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ABSTRACT Mechanistic investigations are of paramount importance in elucidating the
modes of action of antibiotics and facilitating the discovery of novel drugs. We repor-
ted a luciferase-based reporter system using bacterial cells to unveil mechanisms of
antimicrobials targeting transcription and translation. The reporter gene Nluc encoding
NanoLuciferase (NanoLuc) was integrated into the genome of the Gram-positive model
organism, Bacillus subtilis, to generate a reporter strain BS2019. Cellular transcription and
translation levels were assessed by quantifying the amount of Nluc mRNA as well as the
luminescence catalyzed by the enzyme NanoLuc. We validated this system using three
known inhibitors of transcription (rifampicin), translation (chloramphenicol), and cell wall
synthesis (ampicillin). The B. subtilis reporter strain BS2019 successfully revealed a decline
in Nluc expression by rifampicin and NanoLuc enzyme activity by chloramphenicol, while
ampicillin produced no observable effect. The assay was employed to characterize a
previously discovered bacterial transcription inhibitor, CUHK242, with known antimicro-
bial activity against drug-resistant Staphylococcus aureus. Production of Nluc mRNA in
our reporter BS2019 was suppressed in the presence of CUHK242, demonstrating the
usefulness of the construct, which provides a simple way to study the mechanism of
potential antibiotic candidates at early stages of drug discovery. The reporter system can
also be modified by adopting different promoters and reporter genes to extend its scope
of contribution to other fields of work.

IMPORTANCE Discovering new classes of antibiotics is desperately needed to combat
the emergence of multidrug-resistant pathogens. To facilitate the drug discovery
process, a simple cell-based assay for mechanistic studies is essential to characterize
antimicrobial candidates. In this work, we developed a luciferase-based reporter system
to quantify the transcriptional and translational effects of potential compounds and
validated our system using two currently marketed drugs. Reporter strains generated
in this study provide readily available means for identifying bacterial transcription
inhibitors as prospective novel antibacterials. We also provided a series of plasmids for
characterizing promoters under various conditions such as stress.

KEYWORDS reporter assay, antimicrobial agents, transcription inhibitors, translation
inhibitors, antimicrobial resistance, drug discovery, novel antibiotics

A ntimicrobial resistance (AMR) is a worldwide public health crisis with an estima-
ted 4.95 million AMR-associated deaths globally in 2019 (1). Methicillin-resistant
Staphylococcus aureus (MRSA) are leading pathogens for deaths attributable to AMR.
While vancomycin, a bacterial cell wall synthesis inhibitor, is one of the first-line
treatments for MRSA infections, strains of vancomycin-resistant S. aureus (VRSA) have
already emerged (2-5). Continuous development of antimicrobial agents with novel
modes of action is, therefore, vital to addressing the ongoing Antibiotic Crisis.
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Bacterial transcription and translation serve as valid targets for new drug discovery (6,
7). There are currently two classes of antibiotics (rifampicin and fidaxomicin) inhibiting
bacterial RNA synthesis and several families of antibacterials acting on the translation
machinery, including chloramphenicol, tetracyclines, and the macrolide family (such as
erythromycin). While translation involves mainly ribosomes and translation factors (8,
9), bacterial transcription is carried out by RNA polymerase (RNAP) through interactions
with various transcription factors. For example, an initiation factor 0 must associate with
bacterial RNAP to recognize a specific promoter. The primary initiation factor, ¢’° in
Escherichia coli and 0" in Bacillus subtilis, governs expressions of housekeeping genes and
plays a crucial role in cell viability (10, 11). These essential protein-protein interactions
(PPIs), thus, present a wide host of potentially druggable targets for the discovery of
antimicrobial agents (12-15).

Mechanistic investigations are key to elucidating the antimicrobial potency of
antibiotics and to characterizing new drug candidates. Since bacterial RNA and protein
synthesis are tightly regulated by various physiological factors, such as pH and tem-
perature, monitoring these processes within cells can provide more insight into the
mechanisms when combined with in vitro assays (16). A reporter gene such as gfp or
lacZ (encoding for B-galactosidase) is usually inserted downstream of a specific promoter
or fused with target genes (17-22). For example, a fluorescent protein-based system
was established to monitor the SOS response and Shiga toxin production in enterohe-
morrhagic E. coli treated with transcription and translation inhibitors (17). Nevertheless,
the low photostability of fluorescent proteins may hinder the result interpretation (23).
Additionally, at low expression levels, GFP may be hampered by background noise,
resulting in a low assay signal-to-noise ratio (24). Compared to fluorescent proteins,
luciferase offers higher stability and sensitivity. NanoLuciferase (NanoLuc) is a small
luciferase (19 kDa) engineered from the original deep-sea shrimp Oplophorus gracilirostris
enzyme, exhibiting vigorous signal intensity and relatively high protein stability (25).
NanoLuc has been applied in the screening of PPl inhibitors in vitro, measurement of PPI
strength in living cells, as well as monitoring of tumor development in animal mod-
els (26-29). Despite the high intracellular stability of NanoLuc, most studies involving
bacterial reporter strains only made use of the firefly-derived luciferase enzyme and were
conducted in B. subtilis and E. coli (30-32).

Using NanolLuc as the reporter, we developed a bacterial cell-based system to
evaluate the transcription and translation levels in the presence of antimicrobial agents.
As the 3,000 bp length of the lacZ gene in recombinant E. coli allowed for the quantita-
tive measurement of the transcription and translation elongation rate, we, therefore,
offered lacZ as an alternative reporter in our system (33, 34). In this study, we constructed
a suite of plasmids for the replacement of different promoters and reporter genes,
followed by the generation of the B. subtilis reporter strain for use in cell-based assays.

The result was BS2019, where the reporter gene Nluc under the control of a xylose-
inducible promoter was inserted into the genome of B. subtilis. The system was first
validated using three marketed antibiotics with diverse but well-characterized modes
of action, namely, rifampicin, chloramphenicol, and ampicillin (35, 36). Our system was
further applied to examine the mechanisms of a previously discovered transcription
inhibitor CUHK242 (published as Compound 54), which targeted the RNAP-o interac-
tion and demonstrated potent antimicrobial activity against a panel of Gram-positive
pathogens (37).

RESULTS

Construction of the reporter plasmid system and the B. subtilis reporter strain
BS2019

In this work, the recombinant plasmids were derived from the parent vector pSG1729
(Table 1; Fig. 1A), which integrated the promoter-reporter fragment into the B. subtilis
amyE locus via double crossover (Fig. S1) (38). The initial reporter plasmid pCU314
was constructed by replacing the gfp gene with Nluc, driven by the xylose-inducible
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TABLE 1 Plasmids used and constructed in this study

Plasmid Genotype’ Source/construction

pSG1729 bla amyE3'spc Pxyl-gfp mut1'amyE5"  (38)

PET51b(+)_S-Luc_CLIP bla Pp10-Nluc (39)

pCU251 bla P@10-sigA-LgBiT-6xHis-T@ (27)

pCU252 bla P 10-SmBiT-CH-6xHis-T¢ (27)

pCU314 bla amyE3'spc Pxyl-Nluc amyE5' This work. Reporter gene Nluc
cloned in Acc65l and EcoRl cut
pSG1729.

pCU344 bla amyE3'spc MCS amyE5’ This work. The fragment of

spectinomycin and unitary
restriction sites cloned in Xbal

and EcoRV cut pCU314.
pCU354 bla amyE3’ spc Nluc amyE5' This work. Reporter gene Nluc
cloned in Acc65l and EcoRl cut
pCU344.
pCU483 bla amyE3'spc Pxyl-lacZ amyE5' This work. Reporter gene lacZ

cloned in Acc651 and EcoRI cut
pSG1729.

?bla, ampicillin resistance gene; Pp10, phage T7 promoter; spc, spectinomycin resistance gene.

promoter (Table 1; Fig. 1B). pCU314 was transformed into the wild-type B. subtilis 168
(BS168) to generate the reporter strain BS2019 (Table 2). To offer an alternative to the
reporter, we also substituted the gfp fragment with the lacZ gene. The resulting vector
was named pCU483 (Table 1; Fig. 1C).

We further modified pCU314 to increase the versatility of the plasmid system. The
region flanked by the amyE5’ and amyE3” sequences was replaced by a fragment
comprising the spectinomycin resistance gene spc and a new multiple cloning site (MCS)
for the insertion of different promoters and reporter genes. The resulting vector was
named pCU344 (Table 1; Fig. 1D). We then cloned the gene Nluc into pCU344 to obtain
pCU354 (Table 1; Fig. 1E). pCU354 can be used to examine the use of various promoters
by the Nluc-based reporter assay.

Validation and application of the reporter assay system

Throughout this study, we made extensive use of the newly generated B. subtilis reporter
strain BS2019 for both system validation and subsequent mechanistic investigations. As
the expression of an exogenous gene may impact bacterial growth following chromo-
some incorporation (40), we measured the growth rates of both BS2019 and wild-type
BS168. The growth rates of non-induced BS2019 and BS168 were found to be compara-
ble as shown in Fig. 2A. The doubling times of BS168 (47 min) and BS2019 without xylose
induction (38 min) were slightly different, indicating that the gene insertion may affect
bacterial growth to some extent. BS2019 treated with 1% xylose to induce Nluc gene
expression saw no marked changes in its doubling time (Fig. 2A), suggesting that the
expression of Nluc did not impact bacterial growth.

To evaluate the expression of the inducible reporter gene, Nluc mRNA transcript and
the chemiluminescence resulting from NanoLuc activity were quantified. Following the
addition of 1% xylose, a twofold increase in BS2019 Nluc mRNA level was detected within
5 min, whereas the control group showed no significant changes (Fig. 2B). Similarly, the

TABLE 2 Strains used and constructed in this study

Strain Genotype* Source/construction
B. subtilis 168 trpC2
BS2019 trpC2 QamyE::pCU314(spc Pxyl-Nluc) This work. B. subtilis 168

transformed with pCU314.

°Q), insertion; spc, spectinomycin resistance gene.
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Pxyl
A

gfpmut1

Pxyl
C Xbal Acc65
Xbal
Sall
EcoRV pCU483 lacZ
10 kb
EcoRI
E MCS-START-Nluc-STOP

amyE3’ pCU354

7.3 kb

pCU354 (7.3 kb)

BamHI  Spel Nhel Ncol Avrl START Acc65l
GGATCCACTAGT GCTAGC CCATGG CCTAGG ATG GGTACC
Niuc STOP EcoRlI STOP  Xbal

ATGGTCTTCA......CATTCTGGCG TAG GAATTC TAG T TCT AGA
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B
pCU314
7.4 kb
MCS-START-MCS-STOP
D

am

amyE3’ pCU344
6.8 kb

pCU344 (7.3 kb)

BamHI  Spel Nhel Ncol Avrl  START Acc65l
GGATCC ACT AGT GCT AGC CCATGG CCTAGG ATG GGT ACC
Apal Xhol Sall Hindlll ~ EcoRl STOP  Xbal

GGG CCC CTC GAG GTC GACAAG CTT GAATTC TAG T TCT AGA

FIG 1 Plasmids for reporter strain construction. (A) The parent vector pSG1729.(38) (B) pCU314 encoding the Nluc gene under the control of Pxyl. (C) pCU483

encoding lacZ driven by Pxyl. (D) pCU344 with the promoter and reporter gene fragment replaced by multiple cloning site (MCS). (E) pCU354 encoding Nluc

upstream the start codon for promoter replacement. Pxyl, xylose-inducible promoter; spc, spectinomycin resistance gene; bla, ampicillin resistance gene; Ori,

plasmid replication origin; MCS, multiple cloning site.

luminescence signal generated by NanoLuc saw a steady 20% rise within 5 min, while
that of the non-induced group remained relatively constant. The results suggested that
Nluc gene expression can be induced by the addition of xylose and became readily
detectable within the experimental interval of 5 min for the reporter assay.

We validated the reporter assay using three widely used antibacterials, rifampicin,
chloramphenicol, and ampicillin, which target bacterial transcription, translation, and
cell wall synthesis, respectively (41-45). To minimize the effects of potential antibi-
otic-induced stress response, the drug concentrations used in the assay should be
relative to their antimicrobial activity as baselines, represented by their respective
minimum inhibitory concentrations (MICs). MIC was defined as the lowest concentra-
tion of antimicrobial agent without eliciting visible bacterial growth, where its value
was obtained by performing broth microdilution as stipulated in guidelines from the
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FIG 2 Effects of 1% xylose supplementation on (A) growth and (B) Nluc expression of BS2019. Relative fold change of (i) Nluc mRNA level and (ii) relative

luminescence intensity generated by NanoLuc were presented as mean + SD. Lum, luminescence intensity.

Clinical and Laboratory Standards Institute (CLSI) (46). As shown in Table 3, rifampicin,
chloramphenicol, and ampicillin all demonstrated diverse MIC values against BS2019.
Notably, CUHK242 also indicated good antimicrobial activity. The varying MICs exhibited
by these compounds against BS2019 highlighted the importance of taking their distinct
antimicrobial mechanisms of action into consideration in subsequent experiments.

Time-kill kinetics assay was performed to characterize the bactericidal activity of the
three antibacterial drugs alongside CUHK242 at their 2 X, 1 X, and 4 x MICs against
BS2019 (Fig. 3). Even at sub-MIC levels, both rifampicin and CUHK242 resulted in the
eradication of viable BS2019 colonies below detection limit within 4 h (Fig. 3A and D),
while ampicillin at all doses displayed strong bactericidal effect in half the time span (Fig.
30). On the other hand, chloramphenicol remained mostly bacteriostatic against BS2019
(Fig. 3B).

TABLE 3 Antimicrobial activity of antimicrobial agents against BS2019

Rif’ chl® Amp® CUHK242
MIC (ug/mL) 0.125 8 0.125 2
“Rif, rifampicin.
bChl, chloramphenicol.
‘Amp, ampicillin.
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FIG 3 Effects of (A) rifampicin, (B) chloramphenicol, (C) ampicillin, and (D) CUHK242 on the time-kill kinetics of BS2019. The samples were harvested at 0, 2, and
4h.

We surmised that %2 x MIC may serve as a sublethal concentration mutual to the
antimicrobial agents used which could reflect a sufficiently growth-inhibiting phenotype
with minimum stress response in biological investigations involving BS2019 (47). The
time-kill kinetics of all test compounds over the reporter assay duration (5 min) were
assessed. Chloramphenicol, ampicillin, and rifampicin, at their respective %2 x MICs, all
showed negligible stress on BS2019 growth, while CUHK242 greatly decreased viable
colony count of BS2019 by >10-fold at %> x but not ¥ x MIC (Fig. S2). To alleviate
potential lethal effects, the lower dose 2 x MIC of CUHK242 was consequently included
in experimental setups for comparison where appropriate.

To examine Nluc gene expression under different treatments, BS2019 was grown to
exponential phase prior to the addition of 1% xylose and the selected antimicrobial
agents at %2 x MIC. Cellular total RNA was extracted for the detection of Nluc transcripts
by RT-gPCR, whereas the cell lysates were subjected to enzymatic assay probing for
the luminescence reaction catalyzed by NanolLuc. Compared to the untreated group,
rifampicin treatment decreased the relative Nluc expression level by around twofold and
a general reduction in detected luminescence signal (Fig. 4A). The untreated group, on
the other hand, saw a 20% increase in enzymatic activity over the course of the assay
(Fig. 4A). While chloramphenicol did not affect Nluc mRNA synthesis, a significant decline
in luminescence signal was detected, suggesting a greatly impaired NanoLuc production
rate in line with its mechanism of action (Fig. 4B). Ampicillin, as a cell wall synthesis
inhibitor, appeared to have disrupted neither Nluc expression nor luminescence levels,
which was in line with its drug mechanism and did not impact bacterial transcription and
translation (Fig. 4C). Overall, the characteristically divergent effects of antibiotics with
known mechanisms of action were clearly recognizable using our reporter system, which
strongly supported the feasibility of utilizing the proposed assay for the assessment of
transcription- and translation-inhibiting antibacterial agents.
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FIG 4 The effects of rifampicin, chloramphenicol, and ampicillin on Nluc expression in the reporter strain developed in this study (B52019). (A) Expression of
Nluc under treatment with %2 x MIC rifampicin (Rif). (B) Expression of Nluc under treatment with %> x MIC chloramphenicol (Chl). (C) Expression of Nluc under
treatment with %2 x MIC ampicillin (Amp). (i) Relative fold change of Nluc mRNA level and (ii) relative luminescence intensity generated by NanoLuc were
presented as mean =+ SD. lum, luminescence intensity. Technical repeats were performed for data reproducibility.

Using the validated cell-based assay, we proceeded to characterize CUHK242, which
was designed to interrupt the initiation step in RNA synthesis. As prior in vitro stud-
ies already demonstrated transcription inhibition exerted by CUHK242 (published as
Compound 54) (37), in this study, our aim was to investigate its impact on transcription
within cells. Upon treating BS2019 with CUHK242 at %2 x MIC, a substantial suppression
in both Nluc mRNA and luminescence signal was noted in comparison to the untrea-
ted control group (Fig. 5A). This reduction in cellular Nluc mRNA possibly resulted in
diminished NanoLuc synthesis and, thus, may have contributed to a proportionally
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FIG 5 Effect of CUHK242 on Nluc expression by BS2019. (A) Relative fold change of Nluc mRNA and (B) relative luminescence intensity generated by NanoLuc
were presented as mean + SD. Lum, luminescence intensity. Technical repeats were performed to ensure data reproducibility.

diminished luciferase activity. At % x MIC CUHK242, both Nluc expression level and
NanoLuc activity showed a modest reduction compared to the control group (Fig. 5B).

Antimicrobial activity of CUHK242 against MRSA and VRSA

We tested CUHK242 against a panel of MRSA and VRSA strains representing clini-
cally significant lineages, as well as laboratory-generated strains representing various
resistance mechanisms. The MRSA strains include hospital-associated MRSA (HA-MRSA)
sequence type (ST) 239, the dominant strain in East, Southeast, and South Asia; ATCC
BAA-43, a Brazilian clone; ATCC BAA-44, an lberian clone; HA-MRSA ST45, which was
increasingly prevalent among MRSA bloodstream isolates from 1999 to 2005 in Hong
Kong; community-associated MRSA (CA-MRSA) ST30 and ST59, both prevalent clones in
Hong Kong and other Asian countries; CA-MRSA USA300 JE2 LAC, a CA-MRSA strain
epidemic in the United States; CA-MRSA ST22 which is widespread across Europe;
SA-1199B, a fluoroquinolone-resistant laboratory-derived strain; SA-RN4220-pUL5054,
a macrolide-resistant lab strain; SA-APH2”-AAC6’, a gentamicin-resistant lab strain;
SA-ANT4’, a fusidic acid-resistant lab strain (48-54). According to CLSI guidelines, drug
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resistance was defined as MIC values greater than the clinical breakpoints (=16 ug/mL
for vancomycin and gentamicin, and >4 pg/mL for oxacillin, ciprofloxacin, and rifampicin
against S. aureus) (46). The tested MRSA species saw concomitant resistance to multiple
antibiotics, such as oxacillin, gentamicin, and kanamycin, while all were susceptible to
CUHK242 with stable MIC values ranging between 2 and 4 pg/mL, comparable to the
first-line drug vancomycin (Table 4).

The VRSA strains tested in this work were provided by the Network on AMR in
S. aureus (NARSA) for distribution by BEI Resources, NIAID, NIH, and administrated by
ATCC (Manassas, Virginia, United States). These included VRSA-1 (NR-46410/S. aureus
strain HIP11714), VRSA-2 (NR-46411/S. aureus strain HIP11983), VRSA-3a (NR-46412/S.
aureus strain HIP13170) and VRSA-3b (NR-46413/S. aureus strain HIP13419), VRSA-4
(NR-46414/S. aureus strain HIP14300), VRSA-5 (NR-46415/S. aureus strain HIP15178),
VRSA-7 (NR-46417/S. aureus strain AlS 2006045), VRSA-8 (NR-46418/S. aureus strain
71080), VRSA-9 (NR-46419/S. aureus strain AIS 080003), VRSA-10 (NR-46420/S. aureus
strain AIS 1000505), and VRSA-11a (NR-46421/S. aureus strain AIS 1001095). Most VRSA
strains used were USA100 isolates except for VRSA-3a and VRSA-2b, which were USA800
isolates. USA100 strains are the most common pulse-field type of VRSA from nasal
cultures in the United States, followed by USA800 (55, 56). As shown in Table 5, CUHK242
demonstrated outstanding antimicrobial activities with MICs of 2-4 ug/mL against all
tested VRSA strains. In contrast, most strains were desensitized to the bacterial cell wall
synthesis inhibitors vancomycin and oxacillin, the translation inhibitors gentamicin and
kanamycin, as well as the DNA gyrase inhibitor ciprofloxacin. Our compound CUHK242
demonstrated remarkable anti-staphylococcal properties and has promising prospect as
a new treatment option for highly drug-resistant staphylococcal infections.

CUHK242 inhibits RNAP-o interaction in vitro, kills MRSA without resistance
selection, and attenuates secretion of MRSA hemolytic toxin

The PPI inhibitory activity of compound CUHK242 was evaluated using an in-house
developed luciferase complementation assay (27). In this assay, a specific PPl of
two proteins carrying the complementary NanoLuc fragment tags contributed to the
NanoLuc reformation. Luminescence signals that arose from the reconstituted NanolLuc
activity were probed to assess PPl, while a decrease in chemiluminescence resulted
from PPI inhibitors. In this work, the RNAP clamp helix (CH) fragment and o factor were

TABLE 4 Antimicrobial activity of CUHK242 against S. aureus type strains (ATCC 25923 and 29213),
representative MRSA and lab-derived drug-resistant strains, presented as MICs (ug/mL)

CUHK242 Van’ Oxa’ Gen* Cip? Rif* Kan'
ATCC 25923 2 2 0.5 0.5 1 0.0156 2
ATCC 29213 2 1 0.5 2 1 0.0078 16
HA-MRSA ST239 2 1 256 >64 32 0.0039 >64
ATCC BAA43 2 1 >256 >64 32 >2 >64
ATCC BAA44 2 1 256 >64 32 2 >64
HA-MRSA ST45 4 1 32 16 0.0078 >64
CA-MRSA ST30 2 1 4 1 1 0.0078 4
CA-MRSA ST59 2 1 0.5 1 0.0078 >64
CA-MRSA USA300 2 1 2 16 0.0078
CA-MRSA ST22 2 1 32 1 >64 0.0078
SA-1199B 2 1 <0.25 1 16 0.0078
SA-RN4220-pUL5054 2 1 <0.25 0.5 0.5 0.0078
SA-APH2"”-AAC6’ 2 1 128 >64 16 2 >64
SA-ANT4’ 2 1 4 >64 16 0.0078 >64

“Van, vancomycin.
®Oxa, oxacillin.
‘Gen, gentamicin.
“Cip, ciprofloxacin.
eRif, rifampicin.
Kan, kanamycin.
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TABLE 5 Antimicrobial activity of CUHK242 against representative VRSA strains, presented as MICs
(ng/mL)

CUHK242 Van® Oxa® Gen® Cip? Rif® Kan'
VRSA-1 4 >256 256 64 >64 >2 >64
VRSA-2 2 256 256 64 >64 <0.002 >64
VRSA-3a 4 64 64 64 >64 0.0078 >64
VRSA-3b 4 256 128 >64 >64 0.0078 >64
VRSA-4 2 128 128 4 >64 0.0078 >64
VRSA-5 2 >256 32 >64 >64 0.0156 >64
VRSA-7 2 256 16 >64 >64 0.0078 >64
VRSA-8 2 >256 64 >64 >64 0.0039 >64
VRSA-9 4 >256 16 >64 >64 0.0078 >64
VRSA-10 2 >256 128 4 >64 0.0078 >64
VRSA-11a 2 >256 <0.25 4 64 2 >64

?Van, vancomycin.
®Oxa, oxacillin.
‘Gen, gentamicin.
“Cip, ciprofloxacin.
¢Rif, rifampicin.
fKan, kanamycin.

fused with the two NanoLuc tags, respectively. CUHK242 suppressed the luminescence
emission in a dose-dependent manner with ICsg determined at 117.7 + 5.91 uM (Fig. 6A).

The time- and dose-dependent relationship between the addition of CUHK242 at
concentrations relative to its MIC and bacterial growth was determined for the MRSA
USA300 strain JE2 LAC (obtained from BEI Resources). Growth of MRSA cells was shown
to be inhibited following 4 h of incubation in the presence of the compound at levels
equal to or above MIC (Fig. 6B). Overall, CUHK242 exhibited a largely bacteriostatic
profile against a clinically significant drug-resistant S. aureus strain, with only modest and
gradual decreases in CFU counts at higher concentrations at later time points.

To assess whether AMR would emerge under selective pressure, an S. aureus ATCC
29213 type strain and an MRSA USA300 strain JE2 LAC were continuously exposed
to sub-inhibitory levels of either CUHK242 or rifampicin. Over the course of 15 days,
rifampicin showed a gradual rise in daily recorded MIC values, amounting to an increase
of more than 30,000-fold from its original MIC upon the experimental endpoint, whereas
CUHK242 showed only minor fluctuations in MIC, within the fourfold threshold indicative
of resistance emergence (Fig. 6C and D). This suggested that CUHK242 was less likely to
select for resistant isolates compared to the RNA synthesis inhibitor class drug rifampicin,
supporting its potential use in clinical scenarios where antibiotic resistance is frequent.

The effects of CUHK242 treatment at sub-inhibitory concentrations on mitigating
damage to host RBCs (red blood cells) induced by the S. aureus secretory exotoxin
a-toxin (a-hemolysin) was also assessed. Results showed that a-toxin levels found in
compound-treated overnight cultures of USA300 strain JE2 LAC all required up to 64-fold
dilution before their lytic effects on rabbit RBC were fully removed (Fig. 7). This suggested
that, compared to both vancomycin- and rifampicin-treated groups, as well as untreated
control groups, CUHK242 treatment was non-inferior in its ability to attenuate a major
virulence factor of MRSA by protecting host erythrocytes from hemolysis in vitro.

DISCUSSION
Validation of the NanoLuc-based bacterial reporter system

System validation was undertaken by investigating Nluc gene expression over a span of
5 min following antibiotic treatment, as reporter gene showed measurable expression
levels within the designated interval while any potential drug-induced stress responses
can be minimized to prevent skewing. For example, chloramphenicol can trigger a
stringent response that reduces GTP, potentially suppressing reporter gene transcription
(57). Rifampicin can also stimulate the synthesis of the RNAP catalytic subunits 3 and 3’
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FIG 6 (A) Inhibitory curve of compound CUHK242 measured by luciferase complementation assay. Technical repeats were performed for data reproducibility.
(B) Effects of increasing concentrations CUHK242 on the time-kill kinetics of MRSA USA300 strain JE2 LAC. Resistance development of (C) S. aureus ATCC 29213
and (D) MRSA USA300 strain JE2 LAC to CUHK242 (indigo squares) and rifampicin (orange triangles). Results were presented as fold changes (in log,) in MICs

relative to their respective initially recorded values. Experiments were performed in triplicates, and representative data were shown.

after 20 min from administration, where this cellular response may lead to elevated Nluc
transcription levels (58-60). In addition, ampicillin at high concentrations (100 pug/mL)
can promote the expression of the transcription factor Spx which efficiently activates
RNA synthesis in B. subtilis (61). Nonetheless, the impact of these drug-induced stress
responses was not observed in our assay, which was conducted within the span of just 5
min.

Our findings were highly consistent with the well-characterized mechanisms of the
tested drugs. Rifampicin is the canonical bacterial RNA synthesis inhibitor that blocks
RNA extension (62). It can be inferred that the repression of Nluc transcription led to
insufficient NanoLuc production, represented by the decline in the luminescence signal.
Our data can reflect the translation-inhibiting effects exerted by chloramphenicol, which
binds to the bacterial ribosome to prevent peptide bond formation (63, 64). Ampicillin is
a B-lactam antibiotic that interacts with penicillin-binding proteins to inhibit peptidogly-
can crosslinking, a key process in cell wall synthesis (35, 36). It is, therefore, reasonable
that the cell wall inhibitor ultimately did not disturb both RNA and protein synthesis. Our
reporter strain BS2019 was shown to respond differently in the presence of antibiotics
with divergent drug targets, supporting its use in the identification of potential antibiotic
candidates acting on bacterial transcription and translation.

Previous studies made use of B. subtilis strains producing recombinant GFP fused to
essential transcription factors to examine the cellular effects of inhibitors, showing the
delocalizing effects upon the bacterial transcription complexes (65, 66). In this work, we
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Van, vancomycin; Rif, rifampicin.

generated a B. subtilis reporter strain which synthesized NanoLuc for signal detection.
Compared to the GFP fusion strains, our assay provides a more quantitative way to
characterize RNA synthesis inhibitors. In addition to higher sensitivity that comes with
luminescence-based assays, direct comparison between transcription inhibitors was also
made possible due to distinct NanoLuc activity profiles under different treatments.

Cellular effects and antimicrobial activities of CUHK242

Through computational drug screening and design methods, we previously reported
the antimicrobial compound CUHK242 which was designed to inhibit the essential
interaction between bacterial RNAP and the initiation factor o. Previous investigations
demonstrated the antimicrobial effects against multiple Gram-positive pathogens and
in vitro transcription inhibition by the compound. In this work, we applied the newly
developed reporter system to examine CUHK242 mechanistically and further character-
ize its antimicrobial effects. Similar to rifampicin, CUHK242 suppressed both transcrip-
tion and translation of the reporter gene Nluc at sublethal doses. The data suggested
that CUHK242 can, indeed, inhibit RNA synthesis in cells, resulting in a simultaneous
reduction in protein synthesis. These observations were in concordance with the
designated role of CUHK242 as a bacterial transcription inhibitor. The role of CUHK242
as the RNAP-o PPI inhibitor was consolidated by the in vitro PPI inhibition assay. From
the in vitro and cell-based data, it can be extrapolated that the impaired RNA synthesis
was correlated to the incomplete RNAP-o interaction, which represented a critical step
in transcription initiation. Results from time-kill kinetics assays revealed the bactericidal
activity of CUHK242 against the Gram-positive model species B. subtilis. The investigation
was also expanded for its activity against panels of clinical MRSA and VRSA lineages,
as well as lab-derived resistant strains. All tested multi-drug-resistant S. aureus strains
were susceptible to CUHK242, while most of them were resistant or showed desensiti-
zation toward multiple classes of antibiotics, including the first-line drugs vancomycin
and oxacillin, as well as alternative chemotherapeutants such as gentamicin. Repeated
passaging of both drug-susceptible and resistant strains of S. aureus did not give rise
to CUHK242-resistant variants. While a time-kill assay painted a largely bacteriostatic
picture for CUHK242 when directly administered against an MRSA USA300 strain, the
compound was ultimately able to attenuate the effects of a major virulence factor
a-toxin. Future investigations can focus on in-depth characterization such as binding
site identification, evaluation of cytotoxicity in mammalian cell lines, and in vivo efficacy
studies using animal infection models.
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Further assay development

A major limitation was that only B. subtilis can be used for generating reporter strains
due to the plasmid design, and therefore, the system may not be applicable in cases
where B. subtilis is not susceptible to a treatment compound. Biological differences in the
colonies used in each technical repeat could potentially contribute to inconsistencies in
Nluc transcript and NanoLuc enzyme activity across different trials (67). Notwithstanding
these discrepancies, they did not seem to impact the effects of the three antimicro-
bial agents evaluated during the assay validation stage. The system serendipitously
demonstrated a basal expression of the Nluc gene, which is indicative of difficulties when
attempting to detect minor changes. Promoters with tighter gene expression control,
such as the arabinose-inducible promoter, could be employed to reduce basal gene
expression and offset any potential effects (68).

Apart from facilitating drug discovery, the reporter assay may also serve as a valuable
tool in other applications. For example, it can monitor the reporter gene expression
under different environmental changes such as ethanol levels, osmotic pressure, and
temperature, which altered transcription mediated by an alternative initiation factor o®
in B. subtilis (69, 70). The promoters regulating stress-induced expression can be inserted
upstream of the reporter genes such that their activities can also be investigated.

Conclusion

In summary, we developed a cell-based assay intended for characterizing transcription
and translation inhibitors for novel antimicrobial discovery. To the best of our knowl-
edge, our reporter assay is the first quantitative approach to evaluate transcription and
translation activity using the Nluc reporter gene in the Gram-positive model organism
B. subtilis. The system can be applied to achieve a better understanding of transcription
and translation inhibition by antimicrobial agents. The reporter assay showed potential
for application in the characterization and discovery of novel antimicrobial agents.
This system also offers a suite of reporter plasmids that are systematically designed to
facilitate the substitution of promoters and reporter genes of interest.

MATERIALS AND METHODS
Construction of plasmid vectors

E. coli strain DH5a was used for cloning in this study. Primers used for cloning are
listed in Table S1. In brief, the Nluc reporter gene used in this study was amplified from
PET51b(+)_S-Luc_CLIP by primer nlucF and nlucR. The amplicons were digested with
Acc65l and EcoRl and inserted into similarly cut pSG1729 to construct pCU314. The lacZ
reporter gene amplified from E. coli was digested with Acc65l and EcoRl and inserted
into similarly cut pSG1729 to construct pCU483. To construct a vector with the spectino-
mycin resistance gene and unitary restriction sites, DNA fragments of the spectinomycin
resistance gene with MCS (purchased from Thermo Fisher) were amplified by primers
Fragments_F and Fragments_R. The amplicons were digested with EcoRV and Xbal and
inserted into similarly cut pCU314 to construct pCU344. The reporter gene Nluc was then
amplified from pCU314 by primers Nluc_Acc65I_F and Nluc_EcoRI_R. The amplicons of
Nluc were cut with Acc65l and EcoRl and inserted into similarly cut pCU344 to construct
pCU354.

Construction of reporter strains

The wild-type B. subtilis strain BS168 was used for reporter strain construction. The
plasmid transformation approach for constructing reporter strains was adapted from
the methods as described by Lewis and Marston (38). In brief, overnight cultures of B.
subtilis in MM competence media (Table S2) were inoculated into 10 mL pre-warmed
starvation media (Table S2) and incubated at 37 °C for 2 h. Ten microliters of pCU314
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was mixed with 0.4 mL culture. Following the incubation at 37 °C for 1 h, 100 uL reaction
mixture was plated onto the LB agar plate with 15 pg/mL spectinomycin for selection
and incubated overnight at 37 °C. The resulting plates were stained with iodine solution
to verify that the genome insertion took place at the amyE locus. NanoLuc assay was
conducted to further confirm the validity of reporter gene expression.

Determination of minimum inhibitory concentration

Antimicrobial activities were determined by MIC, which is defined as the lowest
concentration of antimicrobial agents without visible growth. The antimicrobial
susceptibility test was conducted using the broth microdilution assay in cation-adjusted
Mueller-Hinton broth (Oxoid) for MRSA and VRSA, and in LB broth (BD Difco) for B. subtilis
according to the CLSI guideline (46). Vancomycin, oxacillin, and CUHK242 were diluted
from 256 to 0.25 pg/mL. Gentamicin, ciprofloxacin, and kanamycin were diluted from 64
to 0.0625 pg/mL. Rifampicin was diluted from 2 to 0.00195 pg/mL, as its MICs against S.
aureus strains were typically ~0.0078 pg/mL. Each bacterial inoculum was adjusted to ~5
x 10° CFU/mL. Results were read after incubation at 37°C for 20 h. Experiments were
performed in duplicates.

Growth curve of BS168 and BS2019

BS2019 and BS168 were streaked on LB agar plates and incubated at 37 °C overnight. The
colonies were inoculated into LB broth to make a starting culture with ODggg ~0.1. The
culture was incubated at 37 °C with ODgpg measured at the first 10 min and every 15 min
thereafter. The growth curve was plotted and analyzed using GraphPad Prism.

Time-kill kinetics assay

Time-kill kinetics assay adapted from the guidelines of CLSI was performed (71, 72).
BS2019 or MRSA USA300 strain JE2 LAC was streaked on an LB agar plate and incubated
overnight. The colonies were inoculated into LB or tryptic soy broth (TSB) to prepare
the starter culture at ODggg ~0.1. The culture was incubated at 37 °C with shaking until
ODggo ~0.2. Bacterial cells at log phase were suspended at ~1.5 x 10° CFU/mL in fresh
media containing rifampicin, or chloramphenicol, or ampicillin, or CUHK242 at various
concentrations along with untreated controls. For BS2019, samples were collected upon
the single end point at 5 min post administration. For MRSA USA300, samples were
collected at 0, 2, and 4 h in triplicates, followed by 10-fold serial dilutions in sterile
phosphate-buffered saline (PBS). Five microliters of samples were spotted on Colombia
agar plates supplemented with 5% defibrinated horse blood and incubated at 37 °C
overnight. The visible colonies were counted and expressed as CFU/mL. The figures were
plotted using GraphPad Prism.

Resistance generation by serial passage

Fresh colonies of S. aureus ATCC 29213 and MRSA USA300 strain JE2 LAC were obtained
by streaking from glycerol stock onto LB agar and incubated overnight at 37 °C. On Day
0, colonies were resuspended in MHB and used to inoculate a broth microdilution plate
set up to determine the MICs of CUHK242 and rifampicin in triplicates according to CLSI
guidelines on determining antimicrobial susceptibility. From Day 1 onward, the latest
MIC values of CUHK242 and rifampicin were recorded upon each passage, and the wells
containing cells cultured under % x MIC of both antimicrobial in each replicate lane were
homogenized and used to prepare inocula for their corresponding fresh replicate lanes.
Throughout the assay, each plate was covered with sterile breathable seals to prevent
evaporation and incubated overnight at 37 °C with constant agitation at 340 rpm on a
3-mm orbital plate shaker. This process was repeated until its conclusion on Day 15.
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Cell-based reporter assay

All the strains constructed and used in this study are listed in Table 1. Strains were
streaked onto LB agar supplemented with 15 pg/mL spectinomycin and incubated at
37 °C overnight. A single colony was then picked and inoculated into LB broth supple-
mented with 15 pug/mL spectinomycin, followed by incubation at 37 °C with shaking
overnight. The overnight culture was diluted with fresh LB to achieve ODggg ~0.05 and
incubated at 37 °C with shaking until attaining an ODggg of 0.4. The culture was then
divided into an drug-free untreated control group and a drug-treated group. Following
the addition of antimicrobial compounds, 1% xylose was added into both groups to
induce transcription of reporter gene. Starting from 7= 0 at 1 min intervals, transcription
reaction was arrested by transferring 1 mL aliquots of each cell culture into pre-cooled
0.4 mL stop buffer (60% ethanol, 2% phenol, 10 mM EDTA) for RT-qPCR sample prepara-
tion and analysis. Samples without exposure to stop buffer were collected for pellet
harvesting for NanoLuc enzymatic assay. Control groups without treatment by antimicro-
bial agents were also included. The mixture was centrifuged at 5,000 x g at 4 °C for 5 min
to harvest cell pellets, which were then stored at —80 °C until further use.

Quantification of transcription level by RT-qPCR analysis

Cell pellets were lyzed by glass beads, and total RNA was extracted using the Monarch
Total RNA Miniprep Kit (NEB) following the manufacturer’s instructions. Purified RNA was
then used for template preparation with the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). cDNA concentration was measured by Qubit ssDNA Assay
Kit (Invitrogen) using Qubit 4 Fluorometer and diluted into working concentrations of
2.5 ng/pL. Twenty microliters of qPCR reaction mixtures each containing 10 pL PowerUp
SYBR Green Master Mix (Applied Biosystems), 2 yL 5 uM forward primer, 2 uL 5 pM
reverse primer, 2 yL ¢cDNA, and 4 pL dH,0 was prepared, and qPCR was performed by
QuantStudio 3 Real-time PCR System (Thermo Fisher). The abundance of target gene

was presented as 27%°T  The data were calculated relative to time T = 0, presented

€10~ Cri (C10 > Cyi)) or ¢ (C10 < Cri). Mean values and standard deviation
were calculated. Primers used for qPCR were listed in Table S1.

i—Cr0
as 2 T

Quantification of translation level by NanoLuc enzymatic assay

Continuing from Section 5.6, cell pellets without exposure to transcription stop buffer
were resuspended and incubated with lysis buffer containing B-PER Complete Bacterial
Protein Extraction Reagent (Thermo Fisher) diluted in PBS in a 1:1 vol ratio, supplemen-
ted with a 0.01% protease inhibitor cocktail (P8849, Sigma) at room temperature for
30 min. Twenty-five microliters of cell lysates were added into a white 96-well plate
in triplicates, followed by adding 25 pyL Nano-Glo Luciferase Assay substrate (Promega)
diluted 1:100 with assay buffer into a working solution. The luminescence was measured
with a BioTek Synergy H1 (Agilent Technologies) multiplate reader. The raw data were
taken in physical units (counts per second) and normalized against readings of the
control groups at T = 0. The mean values and standard deviations were calculated using
Microsoft Excel and plotted in GraphPad Prism.

Purification of RNAP CH and o with NanoLuc fragment tags

E. coli BL21 (DE3) cells transformed with the overproduction plasmids were grown
in 800 mL of autoinduction media supplemented with 0.5% (vol/vol) glycerol and
100 pg/mL ampicillin for selection at room temperature for 48 h. Cells were harvested
at 5,000 x g for 5 min. The resulting pellet was lysed in 5 mL/gram lysis buffer (20 mM
NaH,PO,4, 500 mM NaCl, 20 mM imidazole, pH 8.0) diluted in with B-PER Complete
Bacterial Protein Extraction Reagent (Thermo Fisher) at a 1:1 vol ratio. Following
sonication and clarification at 8,000 x g for 1 h, the filtered supernatant passed through
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a 1 mL His-trap FF column (Cytiva) pre-equilibrated with the lysis buffer without B-PER
Complete Bacterial Protein Extraction Reagent (Thermo Fisher). Non-specific binding was
removed by 10 CV of wash buffer (20 mM NaH,PO4, 500 mM NaCl, 40 mM imidazole,
pH 8.0), and the his-tagged proteins were eluted by elution buffer (20 mM NaH,POyg,
500 mM NaCl, 500 mM imidazole, pH 8.0). Fractions consisting of the target proteins were
pooled and dialyzed into PBS with 30% glycerol before storage at —80 °C.

In vitro NanoLuc PPl inhibition assay

A formerly established split luciferase-based PPI inhibition assay was adapted (27).
Compound CUHK242 was dissolved to 10 mg/mL in DMSO. Twofold dilution of CUHK242
was performed in PBS, starting from 3 mM. Forty microliters of C-LgBiT-o (2.5 pM in
PBS) was added to 96-well plates and then mixed with 20 pyL of CUHK242 at varying
concentrations for 10 min at 37 °C. Forty microliters of C-SmBiT-CH (2.5 pM in PBS) was
added, and the reaction was incubated for 10 min at 37 °C, followed by the addition of
20 pL of Promega Nano-Glo Luciferase Assay Substrate (Promega). Luminescence signals
were measured using a BioTek Synergy H1 plate reader. The experiment was performed
in triplicate. Technical repeats were taken for data reproducibility.

Data and statistical analysis

For biochemical assays, technical repeats were performed to ensure reproducibility.
Two-way ANOVA was used to measure the statistical significance, presented in GraphPad
Prism style: P < 0.05 (*), < 0.01 (**), < 0.001 (***), < 0.0001 (****),

Rabbit red blood cell lysis assay

A major hallmark of virulence in pathogenic S. aureus strains is the production of the
secretory exotoxin a-toxin (a-hemolysin) (73-75). The hemolysis of rabbit erythrocytes
by purified staphylococcal a-toxin is a well-established methodology characterized by
enzyme-like sigmoidal response curves directly proportional to toxin concentrations and
had since been optimized and employed in our previous work on other novel antimi-
crobial candidates (72, 76). To investigate the effect of antimicrobial agent treatment
on a-toxin production, ¥4 x MIC of each test compound was added to liquid cultures
of MRSA USA300 strain JE2 LAC grown to early exponential phase in TSB. Following
overnight incubation at 37 °C and agitated at 175 rpm, the now post-stationary phase
cultures were harvested by centrifugation at 8,000 x g for 3 min and the supernatants
collected. Rabbit RBCs were packed by washing gently in sterile PBS until no hemolysis
was observed, whereupon cells were resuspended as a 3% solution in PBS. Harvested
sample supernatants were twofold serially diluted and incubated with 3% RBC suspen-
sion in a 1:10 ratio (i.e., 20 pL supernatant to 180 pL RBC suspension per well) in a
48-well microplate for 1 h at 37 °C. A PBS-only negative control was included alongside
a positive control group using 1% Triton X-100. The amount of hemoglobin released was
determined by measuring the absorbance at 540 nm, and % cell lysis was calculated as
sample absorbance/positive control absorbance.
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