexane) to give an impure cream solid. This was further purified by triturating
with petroleum ether 60-80 (9 x 1.5 mL) to give the title compound as a white solid (0.078 g, 13%).

"H NMR (DMSO-dg) 3 0.87 (3H, t, Me), 1.27 (12H, m, (CH»)sMe), 1.45 (2H, m, CH(CHo)sMe), 1.74 (2H, m, CHx(CH,);Me), 4.64 (1H,
m, (NH).CHCHy(CHy)sMe), 6.69 (1H, t, 6-H), 6.81 (1H, d, 8-H), 6.99 (1H, s, 1NH), 7.27 (1H, m, 7-H) 7.33 and 7.36 (1H, d, 3NH), 7.43 (1H,
d, 5H).

ES-MS m/z 311.1786 [M+H]*, C16H27N2,0,S* requires 311.1788.

QUANTIFICATION AND STATISTICAL ANALYSIS
Unless otherwise stated within the figure legend, each experiment was conducted on 3 independent occasions. Mean data is pre-

sented, error bars indicate the standard deviation. The biomass of each biofilm was assessed from 5 randomly selected sites and
quantified using Image J software (Schneider et al., 2012).
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Table S1. Minimum inhibitory concentrations of 32 (3-C,NH,-7CI-C9-QZN)

Organism MIC pM
(ug/ml)

Staphylococcus aureus (MRSA 12.5 (4.4)
and MSSA strains®)

Staphylococcus epidermidis 6.25 (2.2)
Streptococcus pyogenes 6.25 (2.2)
Streptococcus. agalactiae 12.5 (4.4)

Clostridioides difficile ribotype- 2.5(0.9)

017

Clostridioides difficile ribotype- 2.5(0.9)
014

Bacillus subtilis 168 12.5(4.4)
Escherichia coli MG1655 >100
Pseudomonas aeruginosa >100
PAO1

see *Key Resources Table for details of S. aureus strains tested
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Figure S1. Related to Figure 3 and Star Methods (biofilm viability assay). Supporting
evidence that 3-C3NH,-7CI-C9-QZN (34) reduces the viability of Staphylococcus aureus
biofilms. 34 (100 uM) was added to the culture at the time of inoculation, or after 4h or 24h
of biofilm formation. The data presented are the mean viable counts (CFU) per ml from 5
biological replicates £SD.



>

S. aureus B

100 - B Dead 100
20 - Blive 20
60 - 2 60
40 A ' 40
20 A 20

0 - ‘ 0

DMSO 10 pg/ml 50 pug/ml 100 pg/ml

Live/Dead distribution (%)
Live/Dead Distribution (%)

Tobramycin
C P. aeruginosa D

100

100 1 B Dead

80 1 @ Live 30
60 - 2 60
40 A . 40
20 A 20
0 - l 0

DMSO 10 pg/ml 50 pg/ml 100 pg/ml

Live/Dead Distribution (%)
Live/Dead Distribution (%)

Tobramycin

S. aureus

1 @ Dead
J OlLive

DMSO

P. aeruginosa

Tobramycin QZN +
Tobramycin

1 @ Dead
] ElLive

DMSO

Tobramycin QZN +
Tobramycin

Figure S2 Related to Figure 5. Effect of tobramycin without (A and C) or with QZN 34 (B and
D) on S. aureus SH1000 (A and B) or P. aeruginosa (C and D) biofilm viability in
monocultures. S. aureus SH1000 and P. aeruginosa were fluorescently tagged with gfp and
mclover3 respectively. Biofilms were grown in the absence or presence of QZN (100 uM)
prior to treatment for 4 h with tobramycin at 0, 10, 50 or 100 ug/ml. The relative
distribution of live and dead cells was quantified using 3D confocal microscopy and image

analysis after staining with propidium iodide.
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Figure S3. Related to Star Methods (mammalian cytotoxicity tests) for QZNs 19, 32 and 34.
(A) Haemolytic activity. QZNs were incubated with defibrinated rabbit red blood cells at a
range of concentrations. Percentage haemolysis was calculated relative to a Triton X-100
control. The data plotted are the mean values of 3 independent experiments; error bars
represent standard deviations. (B) Release of cytoplasmic LDH. 3-C3NH,-7CI-C9-QZN 34 was
incubated with Jurkat cells for 24 h at a range of concentrations. The data plotted are the
mean values of 3 independent experiments; error bars represent standard deviations.
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Figure S4. Related to Star Methods (Chrome Azurol S iron chelation assay). Determination
of iron chelating properties of QZNs 2, 9, 19, 32, 34,35, 37 and 42 100 uM compared with
PQS and relative to 10 uM deferoxamine.
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Figure S5. Related to Figure 2. Planktonic S. aureus were inoculated into sterile water (m),
sterile water supplemented with 10 uM ( A) or sterile water supplemented with 50 uM (V)
compound 34. The data presented are the mean viable counts (CFU) per ml from 3
independent experiments +SD. (B) Planktonic S. aureus USA300 JE2 were inoculated into
shock medium (10 uM compound 34) in sterile water, LB or sterile water plus 160 mOsm of
one of the following solutes: NaCl, KCl, CaCl,. The data presented are the mean viable
counts (CFU) per ml from 3 independent experiments +SD.
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Figure S6. Related to Figure 6. Depolarisation of transmembrane potential in response to
QZNs 19 (A) and 32 (B) or the antibiotics novobiocin (C) and chloramphenicol (D). (1) The
cationic fluorescent dye DiSC3(5) was added to cells followed by (2) 10 uM (19: 3.2 ug/ml;
32: 3.5 ug/ml) QZN or 10 pg/ml novobiocin or 10 ug/ml chloramphenicol. Complete
depolarisation of the membrane potential was achieved by the addition of 5 uM
valinomycin (3). Experiments were carried out on 3 independent occasions with
representative data presented.
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