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BWC0977, a broad-spectrum antibacterial
clinical candidate to treat multidrug
resistant infections

A list of authors and their affiliations appears at the end of the paper

The global crisis of antimicrobial resistance (AMR) necessitates the develop-
ment of broad-spectrum antibacterial drugs effective against multi-drug
resistant (MDR) pathogens. BWC0977, a Novel Bacterial Topoisomerase Inhi-
bitor (NBTI) selectively inhibits bacterial DNA replication via inhibition of DNA
gyrase and topoisomerase IV. BWC0977 exhibited a minimum inhibitory
concentration (MIC90) of 0.03–2 µg/mL against a global panel of MDR Gram-
negative bacteria including Enterobacterales and non-fermenters, Gram-
positive bacteria, anaerobes and biothreat pathogens. BWC0977 retains
activity against isolates resistant to fluoroquinolones (FQs), carbapenems and
colistin and demonstrates efficacy against multiple pathogens in two rodent
species with significantly higher drug levels in the epithelial lining fluid of
infected lungs. In healthy volunteers, single-ascending doses of BWC0977
administered intravenously (https://clinicaltrials.gov/study/NCT05088421)
was found to be safe, well tolerated (primary endpoint) and achieved dose-
proportional exposures (secondary endpoint) consistent with modelled data
from preclinical studies. Here, we show that BWC0977 has the potential to
treat a range of critical-care infections including MDR bacterial pneumonias.

The World Health Organization (WHO) has categorically identified
AMR as one of the top ten global public health threats impacting
humanity. Despite concerted global efforts, MDR infections caused
4.95million deaths in 2019, with a disproportionate burdenon the low-
and middle-income countries (LMICs)1. Unless AMR is tackled aggres-
sively, an estimated 10million liveswill be lost annually by 20502.Many
of these pathogens pose a serious threat to patients in hospitals and
critical-care settings by causing life-threatening conditions like com-
plicated intra-abdominal infections (cIAI), bloodstream infections and
pneumonia3–5. Since the introduction of fluoroquinolones (FQs) in the
1980s, there has not been a broad-spectrum class of drugs that are
effective against multiple pathogenic bacteria. Currently, there are
very limited options to treat infections caused by MDR pathogens6,7.

NBTIs are dual-acting agents that inhibit the bacterial DNA gyrase
and topoisomerase IV8–11. Currently, there are twoNBTIs –Gepotidacin
and Zoliflodacin undergoing clinical trials12,13. The NBTIs work via a
uniquemechanismof inhibition by occupying target binding sites that

are distinct from the FQs, and therefore lack cross-resistance to FQs14.
Gepotidacin is an oral, first-in-class antibacterial (triazaacenaphthy-
lene) being developed by GlaxoSmithKline for treating uncomplicated
urinary tract infections (uUTI) and gonorrhea15,16. Gepotidacin has
completed three, Phase-2 clinical trials for treating acute bacterial skin
and skin structure infections (ABSSSI)17, uncomplicated urogenital
gonorrhea (uUG) caused by Neisseria gonorrhoeae18, and uUTI19. The
second NBTI, Zoliflodacin, a spiropyrimidinetrione developed by
Entasis Therapeutics, has completed a Phase-3 trial as an oral treat-
ment for uUG20. In this study, zoliflodacin demonstrated statistical
non-inferiority of microbiological cure at the urogenital site versus
treatment with intramuscular injection of ceftriaxone and oral
azithromycin21.

Here, we show the discovery of BWC0977, a clinical-stage NBTI
that demonstrates broad-spectrum activity against the major WHO
published list of “global priority” pathogens22. These include
carbapenem-resistant Enterobacteriaceae, carbapenem-resistant
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Pseudomonas aeruginosa, carbapenem-resistant Acinetobacter bau-
mannii and methicillin-resistant Staphylococcus aureus22.

Results
The initial hit that led to the discoveryof BWC0977was identified from
a whole cell phenotypic screen against E. coli ATCC25922, E. coli ΔacrB
JW0451-2 and E. coli ΔtolC JW5503-1. The chemical library consisted of
approximately 3000 compounds selected for structural diversity from
commercial databases such as eMolecule, REAL database from Enam-
ine, Aurora Fine Chemicals catalogue and custom synthesized frag-
ments. The diverse set of compounds was procured from various
libraries, including EnamineDiversity Library, AuroraBuildingBlocks 1,
Lifechemical Screening and Fragment Library, Analyticon Focused
Library, and Ottava Chemical Fragment and Diversity Library. Struc-
tural analyses based on literature search revealed that the early hit had
similarity to known NBTIs8. A schematic of the medicinal chemistry
optimization and structure-activity relationship (SAR) of the lead ser-
ies is shown in Fig. 1.

The screening hit, compound 1 exhibited a minimum inhibitory
concentration (MIC) of 80–160 µg/ml against key Gram-negative and
Gram-positive pathogens with micromolar E. coli gyrase and topoIV
IC50s (half maximal inhibitory concentration of 13.2–27 µM). By
employing rational drug design using the published gyrase crystal
structure23, compounds 2 & 3 were found to display >100-fold
improvement in E. coli gyrase supercoiling and topoIV decatenation
IC50 (106–110 nM for gyrase, 398–360 nM for topoIV) over compound
1 with concomitant improvement in broad-spectrum MIC ( >40-fold).
Theoxindole left-hand side (LHS) ring systempresent in compounds2
& 3 was designed to interact with the double stranded DNA (dsDNA)
portion of gyrase complex to bring in broad-spectrum MIC. Shifting
the secondary amine center along the linear linker carbon chain led to
increased basicity and improved MIC (compound 2 vs. compound 3).
Reducing the basicity of the linker amine length with 4-atom linker
between the LHS andoxazolidinone ring system resulted in compound
4 exhibiting potent broad-spectrum MIC and iso-potent inhibition of
gyrase and topoIV (36−57 nM). The expansion of oxindole ring of
compound 4 into the quinolone ring system resulted in compound 5,
with a 2-4-fold improved MIC, while maintaining potent enzyme inhi-
bition (Fig. 1, Supplementary Table 1).

However, early leads from the oxazolidinyl alkyl amines series had
significant activity against the cardiac Kv11.1, ion channel (referred as
the human Ether-à-go-go-Related Gene channel, “hERG”) with com-
pound 2-5 exhibiting hERG IC50 of 9–25 µM. Further medicinal chem-
istry efforts were focused on reducing the hERG inhibition, while
simultaneously retaining or improving broad-spectrum MIC. To miti-
gate hERG inhibition, an additional nitrogen was introduced into the
right-hand side (RHS) ring, such as a pyrimido-oxazinone ring to
modulate thepolarity and reducepKaof theoxazolidinone amine. This
breakthrough strategy reduced the hERG inhibition, albeit with a loss
of broad-spectrumMIC (compound 5 vs compound 6).Compound 6
exhibited >10-fold increase in hERG IC50 (204 µM) with increased MIC
against Gram-negative pathogens (Supplementary Table 1). The
reduced hERG inhibition of compound 6 could be attributed to a
combination of reduced basicity (pKa), lipophilicity (logD) and polar
nature of the RHS ring, which is likely to disturb the binding of com-
pound6 to the hERG channel. Shifting the nitrogen in RHS ring system
to pyrazino-oxazinone with an additional nitrogen in LHS ring system
resulted in compound 7. Compound 7 with a quinoxalinone LHS ring
system showed similar antibacterial spectrum as compound 5 with
8-fold increase in MIC against A. baumannii (0.25 µg/ml) and 4-fold
increase in hERG IC50 (compound 5 vs 7). To design a compound with
the right balance of broad-spectrum MIC and hERG inhibition, we
removed the nitrogen on LHS ring in compound 7 with R and S con-
figuration on the oxazolidinone ring, resulting in compounds 8 and 9.
Both compounds exhibited similar broad-spectrum MIC, but with 2–3
fold difference in hERG inhibition, indicating that chirality at C-5 car-
bon of oxazolidinone ring does not influence the Gram-negative MIC
activity, but impacts the hERG inhibition. Compounds with
S-configuration (compound 9) showed 2.2-fold increase in hERG IC50

versus R-configuration (IC50 60 µM for compound 8 and 131 µM for
compound 9) (Supplementary Table 1). Compound 9 showed con-
vergence of reduced hERG inhibition and potent broad-spectrum
activity. Additionally, the gyrase and topoIV potency for optimized
compounds (compounds 4-9) demonstrated >1500-fold selectivity
over human topoII enzyme. Encouraged by an improvement in broad-
spectrum MIC, reduced hERG inhibition liability with desirable physi-
cochemical properties, compound 9, re-designated as BWC0977 was
nominated as the clinical candidate. The current study provides

Fig. 1 | Structure-Activity Relationship (SAR) leading to the selection of
BWC0977 as the clinical candidate.The synthesis of the screening hit, compound
1 and the progressive synthesis of different compounds based on medicinal
chemistry inputs towards improving the compound properties. The latter included
enhanced potency, broad-spectrum antibacterial activity, optimal physico-

chemical properties while mitigating tox liability leading to the selection of the
clinical candidate, compound 9 or BWC0977. Abbreviations: Eco, Escherichia coli;
Pae, Pseudomonas aeruginosa; Aba, Acinetobacter baumannii; Kpn, Klebsiella
pneumoniae.
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evidence for the microbiological spectrum, in vivo efficacy and
pharmacokinetic-pharmacodynamic (PK-PD) driver in rodent models
of infection, safety, and the well-tolerated dose proportional PK of
BWC0977 in healthy human volunteers.

Antibacterial spectrum against MDR pathogens
BWC0977was tested as per the Clinical Laboratory Standards Institute
(CLSI) protocol24 against a panel of ATCC strains and was found to
inhibit Gram-positive bacteria (S. aureus, E. faecalis) withmedianMICs
of 0.01 µg/mL and 0.06 µg/mL, respectively and Gram-negative bac-
teria (E. coli, K. pneumoniae, P. aeruginosa, A. baumannii, E. cloacae
and P. mirabilis) with median MIC of 0.03, 0.03, 0.25, 0.06, 0.06, and
0.12 µg/mL, respectively. In a study against a global panel of MDR
pathogens (total of 2945 clinical isolates) collected in 2019, BWC0977
demonstrated potent activity with MIC90 (MIC value at which ≥90% of
strains within a test population are inhibited i.e., the 90th percentile)
againstA. baumannii (1μg/mL), P. aeruginosa (1μg/mL), E. coli (0.5μg/
mL), K. pneumoniae (2μg/mL), E. cloacae (2μg/mL), Citrobacter spe-
cies (1μg/mL), Proteus species (0.5μg/mL),M.morganii (1μg/mL), and
S. marcescens (1μg/mL). The comparator drugs (ciprofloxacin, mer-
openem, meropenem-vaborbactam, cefiderocol and tobramycin) had
considerably higher MIC90 values. Majority of the Enterobacterales
tested (Table 1) & Gram-positives (Supplementary Table 2) were found
to be resistant to currently prescribed drugs.

Across a global panel of sequential clinical isolates (Supplemen-
tary Table 3), BWC0977 demonstrated potent activity against 7187
Gram-negative pathogens with MIC90 as follows: 0.5 µg/mL against E.
coli, 1 µg/mL against P. aeruginosa, 2 µg/mL against K. pneumoniae,
0.5 µg/mL against A. baumannii, 1 µg/mL against E. cloacae (Supple-
mentary Tables 4) and 1404 Gram-positive pathogens, 0.03 µg/mL
against S. aureus includingMRSA and0.06 µg/mLEnterococcal species
(Supplementary Table 5). Moreover, BWC0977 demonstrated excel-
lent activity against the priority biothreat pathogens: Bacillus anthra-
cis, Yersinia pestis, Burkholderiamallei, Burkholderia pseudomallei, and
Francisella tularensis, several MDR pathogens associated with cystic
fibrosis (Burkholderia cepacia), and key anaerobic pathogens (Sup-
plementary Tables 4, 5).

Killing kinetics and resistance frequency studies
BWC0977 exhibited significant bactericidal activity in vitro against a
panel of susceptible and MDR strains of E. coli, A. baumannii, K. pneu-
moniae, P. aeruginosa and E. cloacae when sequentially sampled fol-
lowing exposure at 0.5X to 16XMIC and the viable colony forming units
(CFUs) enumerated at various time intervals. There was limited
improvement in bacterial kill with increasing concentrations, but sig-
nificant kill over time (Supplementary Figure 1). The in vitro resistance
frequency of BWC0977 at 4X MIC was <1 × 10−9 against E. coli ATCC
25922 and P. aeruginosa ATCC 27853, 2.5 × 10−9 for A. baumannii ATCC
19606. Sequencing of the gyrA and parC gene of resistant colonies
revealed no mutations in the key NBTI binding sites. The resistance
frequency against MDR strains (sourced from ATCC) E. coli BAA-2471, P.
aeruginosa BAA-2797, A. baumanniiBAA-2885was 4 × 10−9, < 1 × 10−9 and
2.5 × 10−8, respectively. None of the resistant clones from these studies
were cross-resistant to other antibiotics including FQs. However,
sequencing mutant colonies from E. coli BAA-2471 showed additional
mutations:G235A inparC (D79N inDNA topoIV subunitA) andC1315Aor
A1322T in parE (P439T or K441I in DNA topoIV subunit B).

Efficacy in neutropenic mouse thigh infection model
A 26-hour neutropenic murine thigh infection model with P. aerugi-
nosaNCTC 13921 (MIC0.25 µg/ml) was employed for dose-ranging and
fractionation25. Dose-ranging studies were repeated thrice to generate
robust data sets for modelling and the effective dose (ED50) was
estimated to be 58mg/kg q8h. Mice were dosed with BWC
0977 subcutaneously 2 h post-infection and bacterial density (CFU/g)

versus 2 h baseline control was used as the endpoint. For fractionation,
160mg/kg once every 24 h, 80mg/kg every 12 h, 40mg/kg every 6 h
were administered and samples taken at 8, 14, 26 h post-infection. The
effect observed was the same irrespective of the regimen, indicating
that free area-under-the-curve over MIC (fAUC/MIC) as the efficacy
driver (Fig. 2A). Several wild-type andMDR isolates of P. aeruginosa, A.
baumannii, K. pneumoniae and E. coli with MICs ranging from
0.06−0.5mg/L were tested in dose-ranging studies (Supplementary
Table 6). In these studies, BWC0977 administered every 8 h demon-
strated excellent dose-response, while achieving logarithmic bacterial
killing (Fig. 2B).

Efficacy in neutropenic rat lung infection model
BWC0977 demonstrated excellent bactericidal dose-response against
multiple MDR isolates (includes isolates resistant to ciprofloxacin,
colistin and carbapenems) of P. aeruginosa, A. baumannii, K. pneu-
moniae and E. coli (Fig. 2C; SupplementaryTable 7). Dose-fractionation
study was designed in the rat inhalation model infected with P. aeru-
ginosa ATCC27853. BWC0977 was administered as a 2-hour intrave-
nous infusion, starting 2 h post-infection with total doses of 450, 400,
350, 300, 150, 75, 40, 20, 10 & 5mg/kg, fractionated as q24h, q12h, or
q8h over a 24-hour period. The PK-PD indices for the various doses
administered are shown in Supplementary Table 8. The PK-PD index
that best described the in vivo efficacy of BWC0977 against P. aeru-
ginosa was fAUC/MIC (r2 = 0.90), followed by %T>MIC (r2 = 0.83), and
fCmax/MIC (r2 = 0.74) (Fig. 2D). Similar PK-PD indices were obtained
with A. baumannii ATCC19606 (Supplementary Figure 2A; fAUC/MIC
r2 = 0.84, % t >MIC r2 = 0.81, fCmax/MIC r2 = 0.67); K. pneumoniae
SKB067 (Supplementary Figure 2B; fAUC/MIC r2 = 0.91, fCmax/MIC
r2 = 0.80, %T >MIC r2 = 0.67).

Absorption, Distribution, Metabolism & Excretion (ADME)
BWC0977 shows plasma protein binding in mice (86%), rats (93%),
guinea pigs (84%), dogs (94%), cynomolgus monkeys (91%), and
humans (94%). It neither partitions into red blood cells nor crosses the
blood-brain barrier. BWC0977 primarily undergoesmetabolism by the
CYP3A4 enzyme; 80% in reaction phenotyping assay. Intrinsic clear-
ance (CLint) values predicted a low clearance [<30% of liver blood flow
(LBF)] in rat, dog, monkey, and human hepatocytes. The predicted
human plasma CLp is 0.33 L/hr/kg and the predicted % human LBF
(1.24 L/hr/kg) is 28%.BWC0977has lowpotential toundergodrug-drug
interaction (DDI) as it does not inhibit the CYP1A2, CYP2C9, CYP2C19,
CYP2D, CYP3A4 or CYP3A5 enzymes up to 100 µM or induce the
CYP1A2, CYP2B6, or CYP3A4 enzymes up to 100 µM. BWC0977 is a
substrate of the MATE-2K and OAT-3 human transporters; kinetic rate
constants Km and Vmax of MATE2-K transport in HEK293 cells were
469 µM and 111 pmol/mg/min, respectively. Similarly, the kinetic rate
constants Km and Vmax of OAT3 transport in HEK293 were 121 µM and
76.1pmol/mg/min, respectively. BWC0977 is a P-glycoprotein (P-gp)
substrate and exhibits low permeability and is neither a substrate nor
an inhibitor of the bile salt export pump (BSEP) up to 50 µM.

Linear PKwasobserved inmice, rats anddogs following single and
multiple-dose intravenous administration with good distribution
across tissues and dose-proportionality in Cmax and exposure (Sup-
plementary Table 9). No accumulation was observed in PK studies
following multiple-dose administration, and this was further con-
firmed in the 14-day Good Laboratory Practice (GLP) studies in rat and
dog. Similar elimination half-life (t1/2) of 5−6 h was observed across
species. In rats, about 1.5% of the total dose administeredwas observed
unchanged in the bile. In rats and dogs, the proportion of unchanged
drug excreted in urine was 27% and 10%, respectively.

Epithelial lining fluid concentrations in mice and rats
BWC0977 was administered subcutaneously at 10, 40, 80 and
120mg/kg, q24h in neutropenic CD-1 mice infected intramuscularly
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with P. aeruginosa NCTC 13921 in the thigh. Using the plasma protein
binding value of 87%, the free plasma levels were calculated. The con-
centration of BWC0977 was significantly higher in the ELF compared to
the free plasma levels (Fig. 3A, B; Supplementary Table 10).

BWC0977 was administered intravenously at 100mg/kg over
1-hour in neutropenic rats infected with P. aeruginosa ATCC27853 and
the ELF and plasma samples were taken at various time points post-
infusion26,27. The concentration of BWC0977was significantly higher in
the ELF compared to the free plasma levels (Fig. 3C; Supplementary
Table 11).

Pre-clinical safety studies in rats and dogs
BWC0977 displayed a hERG IC50 of 131 µM in an automated patch-
clamp and 49.7 µM in the manual patch-clamp assay. It did not inhibit
other cardiac ion channels at concentrations up to 300 µM. In a dog
cardiovascular study, after 1-hour infusion of 30 or 60mg/kg, an
increase of 4–11msec in QTc was observed within 3−6 h with notable
increase in heart rate at both dose levels. The no-observed-adverse-
effect-level (NOAEL) in rats was 75mg/kg/day and based on clinical
observations demonstrated AUC0–24 of 52 µg/ml*hr with correspond-
ingCmax of 26 µg/ml. Therewerenomicroscopicfindings in any organs
attributable to systemic BWC0977 toxicity in rats up to the highest
dose level (250mg/kg/day) assessed, with corresponding AUC0–24 of

355 µg/ml*hr. Indogs, theNOAELwasdetermined as 40mg/kg/daydue
to clinical observations. Microscopic changes consistent with hepa-
tobiliary toxicity was observed at higher dose levels and the AUC0–24

achieved at 40mg/kg/day in dogs was 90 µg/ml*hr, with correspond-
ing Cmax of 25 µg/ml.

Safety & PK following administration of BWC0977 in healthy
human volunteers
Human PK values were predicted based on the 2-compartment open
model which was the best-fit model of mean PK data following intra-
venous bolus/infusion of different doses of BWC0977 in mice, rats,
guinea pigs and dogs. Each of the PK parameters estimated was scaled
as per body weight of the pre-clinical species using simple allometry
and linear-regression analysis. Allometric coefficient and intercept
were determined and used to estimate the human PK parameters as
per simple allometric approach for humans (assumedweight of 70 kg).
The predicted human PK parameters of CL, CLD2, V1 and V2 were
20.17 L/hr, 1.002 L/hr, 40.84 L, and 23.13 L, respectively.

In a single-ascending dose study (https://clinicaltrials.gov/study/
NCT05088421) in healthy volunteers, BWC0977 was generally well
tolerated following single IV infusion dose of 120, 240, 480, 720 or
1050mg (Fig. 4A). The plasma Cmax and AUC increased proportionally
with dose (Fig. 4B; Supplementary Table 12). The average apparent

Fig. 2 | Dose-fractionation and determination of PK-PD drivers of efficacy for
BWC0977, either administered subcutaneously in a neutropenic P. aeruginosa
infectedmice thighmodel (A&B) or administered via intravenous infusion in a
neutropenic P. aeruginosa infected rat lung infection model (C & D). Dose-
fractionation of BWC0977 performed in P. aeruginosa infectedmice (per dose n = 4
/cage, 8 thigh samples, right & left of each). A BWC0977 was administered sub-
cutaneously at 160mg/kg total daily dose delivered as a single, two doses or 4
doses over a 24h period and the CFU burden monitored at various time points.
Polymyxin (25mg/kg)was used as the comparator drug.Data plotted asmean ± SD.
B Aggregate plot of BWC0977 efficacy following dose-ranging studies (per dose
n = 4/cage, 8 thigh samples, right & left of each) in a neutropenic mice thigh model
infectedwithmultiple isolates of P. aeruginosa, A. baumannii, K. pneumoniae and E.

coli with pre-existing multidrug resistance mechanisms (Supplementary Table 6).
Data plotted as mean ± SD. C Multiple isolates of P. aeruginosa, A. baumannii, K.
pneumoniae and E. coli with different resistance mechanisms (Supplementary
Table 7) were used for dose-ranging studies and theΔLog10CFU/gm lung from each
animal (n = 2per treatment group) isplotted as a functionof fAUC24/MIC for ease of
comparison across isolates. D The PK-PD index that best described the in vivo
efficacy of BWC0977 against P. aeruginosa in the neutropenic rat lung infection
model. Dose-fractionation was carried out with BWC0977 as per the details shown
in Supplementary Table 8. Log10CFU/gm lung from each animal is plotted as a
function of fAUC24/MIC, fCmax/MIC and%T>MIC. fAUC24/MIC was identified as the
appropriate driver translating to BWC0977 efficacy.
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terminal half-life increased gradually with dose, from 3.3 h for 120mg
to 8.4 h for 1050mg of BWC0977. The amount of drug excreted in
urine during the 48 h interval was less than dose-proportional to
increasing dose, with fraction of dose excreted unchanged in urine
gradually decreasing from35% for 120mgto20% for 1050mg (Fig. 4C).
Across the dose levels,mean clearance (CL) and VD at steady state (Vss)
was 19.62–21.08 L/hr and 44.03–51.50 L/hr, respectively. There was
good concordance between the predicted and observed PK para-
meters (Fig. 4D, E).

In the multiple-ascending dose study (https://clinicaltrials.gov/
study/NCT05942820), two subjects completed 12/14 and 14/14 doses
with the test substance (240mg) as planned with no evidence of ery-
thema or phlebitis but with minimal pain following drug administra-
tion. Bedside ultrasound at the end of the dosing revealed small non-
occlusive thrombus proximal to the infusion site in both volunteers.
There were no systemic adverse events. The blood profile for bio-
chemical parameters for various organ functions including coagulation
parameters were found to be normal. There was no evidence of a
thrombus on the other arm where the volunteers were cannulated for
PK sampling. Yet, due to the evidence of thrombus at the infusion site,
we decided not to progress further until we get to the root cause of
thrombus formation. It is important to rule out that BWC0977 per se
did not have a clotting risk (the extensive preclinical GLP toxicology
studies in rats and dogs did not reveal any evidence of such a risk).
Therefore, we have stopped C002-2023-01 and are currently devel-
oping a new formulation.

Discussion
There has been a steady decline in the antibiotics pipeline due to lack
of investment, broken market dynamics for new antibiotics and the
exit of pharmaceutical companies from this space28. Globally, bulk of
antibiotic discovery and development are happening in small biotech
companies29. Given the scientific challenges in developing affordable,
point-of-care diagnostics, there is a dire need for broad-spectrum
antibacterials to save human lives and help clinicians to empirically
treat critically-ill patients with suspected MDR infections30,31. The dis-
covery of BWC0977 with broad-spectrum activity against MDR
pathogens, desirable safety profile and key attributes supporting
human studies is unique among the NBTIs32–34.

During the hit-to-lead program, the weak enzyme inhibition of
compound 1 against E. coli gyrase and topoIV was attributed to the
lack of contactwith double-strandedDNA (dsDNA),which is critical for
NBTIs to exert their antibacterial activity35. A review of the literature
and structural similarity analyses showed that the screening hit
(compound 1) is very similar to NBTI that have been published in
literature34,35. By deciphering the structure-activity relationship of the
NBTI class from literature, the initial medicinal chemistry design
strategy focused on the design of a LHS ring system capable of inter-
acting with the DNA base pairs. Our design strategy to introduce the
oxindole/quinolone ring to enable optimal interaction with dsDNA
part of gyrase complex in compounds 2-5 resulted in significant
improvements in enzymatic potency andbroad-spectrumMIC activity.
This further reinforced the critical need for a NBTI to contact dsDNA
and interact with the gyrase and topoIV. Surprisingly, the improved
potency seen with compounds 2-5 came at a cost of hERG liability,
which necessitated further medicinal chemistry optimization. Shifting
the basic nitrogen along the 4-atom linker chain by connecting both
the LHS and oxazolidinone ring system with calculated pKa of
7.27–8.51 was found to be compatible for potency. Efforts to mitigate
hERG inhibition while improving the broad-spectrum MIC was
accomplished by lowering of lipophilicity (logD) with reduced basicity
using nitrogen insertion in the RHS ring. The creation of pyrimido-
oxazinone RHS ring, helped in mitigating the hERG inhibition in
compound 6 versus compound 5. Encouraged by this strategy, the
lipophilicity was modulated with a nitrogen shift on RHS ring and
chirality variation at C-5 of the oxazolidinone ring with compound 8
and 9. Changing the pyrimido-oxazinone RHS into a pyrazino-
oxazinone ring in compound 8 and 9 with moderate increase in
lipophilicity provided the breakthrough convergence of improved
antibacterialMICwith hERG attenuation. The convergence is likely due
to the increased bacterial permeability and effective disruption of
pyrazino-oxazinone ring on the hERG channel. The stereo-selectivity at
C-5 carbon of oxazolidinone ring had minimal impact on potency,
indicating that chirality does not influence the binding of BWC0977.
The SAR modification leading to the discovery of BWC0977 is pre-
sented (Supplementary Figure 3).

We employed molecular docking to probe the binding mode of
BWC0977 with E. coli gyrase and topoIV (Fig. 5A, B). The modelling

Fig. 3 | Determination of pharmacokinetics (PK) in the plasma and epithelial
lining fluid (ELF) in neutropenic mice and rats following infection with Pseu-
domonas aeruginosa. A In neutropenic CD-1 mice, (n = 3/cage, per dose for each
time point) thigh infection model, plasma PK was determined following sub-
cutaneous administration of 10, 40, 80 and 120mg/kg of BWC0977 q24h following
infectionwith Pseudomonas aeruginosaNCTC13921 andplasma samples taken at0,
0.5, 1, 2, 4, 6, 8, and 24 h post-dosing (n = 3/cage, perdose for each timepoint). Data
plotted as mean± SD. (B) The ELF was obtained by instilling 2ml of sterile saline
into the lungs of mice and removing saline from the lungs twice at 0, 0.5, 1, 2, 4, 6,

8 h post-dosing. Plasma protein binding was estimated to be ~87%. Data plotted as
mean ± SD. C In the neutropenic rat (n = 3) lung infection model, 100mg/kg of
BWC0977was administered following infectionwith P. aeruginosaATCC27853. The
ELF and plasma samples were taken at 0.5, 1 h (during infusion), and post-infusion
at 1.25, 1.5, 2, 3, 5, 9, 25 h post-dosing (n = 3, per dose for each time point). The ELF
was obtained by instilling 2ml of sterile saline into the lungs and removing saline
from the lungs. The free plasma levels were calculated from the total plasma levels
using the plasma protein binding value of 94%. For all evaluations mean per dose/
time point ± SD is plotted.
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predicts a critical hydrogen-bond interaction with RHS ring amide-NH
on the pyrazino-oxazinone ring and D82 carboxylate at GyrA dimer
interface and Van der Waals contact between -CH2 portion of oxazi-
none ring in BWC0977 and sidechain of M120. Such interactions have
been reported for other NBTIs (PDB ID:5BS336 and 6QTK37). However,
the oxazolidinone ring carbonyl of BWC0977 also forms a unique
hydrogen-bond interactionwith sidechain -NHof R121 (PDB ID:7FVT32).
On the other hand, LHS portion of BWC0977 adopts its role as DNA
stacker, a signature feature observed across NBTIs. The unique spatial
arrangement of BWC0977’s key interaction residues, situated at least
4-atoms away from the ciprofloxacin ligand atoms, imparts a unique
mode of binding and allows BWC0977 to circumvent cross-resistance
to FQs. To validate the molecular docking-predicted binding mode of
BWC0977, two independent replicas of MD simulations (100 ns) were
performed with E. coli gyrase and TopoIV. The MD simulation results
revealed no significant difference compared to the initial binding
mode, demonstrating the stability of the binding mode over the 100
nanosecond simulation period (Supplementary Figure 4 & Supple-
mentary Figure 5).

Furthermore, BWC0977 exhibits excellent broad-spectrum activ-
ity across a global panel of MDR pathogens with varying resistance
mechanisms including resistance to FQs38. FQ resistance arises due to

specificmutations on target gene (gyrA), target protection (qnr), target
modifications (aac6) or due to efflux (qep)39. In vitro studies with
BWC0977, clearly indicate that these changes do not affect its activity
and BWC0977 retains its inhibition of target enzyme and antibacterial
activity even under pre-existing mutations, while FQs lose their inhi-
bition and MICs (Fig. 6). Given its dual target inhibition, BWC0977
displays a low rate of spontaneous resistance frequency across diverse
Gram-negative pathogens (<10−9).

We used mice (thigh) and rat (lung) models of infection to
establish the PK-PD drivers of efficacy. These studies showed sig-
nificant reduction with all the dosing groups in bacterial load com-
pared to the control animals. The fractionated regimens suggested the
PK-PD driver to be fAUC/MIC. BWC0977 showed a higher volume of
distribution (VD), ~20-fold higher exposures in ELF compared to free
plasma in neutropenic P. aeruginosa infected mice and rat lungs. The
high VD and ELF exposures drive the profound bactericidal effect seen
in the rodent lung infection models and this has the potential to
translate into clinical benefit in treating various bacterial pneumonias.

Detailed metabolic studies showed CYP3A4 to be the major
metabolizing enzyme and hepatic metabolism of BWC0977 to be a
minor contributor for its elimination. The dose-limiting toxicities
observed in rat and dog studies were clinical observations primarily

Fig. 4 | Plasma and urine pharmacokinetics of BWC0977 following 2-hr intra-
venous administration in the single-ascending dose (SAD) study in healthy
human volunteers. Modelling and prediction of human PK parameters based
onexperimental data frompreclinical species.ThePKofBWC0977 administered
as a single intravenous infusion at doses 120, 240, 480, 720 or 1050mg in healthy
volunteers (n = 6 per dose) over 120min. A The time-concentration response in
plasma observed in the ascending dose groups. Mean± SD from 6 subjects plotted
versus time.BDoseproportionality observedwith respect to plasmaCmax andAUC.
Mean ± SD from 6 subjects plotted versus dose (mgs). (C) The amount of drug
excreted in urine in the 48h interval following dose administration was less than

dose proportional to increasing dose, with the fraction of dose excreted in urine
gradually decreasing from35% for 120mgBWC0977 to 20% for 1050mgBWC0977.
Mean ± SD from 6 subjects plotted versus dose (mgs). A model built on simple
allometric scaling was used to predict the human PK parameters: Cmax (D) & AUC
(E) based on a 2-compartment open model. Mean ± SD from 6 subjects plotted for
each observed parameter. This was the best-fit model of the mean PK data gener-
ated following intravenous bolus / infusion administration of different doses of
BWC0977 into mice, rats, guinea pigs and dogs. There was good concordance
between the predicted and observed parameters.
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consisting of decreased activity, fast or laboured respiration, likely
attributable to Cmax. These observations are unlikely to be centrally
mediated, since BWC0977 does not cross the blood-brain-barrier. The
observations are most likely attributable to peripheral inhibition of
acetylcholine esterase (AChE), which was one among the four (AChE,
MAO-B, Adrenergic α1 A, 5-HT1A) hits from the Cerep-88 secondary
pharmacology screen. The inhibition of AChE by BWC0977 in vitro at
30μM (14.05μg/mL) was rapidly reversed upon a 100-fold dilution to
0.3μM (0.14μg/mL), in the presence of excess AChE. There were no
treatment-related trends in any of the clinical biochemical tests, vital
signs, physical examinations, and electrocardiogram (ECG) assess-
ments between BWC0977 and placebo. As cardiovascular changes can
be readily monitored by ECG, the transient nature of changes in
parameters, the ability tomodulate the Cmax with duration of infusion,
and by fractionating the daily dose, these effects were not considered
to pose significant risk to humans.

Given the global spread of MDR pathogens implicated in
healthcare-associated infections (HAI), BWC0977 offers an attractive
choice as a broad-spectrum antibiotic to physicians treating critically-
ill patients40. The in vitro spectrum of activity of BWC0977 and results
from the other preclinical studies presented here, are supportive of
BWC0977 advancing into clinical trials to treat cUTI, HABP, VABP
and cIAI.

Cystic fibrosis (CF) patients experience frequent bacterial infec-
tions due to a range of pathogens that evolve into extremely drug-
resistant clones over time41–43. The spectrum of activity against
pathogens from CF patients (B. cepacia, MRSA and P. aeruginosa),
coupled with its high pulmonary drug levels also support trials in
patients with CF.

Additionally, BWC0977 has demonstrated potent MIC against
priority biothreat pathogens and efficacy in murine infection models
includingBurkholderia pseudomallei (data not shown).HABPandVABP
are the greatest threats to hospitalized patients, posing severe treat-
ment challenges to physicians. These patients are mostly in intensive-
care units, where MDR pathogens can readily spread and cause life-
threatening infections44. Under such situations, BWC0977 could
become the treatment of choice due to its higher pulmonary drug
levels and significant killing of MDR pathogens in rodent models of
pneumonia. BWC0977 demonstrated significant bactericidal efficacy

against multiple drug-susceptible and drug-resistant strains in the
rodent thigh and lung infection models.

Based on the promising safety and tolerability data from the
first-in-human SAD study, BWC0977 was further investigated in a
multiple-ascending dose (MAD) study (https://clinicaltrials.gov/
study/NCT05942820). In the MAD study, we encountered infusion
site reactions (ISRs). The MAD study was terminated, and current
efforts are ongoing to develop a new formulation that will minimise
the risk of ISRs. The successful completion of MAD study with a new
formulation will guide the clinical development of BWC0977 in
human patients to treat a broad variety of MDR infections. A limita-
tion of this study is the probability of target attainment (PTA) which
needs to be established from the MAD studies to determine the fre-
quency of drug dosing required to achieve efficacy in a patient
population harbouring various target pathogens.

In early human studies, BWC0977 appears to be well tolerated at
exposures required to achieve efficacy. Based on its potent anti-
microbial activity against a diverse set of MDR pathogens, well-
characterized and monitorable preclinical safety risks, BWC0977
appears to be differentiated among other NBTIs aswell as newer drugs
either in the market or in clinical development45.

Methods
The research presented in this manuscript complies with all relevant
ethical regulations. This includes ethical approval for all the animal
studies employed in this work, and the informed consent and
approvals associated with the Phase I clinical trial presented in
this work.

Ethics approval for preclinical animal studies
Dose finding studies and efficacy of BWC0977 in the neutropenic
murine thigh infection model, pharmacokinetics of BWC0977 in neu-
tropenic mouse thigh model infected with Pseudomonas aeruginosa
NCTC 13921, and epithelial lining fluid concentration determination in
neutropenic mouse thigh model infected with Pseudomonas aerugi-
nosa NCTC 13921 were conducted in the laboratory of Professor Wil-
liam Hope by the Antimicrobial Pharmacodynamics and Therapeutics
Group (Department of Molecular and Clinical Pharmacology), Uni-
versity of Liverpool, United Kingdom. These experiments were

Fig. 5 | Molecular docking to identify unique residues of (A) Gyrase and (B)
Topoisomerase IV involved in key interactions with BWC0977. The crystal
bound conformations of ciprofloxacin mapped to EcGyrase (A), and EcTopoIV (B).
The residues which form key ion-mediated interactions are shown as sticks and
labelled. Mg2+ ions are shown as black spheres and ion-mediated interactions are
highlighted with broken lines. The BWC0977 binding orientation determined by
molecular docking is also shown as sticks to illustrate the variable binding pockets.

All key interaction residues of BWC0977 are minimum 4 atoms away from the
ciprofloxacin ligand atoms. Also, the DNA bases where BWC0977 left-hand side
(LHS) ring stack are different from ciprofloxacin interacting DNA base pairs.
Therefore, none of the BWC0977 interacting amino acid residues are directly
involved in ciprofloxacin binding, implicating an unlikely possibility of develop-
ment of cross-resistance.
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conducted under UK Home Office project License PAC022930 which
was renewed in 2022 as PP3585942. These licenses and all experiments
conducted under them are approved by the University of Liverpool
Animal Welfare Ethics Review Board.

Pharmacokinetics of BWC0977 in plasma and pulmonary epithe-
lial lining fluid in a neutropenic lung infection model in rats, dose
fractionation and dose response studies of BWC0977 in rat lung
infection model, and determination of PK-PD index for BWC0977 in
the rat lung infectionmodel were conducted at TheraIndx Lifesciences
Private Limited, Bangalore, after obtaining permission from the
Committee for the Purpose of Control and Supervision of Experiments
on Animals (CPCSEA), New Delhi, India and approval from the Insti-
tutional Animal Ethics Committee (IAEC). Approval numbers: IAEC/08/
2018/078, IAEC/13/2020/159, IAEC/22/2022/254, IAEC/22/2022/255,
and IAEC/24/2023/269.

The dog pharmacokinetic study, rat and dog safety and tox-
icokinetic studies were performed in accordance with the agreed
Protocol and with Covance Laboratories Limited standard operating

procedures. Aspects of the studies performed at Covance, Harrogate
were conducted in compliance with the United Kingdom Good
Laboratory Practice (GLP) Monitoring Authority, Medicines and
Healthcare Products Regulatory Agency (MHRA) Good Laboratory
Practice Regulations 1999, Statutory Instrument 1999 No. 3106, as
amended by the Good Laboratory Practice (GLP) - (Codification
Amendments Etc.), Regulations 2004, Statutory Instrument 2004 No.
994 and the Organisation for Economic Co-operation and Develop-
ment (OECD) Principles of Good Laboratory Practice ENV/MC/CHEM
(98) 17 (revised 1997, issued January 1998).

The pharmacokinetic studies in rats & mice, and the bile duct
cannulation (BDC) study in rats were performed at Syngene Interna-
tional, India, were carried out on naïve animals as per the provisions of
the Institutional Animal Ethics Committee (IAEC) approvals, viz.,
SYNGENE/IAEC/800/01-2017, SYNGENE/IAEC/937/05-2018, SYNGENE/
IAEC/1005/11-2018, and SYNGENE/IAEC/1147/02-2020.

Guinea pigpharmacokinetic study inmaleGuinea pigs (BWR-001 /
PKMGP-001)was conducted under the approvedprotocol PK-PRO-715-

Fig. 6 | Non-overlapping MIC (µg/ml) between ciprofloxacin (•) and BWC0977
(Δ) across clinical isolates. Scatter plot of individual MICs of 35–40
fluoroquinolone-resistant clinical isolates of E. coli,A. baumannii and P. aeruginosa,
and 98 fluoroquinolone-resistant clinical isolates of K. pneumoniae. TheMIC values

of BWC0977 and ciprofloxacin are non-overlapping, indicating the lack of cross-
resistance between ciprofloxacin and BWC0977, a finding that will support the use
of BWC0977 for treating infections caused by fluoroquinolone-resistant bacterial
pathogens.
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06 by Suven Life Sciences Institutional Animal Ethics Committee
Meeting dated 18-May-2019 and facility is registered for research and
breeder; registration number as 769/PO/RcBi/SL/03/CPCSEA; dated
14-Jan-2016. The studies were approved by the Animal Welfare Ethical
Review Board (A WERB) from the Suven Life Sciences Limited,
Pashamylaram, India.

Ethics Approval for First in human studies
The two first in human trials were conducted in CMAX, Adelaide,
Australia.
1. C001-2020-01 (https://clinicaltrials.gov/study/NCT05088421): A

randomized, double-blind, placebo-controlled, Phase 1 study of
the safety, tolerability and pharmacokinetics of single and
multiple ascending doses of BWC0977 in healthy adult
volunteers.

2. C002-2023-01 (https://clinicaltrials.gov/study/NCT05942820): A
randomized, double-blind, placebo-controlled, Phase 1 study of
the safety, tolerability, and pharmacokinetics of single and
multiple ascending doses of BWC0977 in healthy adult
volunteers.

These human studies were initiated following approval by the
Bellberry Human Research Ethics Committee (HREC) of the trial
design, protocol and the key criteria specified for the study. The
Bellberry Human Research Ethics committee (HREC) has scientifically
and ethically reviewed this study. This Bellberry HREC is constituted
and operates in accordance with the National Health and Medical
Research Council’s National Statement on Ethical Conduct in Human
Research (2007, incorporating all updates). BellberryHumanResearch
Ethics Committee does not disclose personal details of its reviewing
members. Please note that the Principal Investigator and Co-
Investigators were not members of the Bellberry Human Research
Ethics Committee that reviewed this study.

Determination of the Minimum Inhibitory Concentration (MIC)
MIC was determined based on the Clinical Laboratory Standards
Institute (CLSI) guidelines24 in cation-adjusted Mueller Hinton broth
(MHB) using broth microdilution methodology in 96-well microtitre
plates (ThermoFisher Scientific, Catalogue No. 130188). Briefly, the
inoculum used for all the experiments was derived from a single seed
lot, maintained as a glycerol (20%) stock at −80 oC. To revive the cul-
tures, it was first sub-cultured on LB plates for isolated colonies and a
single colony inoculated into LB broth, grown for 16–18 h at 37 oC and
appropriately diluted in cation-adjusted Mueller Hinton broth
(3–7 × 105 CFU/ml). BWC0977 stocks (4mg/ml) and serial dilutions
were prepared in dimethylsulfoxide (DMSO). To 147μl of bacterial
culture, 3μL of compound from each of the dilutions was added to the
wells of 96-well microtitre plates. A 10-concentration range was set up
with a start concentration of 4μg/ml, and two fold serial dilutions
resulting in final concentrations of 2μg/ml, 1μg/ml, 500ng, 250, 125,
62.5, 31.25, 15.6 and 7.8 ng/ml. For reference inhibitors, the specific
solvents used are listed in Supplementary Table 13. Media control,
culture control and appropriate reference drug controlswere included
in each assay. The plates were incubated at 37 oC for 16–18 h. Growth
was monitored by checking the absorbance at 600 nm (A600). MIC is
the concentration that resulted in ≥80% growth inhibition. MIC90

(µg/ml) values of BWC0977 against multiple bacterial isolates were
determined using a total of 8591 isolates comprising 7187 Gram-
negative and 1404 Gram-positive organisms. This global collection
comprised of geographically diverse set of clinical isolates and was
tested in different laboratories [St. John’s Medical College & Hospital
and Narayana Health, Bangalore India, JMI Laboratories, International
Health Management Associates (IHMA), Colorado State University,
University of Michigan, Seattle Children Hospital, University of Ala-
bama, Birmingham, University of Texas Health Science Center at San

Antonio / National Institute of Allergy and Infectious Diseases (NIAID),
Walter Reed Army Institute of Research (WRAIR), Maryland, USA and
United States Military Research Institute of Infectious Diseases
(USAMRIID)]. In addition, a CARB-X sponsored MIC90 study of both
Gram-positive and Gram-negative bacteria (total of 2,945 isolates) was
conducted at IHMA.

Determination of the spontaneous resistance frequency of
BWC0977
The spontaneous resistance frequency of BWC0977 was deter-
mined and the resistant colonies of Gram-negative bacteria were
characterized using microbiology and molecular techniques.
Towards this aim, mid-logarithmic phase cultures of Gram-
negative bacteria (109 CFU/mL) were plated on Luria-Bertani
agar plates containing BWC0977 equivalent to 2x, 4x, 8x and 16x
MIC. Plates were incubated for 24–36 h at 37 oC, and the resistance
frequency determined by counting the number of colony forming
units (CFUs) on agar plates46. BWC0977 MICs for the colonies
isolated from drug containing plates were determined and the
gyrA and parC gene sequenced to confirm any target site muta-
tions. The resistance frequency of ciprofloxacin was determined
in parallel using the same methodology.

Killing kinetics assay
Killing kinetics was determined by enumerating the number of
bacterial survivors at various time points following compound
exposure. Approximately 107 CFU/ml cells (A600 of 0.1) were
treated with various concentrations (2-fold serial dilutions, 9
concentrations, with start of either 256 to 1 μg/ml, 64 to 0.25 μg/
ml, 32 to 0.125 μg/ml, 16–0.06 μg/ml, 8 to 0.03 μg/ml, 4 to
0.015 μg/ml, or 2 to 0.008 μg/ml μg/ml) of compounds in a 96-
well microtitre plate47. At various time intervals (0,1,3,6,9,12,24 h),
30 μl/150 μl of treated cultures was serially diluted and plated for
bacterial survivors on LB agar plates. The plates were incubated at
37 oC for 16–18 h, and the bacterial colonies enumerated. Multiple
wells of each concentration with total volume of 150μl (column-
wise) was prepared in the same plate. Sampling was done for the
same concentration every time from a different well for the var-
ious time points. The extent of bactericidality was monitored
against a panel of susceptible and MDR strains of E. coli, A. bau-
mannii, K. pneumoniae, P. aeruginosa and E. cloacae. The viable
colony forming units (CFUs) were enumerated, expressed as
Δlog10CFU for each drug treatment per timepoint in comparison
to start log10CFU and the plots generated using GraphPad Prism.

Dosefinding studies andefficacyof BWC0977 in theneutropenic
murine thigh infection model
These studies were conducted in the laboratory of Professor William
Hope by the Antimicrobial Pharmacodynamics and Therapeutics
Group (Department of Molecular and Clinical Pharmacology), Uni-
versity of Liverpool, United Kingdom. For the dose finding study,
BWC0977 was administered by subcutaneous (SC) injection at 40mg/
kg every 6 h, 80mg/kg every 12 h or 160mg/kg every 24 h using a 26 h
neutropenic murine dual thigh infection model infected with P. aeru-
ginosa NCTC 13921. Polymyxin B (SC, 25mg/kg q6h) served as a
comparator for this study. Mice were infected intramuscularly with P.
aeruginosa NCTC 13921 two hours prior to treatment with BWC0977.
Inoculum was adjusted to ~ 1 × 107 CFU /ml and BWC0977 (in 10%
ascorbic acid, pH adjusted to 4.6 with sodium bicarbonate) was
administered subcutaneously at fractionated dose levels, 40mg/kg
q6h x 4, 80mg/kg q12 x 2 or 160mg/kg q24h x1. Animals were
euthanized at 2 h post-infection (pre-treatment controls) or serially at
8, 14 and 26 h post-infection (untreated controls and all BWC0977-
treated groups); polymyxin B treated group was euthanized at
26 hours post-infection only.
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To investigate the efficacy of BWC0977 in the 26 hour neu-
tropenic murine dual thigh infection model following infection with
different Gram-negative bacteria, multiple doses (Supplementary
Table 14) were administered every 8 h (q8h).Mice (male CD-1, n = 3 per
group) were infected intramuscularly with a Gram-negative bacterial
inoculum. Tomake the inoculum, bacteria was revived from −80 °C by
streaking onto Mueller Hinton agar and incubating for 16–24 h. Single
colonies were picked from the agar plate, emulsified into 30ml
Mueller Hinton broth, and placed on shaking incubator overnight. The
overnight culture was centrifuged at 4000 x g for 5min to produce a
bacterial pellet. The supernatant was removed, and the pellet resus-
pended in sterile PBS and adjusted to the correct OD450 (determined
from bacterial growth curve studies). Further dilutions were made in
PBS to reach the target CFU/mL (as determined by inoculum finding
studies). Two hours post-infection, treatment with BWC0977 was
administered subcutaneously (SC) at doses (Supplementary Table 14)
q8h and comparator control. Animals were euthanized at 2-hour post
infection (pre-treatment controls), or 26h post-infection (vehicle
control and all treated groups) except for animals that reached their
clinical endpoints as follows: one animal in the vehicle control group at
20.5 h post-infection, and one animal at 10mg/kg at 23 h post-
infection. Data was collected from all animals at the time of euthana-
sia. All animals were monitored, and health scored throughout,
increasing in frequency, as needed, when clinical observations started
to develop e.g. piloerection, hunched posture etc. All laboratory ani-
mal experiments were conducted under UK Home Office project
License PAC022930 which was renewed in 2022 as PP3585942. These
licenses and all experiments conducted under themwere approved by
the University of Liverpool Animal Welfare Ethics Review Board.

Plasma protein binding assay
Protein bindingwasmeasured using the equilibriumdialysismethod48.
Compound was added to 10% plasma giving a concentration of 10 µM
and dialysed with isotonic buffer for 18 h at 37 oC. The plasma and
buffer solutions were analysed using generic LC-UV-MS and the first
apparent binding constant for the compound derived. The binding
constant was then used to determine the % free fraction in 100%
plasma.

The percentage of plasma bound/unbound fraction preparation
was calculated as follows:

%Unbound = 100 *
FC

TC

%Recovery= 100 *
FC +TC

� �

TO

Wherein,
Tc = Total plasmaconcentrationwasdetermined by the calculated

concentration on the plasma side of the chamber
Fc = Total plasma concentrationwas determined by the calculated

concentration on the buffer side of the chamber
To = Total compound concentration determined before analysis

Inhibition of supercoiling activity of E. coli gyrase
The E. coli gyrase supercoiling activity assays were performed using
reagents obtained from Inspiralis Limited, Norfolk. UK). Test com-
pounds were pre-incubated with 1 nM enzyme at 24 oC for 10min.
Reaction was initiated by the addition of 60ng relaxed pBR322 DNA,
and the incubation was continued at 37 oC for 40min. Reactions were
terminatedusing amixtureof ProteinaseK (3μL2%SDS+0.8μL20mg/
mL Proteinase K), followedby 30min incubation at 37 °C. Sampleswere
mixed with 4μL STEB [40 % (w/v) sucrose, 100mM Tris-HCl (pH 8),
10mM EDTA, 0.5mg/mL bromophenol blue], and resolved by gel
electrophoresis (2.5 V/cm for 3 h) on 0.8 % agarose gel in 1X TAE buffer.

Gels were stained with 0.8 µg/mL ethidium bromide (EtBr) for 10min
and theDNAbandswere imagedusing ageldocumentation system.The
band intensities were quantified using the Quantity One basic software.
The compound IC50 values were determined using non-linear regres-
sion, four parameter curve-fit using GraphPad Prism software.

Inhibition of decatenation activity of E. coli topoisomerase IV
The E. coli topoisomerase IV decatenation reactions were performed
using 2.5 nM enzyme and 60 ng kinetoplast DNA (kDNA) obtained
from Inspiralis. The assay protocol followed was like the above-
described supercoiling assays.

Homology Modelling of E. coli Gyrase and Topo IV Complexes
The sequences of E. coli gyrA, gyrB, parC and parEwere extracted from
UniprotKB. The NBTI class of oxabicyclooctane derivative bound
SaGyrase crystal structure (PDB ID: 5BS3) was utilized to build EcGyr-
ase complex. In the case of EcTopoIV, A. baumannii TOPO IV crystal
structure (PDB ID: 2XKK) served as a template. SWISS-MODEL49 web
server was utilized to build the homology models of independent
chains and superimposition protocols of PyMOL software were
employed to construct the tetrameric complexes. The coordinates of
dsDNAmolecules extracted from template crystal structures was used
to generate the complete complexes.

Input Compound Structure Preparation
BWC0977wasconsidered formolecular docking, the 2-D structurewas
sketched using MarvinSketch program and exported in a.SDF file for-
mat. The ligand molecules were prepared in LigPrep50 module of the
Schrodinger suite. The structure was expected to be at or near a local
energy minimum, but not necessarily either a global minimum or the
optimal conformation for binding to the target. The prepared ligands
by LigPrep (output) were considered for multi-conformation genera-
tion by Macromodel conformation search module i.e., Mixed-tor-
sional/Low-mode sampling (MTLM). This model combines a Monte
Carlo method of exploring torsional space that efficiently locates the
widely separated minima on the potential energy surface with a low-
mode conformational search method along the energetically “soft”
degrees of freedom. The OPLS_2005 force field was used, and energy
minimization was 500 steps of the TNCGmethod. The energy window
for saving structures was set to 21 kJ/mol. The redundancy threshold
was 0.5 Å RMSD, and any redundant conformers were removed. The
maximum number of conformers to be generated was set to 25 and
default parameters were used for the remaining options.

Glide Molecular Docking
The Glide molecular docking51 of Schrodinger suite was utilized to
predict the binding mode of BWC0977 with homology modelled
EcGyrase and EcTopoIV protein 3-D structures. Bound co-crystal NBTI
ligand (PDB ID: 5BS3) was superposed into themodelled complexes of
EcGyrase and EcTopoIV to specify the NBTI binding pocket. The
docking grid was restricted to NBTI pocket based on the extracted
NBTI bound ligand. Before starting the Glide grid generation for
molecular docking, homology model structures were processed using
the protein preparation wizard. The Glide-SP (standard precision)
algorithm utilizes pre-computed grids generated using receptor sites
defined by centroids of the crystallographic ligands. The docking
protocol starts with the systematic conformational expansion of the
ligand, followed by placement at the receptor site. Minimization of
ligand in the field of receptor was carried out using the OPLS-AA force
field with the default distance-dependent dielectric parameters. The
lowest energy poses are then subjected to a Monte Carlo procedure
that samples nearby torsional minima. Different compounds can then
be ranked using GlideScore, a modified version of the ChemScore
function that includes terms for steric clashes andburiedpolar groups.
Default Van der Waal’s scaling was used (1.0 for the receptor and 0.8
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for the ligand). Advanced settings were edited to increase the pose
sampling. A total of 10,000 poses (default 5000) per ligand were set
for the initial phase of docking and the poses per ligand per energy
minimization raised to 1000 from 400. The output from the con-
formation generation method (25 conformers) was considered as the
input for molecular docking. A total of 10 poses per ligand were saved
as output for post-docking analyses.

Molecular Dynamics
Initial binding orientations of BWC0977 generated by molecular
docking approach with modelled structures of EcGyr and EcTopoIV
were considered further for Molecular Dynamics simulations. Three
completely independent replicas were launched for each system. The
individual pieces of the system i.e., protein, water molecule (TIP3P),
Mg2+ and Na+Cl− ions at a concentration of 0.15mM were built and
assembled. Proteins and ions were described by the ff99SB52 and the
parameter for BWC0977 was obtained with the GAFF253. The energy
minimization, equilibration and MD protocol was carried out with the
PMEMD program of AMBER18 MD package54. After initial energy
minimization, successive steps of NVT andNPT (300K, 1 bar) MDwere
performed, with progressive removal of position restraints applied to
the protein atoms. Then, simulations were run for 100ns (NPT
ensemble, 300K, 1 bar) and the first 50 nanoseconds were considered
as equilibration and discarded; the last 50 nanoseconds of each replica
were retained for analysis. A time step of 2 femtoseconds was used in
the production phase and PME (Particle Mesh Ewald)55 was employed
for the treatment of long-range electrostatic interactions, with the
application of a switch function between 1.0 and 1.2 nm. Temperature
was kept at 300K by the Nose-Hoover scheme56,57 using a time con-
stant for coupling of 1 picosecond. Pressure wasmaintained at 1 bar by
a semi-isotropic Parrinello-Rahman barostat58, with coupling time
constant of 5 picoseconds and compressibility of 4.5 × 10−5 bar−1. All
bonds to hydrogen atoms were constrained by the LINCS algorithm59.
CPPTRAJ module of AmberTools19 program was used for trajectory
analysis. Before analysis, ions, and water molecules beyond 5Å of the
ligand position were removed.

Pharmacokinetics of BWC0977 in neutropenic mouse thigh
model infected with Pseudomonas aeruginosa NCTC 13921
The objective of this study was to describe the concentrations of
BWC0977 in mouse plasma in a neutropenic murine, P. aeruginosa
strain NCTC 13921 infected thighmodel. Male CD-1 micewere infected
with P. aeruginosa NCTC 13921 in both thighs and BWC0977 adminis-
tered via a single subcutaneous (SC) injection at 10, 40, 80, or
120mg/kg. Terminal blood samples (3/time-point) were collected for
concentration analysis of BWC0977 at 0.5, 1, 2, 4, 6, 8, and 24 h post-
dosing. Using the plasma protein binding value of 87%, the free plasma
levels were calculated. BWC0977 concentration analysis in mouse
plasma was conducted using LC/MS/MS, with a lower limit of quanti-
tation (LLOQ) of 0.25μg/mL for plasma. Descriptive parameters were
calculated (mean and median concentrations) of which dose-
proportionality andother descriptive characteristicswere determined.

Epithelial lining fluid concentrations in neutropenic mouse
thighmodel infected with Pseudomonas aeruginosaNCTC 13921
BWC0977 was administered subcutaneously at 10, 40, 80 and
120mg/kg, q24h in neutropenic CD-1 mice infected intramuscularly
with P. aeruginosa NCTC 13921 in the thigh. The ELF was obtained by
instilling sterile saline into the lungs and removing saline from the
lungs at 0, 0.5, 1, 2, 4, 6, 8 h post-dosing.

Pharmacokinetics of BWC0977 in plasma and pulmonary epi-
thelial lining fluid in a neutropenic lung infection model in rats
100mg/kg of BWC0977 was administered intravenously for 60min
once to neutropenic rats (male, Wistar) infected with P. aeruginosa

ATCC27853 (MIC − 0.25 µg/ml) and plasma samples were taken at 0.5
and 1 hour (during infusion) and post-infusion at 1.25, 1.5, 2.0, 3.0, 5.0,
9.0 and 25 h. Similarly, the epithelial lining fluid (ELF) was obtained by
instilling 2ml of sterile saline into the lungs and removing saline from
the lungs. PK data analysis was done using the WinNonlin® software.

Dose fractionation and dose response studies of BWC0977
in rats
For efficacy studies, prior to the start of the infection process, all ani-
malsweredivided into groupsof 2or 3 animals each. Four days andone
day before the date of infection, for inducing neutropenia, each rat was
dosed intra-peritoneally with cyclophosphamide equivalent to 150mg/
kg and100mg/kg respectively. Rats were then placed into an induction
chamber and anaesthesia induced by exposing the animals to 3–5%
isoflurane in an oxygen flow set at approximately 1 liter perminute. On
the day of the infection, a 16−18 h Casein Soybean Digest (CSD) broth
culture, was centrifuged and the cells resuspended in sterile normal
saline to obtain ~ 109 CFU/ml. Infection was initiated by instilling 35μl
containing ~107 CFU/rat of the inoculum into each nostril of the anes-
thetized animalwith the following strains:A. baumanniiATCC19606,A.
baumannii SAC002 (a recent clinical isolate from Bangalore, India;
ciprofloxacin & meropenem-resistant), E. coli ATCC BAA-2469 (cipro-
floxacin &meropenem-resistant), E. coli ATCC BAA-2471 (ciprofloxacin
& meropenem-resistant), E. coli SEC-015 (a recent clinical isolate from
Bangalore, India; ciprofloxacin & meropenem-resistant), K. pneumo-
niae SKB067 (a recent clinical isolate from Bangalore, India; colistin,
ciprofloxacin & meropenem-resistant), K. pneumoniae ATCC 13883, K.
pneumoniae KPNIH1 (ciprofloxacin & meropenem-resistant), K. pneu-
moniaeMKP103 (ciprofloxacin-resistant), P. aeruginosa ATCC 27853, P.
aeruginosa SPA041 (a recent clinical isolate from Bangalore, India;
ciprofloxacin-resistant). Four hours post-infection, animals were trea-
ted at a constant rate infusion with doses of either BWC0977 {4%
L-Ascorbic acid + 1.8 % lactic acid + 2.5% niacinamide inWFI, pH4.5with
sodium bicarbonate, 3mg/kg, 10mg/kg, 30mg/kg, 100mg/kg} by
constant rate intravenous infusion over 2 h or meropenem (in sal-
ine,15mg/kg bid, intravenous bolus dose) or ciprofloxacin (in MilliQ
water, pH 4. 5 adjusted with HCl, 30mg/kg bid, intravenous bolus
dose). Rats were anaesthetized using ketamine 70mg/kg IP + xylazine
20mg/kg IP at a dose volume of 10ml/kg, at the rate of 1ml/hr, except
untreated controls. Animals were euthanized at 4 h post-infection (pre-
treatment controls), or 28 h post-infection (vehicle control and all
treated groups). The euthanized animals were dipped into 70% ethanol
for surface decontamination, lung muscles aseptically excised,
weighed, placed into 2ml broth, and homogenized. Serial ten-fold
dilutions of the lung homogenates were prepared in sterile broth,
plated onto agar plates and CFUs enumerated following 16−18 h of
incubation at 37 °C. The individual log10CFU/g lung valueswere plotted
against C/MIC, AUC/MIC and %T >MIC (24 h) and the relationship was
assessed with the appropriate pharmacodynamic model using the
GraphPad Prism software. The neutropenic rats were monitored
throughout the study for general clinical signs.

Determination of PK-PD index for BWC0977 in the rat lung
infection model
Dose-fractionation studieswere carried out to identify the PK-PD index
that correlates best with the efficacy of BWC0977 in the rat lung
infection model using different Gram-negative pathogens. Neu-
tropenic rats were infected intranasally with ~7 × 107 CFU/animal of P.
aeruginosa ATCC27853. Four hours post-infection, animals were trea-
tedwith varying total doses of 450, 400, 350, 300, 150, 75, 40, 2 0,1 0&
5mg/kg fractionated as q24h, q12h, or q8h over a 24h period and
administered as a 2 h intravenous infusion, over a period of 24 h.
Meropenem (total dose of 30mg/kg), administered as 15mg/kg, i.v.
bolus or twice daily served as a positive control to validate the study.
Themean log10CFU/g lungwasestimated in eachgroup. The individual
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log10CFU/g lung values were plotted against C/MIC, AUC/MIC and %
T >MIC (24 h) and the relationship was assessed using the appropriate
pharmacodynamic model using the GraphPad Prism software.

Reaction phenotyping
To determine the major human CYP P450 isozymes (1A2, 2C9, 2C19,
2D6 and 3A4) responsible formetabolismof the test compound, using
themethod was reported earlier60. Working stock solutions (50 µM) of
test compound (4 µL) was spiked to 356 µL of CYP isozymes to obtain a
final test compound concentration of 0.5 µM and pre-incubated for
10min at 37 oC. After pre-incubation, 45 µL of the pre-incubation
mixture was precipitated with 200 µL of ice-cold acetonitrile contain-
ing internal standard (0min sample) and 5 µL of 10mM NADPH was
added to the mixture. To the remaining mixture, 35 µL master stock
solution of NADPH (10mM) was added to the remaining pre-
incubation mixture and incubated on a shaking water bath for
60min at 37 oC. At each time point (0, 3, 6, 9, 12, 15, 20, 30, 45, and
60min), 50 µL of incubation mixture was precipitated with 200 µL of
ice-cold acetonitrile containing the internal standard. Samples were
vortexed for 10min and centrifuged at 1800 x g for 10min. After
centrifugation, 100 µL of supernatant was diluted with 100 µL of water
and analysed by LC-MS/MS analysis.

Similarly, for without co-factor incubations, instead of 10mM
NADPH, 100mM potassium phosphate buffer was added to the sam-
ples and incubated for 60min at 37 oC. The 0minute samples (50 µL)
were precipitated immediately with 200 µL of acetonitrile containing
the internal standard. After 30 and 60min of incubation time, 50 µL of
sample was precipitated with 200 µL of acetonitrile containing the
internal standard. After precipitation, the sampleswere treated like the
co-factor samples and analysed using LC-MS/MS.

In vitro - in vivo extrapolation (IVIVE) of clearance in humans
and prediction of human pharmacokinetic parameters
Thewell-stirredmodel61 wasused forpredictinghumanCLusinghuman
hepatocyte Clint and free fraction (fu) in human plasma. Liver blood flow
rates, liver weights, hepatocellularity and in vitro - in vivo correlation /
extrapolation (IVIVC / E) templates were routinely employed.

Briefly, cryo-preserved hepatocytes were thawed and transferred
into pre-warmed (maintained at 37 oC) buffermedium, and hepatocytes
mixed by gently inverting the tube three times. The cell suspensionwas
centrifuged at 50 x g at room temperature for 5min. The supernatant
was discarded, and cell pellet loosened by gently swirling the centrifuge
tube and the hepatocytes resuspended in 2mL of pre-warmed buffer.
The total cell count was determined, and the number of viable cells
enumerated by trypan blue dye exclusion method. The acceptable cell
viability at the beginning of the assay was ~85%. The hepatocyte sus-
pension was diluted with the buffer to attain a final concentration of 1
million cells/mL (1 × 106 cells/mL). The stock (10mM) solution of test
compounds and positive controls were prepared in DMSO. Subse-
quently, sub-stock (1mM) solutions were prepared by diluting 10 µL of
10mM stock solution with 90 µL of DMSO. The final working stock
(1 µM) solution was prepared by diluting 2 µL of sub-stock solution with
1998 µL of incubation media. For the assay, working stock solution
(1 µM) was spiked into hepatocyte incubation mixture to obtain a final
concentration of 0.5 µM. The final organic content in the assay
was <0.1%.

The stability assay was conducted in duplicate (n = 2). Manually,
200 µL of diluted hepatocyte suspension (1 × 106 cells/mL) was added
to each well of a 48-well plate. 200 µL of test compound (1 µM) pre-
pared was added in the incubation medium to each of the wells con-
taining hepatocytes. Final concentration of hepatocytes and test
compound in the assay were 0.5 × 106 cells/mL (0.5 million cells/mL)
and 0.5 µM, respectively. The 48-well plate was placed in an incubator
maintained at 37 oC, 5% CO2 atmosphere and 95% relative humidity.
The hepatocyte mixture was incubated for 120min with constant

shaking at 250 rpm. At each time-point (0, 5, 10, 15, 30, 60, 90, and
120min), 50 µL aliquot of hepatocyte mixture was added into 96-deep
well plate and precipitated with 200 µL of acetonitrile containing an
internal standard. The samples were mixed well in a vortex mixer and
centrifuged for 10min at 2000 x g. After centrifugation, the super-
natant (100 µL) was separated and transferred to a fresh 96-well plate
and diluted with 100 µL of water. The samples were analyzed using
LCMS/MS method.

Themetabolic stability was expressed as the percentage of parent
remaining and calculated from the peak area ratio of NCE remaining
after incubation (tx) compared to the time zero (t0) incubation. The
percentage of parent test compound remaining at each time point was
calculated by comparing the peak area ratio of test compound after
incubation (tx) with peak area of time zero (t0) incubation. Similarly,
half-life (t1⁄2) was calculated using the following equation:

In� vitro T 1=2 =
0:693
Kel

The intrinsic clearance (Clint) was calculated using the following
equations:

CLint =
0:693
Kel

x
μL of incubation

Kelx Number of cells=incubation
x no: of

cells
gram

liver

Scaling factors to represent hypocellularity million cells/gm liver
and liver/kg body weight.

P-gp, BCRP and BSEP inhibition and substrate determination
Membrane vesicles were diluted in incubationmedium and added to a
96-well incubation plate. To evaluate the test article as an inhibitor -
solvent control, test article or inhibitors in DMSO were added to the
membrane vesicles (1% v/v of the final reaction volume) and were pre-
incubated for 15min at 37 ± 2 °C. After pre-incubation, the incubation
was initiated by the addition of probe substrate andMgATP (4mM) or
MgAMP (4mM) in incubation medium and incubated for the
designated time.

To evaluate the test article as a substrate - solvent control, or
inhibitors in DMSOwere added to themembrane vesicles (1% v/v of the
final reaction volume) and were preincubated for 15min at 37 ± 2 oC.
After pre-incubation, the incubation was initiated by the addition of the
probe substrate or the test article and MgATP (4mM) or MgAMP
(4mM) in incubationmediumand incubated for thedesignated time.At
the end of incubation period, an aliquot was collected for recovery
measurement. The final protein concentration was 50μg / incubation.
The incubation reaction was terminated by the addition of chilled
washing mix and samples filtered using a filter plate. The filtered sam-
ples werewashed five times with chilled washingmix and dried at room
temperature for approximately two hours. Experimental conditions are
summarized in Supplementary Tables 15, 16. For samples incubated
with radiolabeled substrate, the substrate was extracted from the fil-
tered vesicles with scintillation fluid and analyzed using a MicroBeta2
liquid scintillation counter. For samples incubated with unlabeled sub-
strate, the substrate was extracted from the filtered vesicles with
50:50 v/v methanol:water containing internal standard and analyzed by
LC MS/MS.

OATP, OAT, OCT and MATE substrate and Km / Vmax

determination
Cells were plated onto standard 24-well tissue culture plates in cell
culture medium 1 to 3 days prior to the experiment. OATP1B1,
OATP1B3, MATE1, MATE2-K and control cells were incubated with
butyric acid (10mM) for 24 h prior to the experiment to induce
transporter gene expression. Incubation of HEK293 cells were carried
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out in HBSS buffer containing sodium bicarbonate (4mM) and HEPES
(9mM), pH 7.4 (OATP, OAT and OCT) or pH 8.5 (MATE).

Prior to the experiment, cell culture plates (transporter-expres-
sing and control cells) were removed from the incubator, the cell
culture medium was removed, and incubation medium was added to
the plate to rinse the cell culture medium from the cells. To evaluate
BWC0977 as a substrate, incubation medium was replaced with incu-
bation medium containing the inhibitor or solvent control, and the
plates were preincubated for 15 or 30min. After pre-incubation,
incubation medium was replaced with incubation medium containing
the inhibitor or solvent control and BWC0977 or positive control
substrate. Samples were incubated at 37 ± 2 °C in triplicate for the
designated time. After incubation, incubation medium was removed
with an aliquot collected to measure recovery, and cells were rinsed
once with chilled PBS containing 0.2% w/v BSA and twice with chilled
PBS. For samples incubated with radiolabeled substrates, the PBS was
removed, and sodium hydroxide (0.1M) was added with pipette mix-
ing to extract the compound from the cells. An aliquot of the medium
was added to a 96-well plate, diluted with scintillation fluid, and ana-
lyzed on a MicroBeta2 scintillation counter. The concentration of
protein in incubations was determined with a BCA Protein Assay Kit.
Experimental conditions are summarized in Supplementary Table 17.

For samples incubated with unlabeled substrates, the PBS was
removed, and 50:50 v/v methanol:water containing an internal stan-
dardwas addedwith pipettemixing to extract the compound from the
cells for analysis using a LC-MS/MS. When the accumulation of unla-
beled substrate was measured, the protein concentration in repre-
sentative wells was measured as protein concentration that cannot be
determined after extraction with organic solvent.

Samples were analyzed by multiple reaction monitoring LC-MS/
MS methods developed at the testing facility. Analysis was performed
with an appropriate SCIEX or Waters mass spectrometer equipped
with a Shimadzu Nexera, Shimadzu Prominence or Waters Acquity LC
system interfaced by electrospray ionization.

Pharmacokinetic studies in mice and rats
Intravenous (i.v) formulations for pharmacokinetic (PK) studies were
formulated in different vehicles and excipients to achieve the desirable
solubility for intravenous route of administration. An appropriate
amount of the test compound was weighed and dissolved in the
required volume of vehicle, followed by vortexing for a few seconds to
dissolve the compound. Then the solution (or) suspension was soni-
cated at room temperature for 5min to obtain a visually clear solution
and or homogenous suspension. All the formulations were prepared
freshly at room temperature before dosing. All these formulations
were observed to be stable at room temperature for more than 24 h.
The formulation details of each of the compound tested is shown in
Supplementary Table 18.

The rodent PK studies were carried out in male Sprague-Dawley
(SD) rats (8–12 weeks of age, weighing 280 ± 20 gm at the time of
dosing) and CD1 mice (8−12 weeks of age, weighing 30–35 gm body
weight at the time of dosing) to estimate the plasma clearance, VD and
terminal half-life, area under curve (AUC) and peak plasma con-
centration (Cmax) and time of peak plasma concentration (Tmax) fol-
lowing intravenous routes of administration.

Rats were anaesthetized by using isoflurane. The jugular and
femoral veins of rat were cannulated, and the study was performed
48 h post-cannulation.

At each time point, about 100 µL of rat blood was collected from
the jugular vein into a labelled microfuge tube containing 200mM
K2EDTA solution (20 µL per mL of blood) and equivalent volume of
heparinized saline was replaced following sample collection. Similarly,
25 µL of mice blood was collected from the saphenous vein into a
labelled microfuge tube containing 200mM K2EDTA solution. Serial
blood sampling method was used for blood collection. Blood samples

were collected at pre-dose, 0.25 h, 0.5, 1, 2, 4, 6, 8 and 24 h post-dosing.
The blood samples were processed to obtain the plasma samples
within 30minof the scheduled sampling time. All plasmasampleswere
stored at −70 °C until bioanalysis was performed.

Bile duct cannulation (BDC) study in rats
The rat BDC study was carried out in male Sprague-Dawley (SD)
rats (8–12 weeks of age, weighing 280 ± 20 gm at the time of
dosing) to estimate the plasma clearance, VD and terminal half-
life, AUC and Cmax and Tmax following an intravenous route of
administration. Rats were anaesthetized using isoflurane anaes-
thesia. The bile duct, jugular and femoral veins of rat were can-
nulated, and the study was performed 48 h post-cannulation. At
each time point, about 100 µL of rat blood was collected from the
jugular vein into a labelled microfuge tube containing 200mM
K2EDTA solution (20 µL per mL of blood) and equivalent volume of
heparinized saline was replaced following sample collection. Bile,
urine and faeces were collected at 0–2, 2–4, 4–8, 8–12 and 12–24 h
post-dose administration. The blood samples were processed to
obtain the plasma samples within 30min of scheduled sampling
time and other matrices (bile, urine and faeces) as well. All sam-
ples were stored at −70 °C until the bioanalysis was performed.

Guinea pig pharmacokinetic study
The formulation details of the compound tested is shown in Supple-
mentary Table 18.The study was performed in fasted, male Dunkin
Hartley guinea pigs. A total of 6 animals were used and were cathe-
terized to the jugular vein for infusion and the femoral artery for blood
collection. Test item formulations were prepared on the day of treat-
ment. Blood samples were collected through catheterized femoral
artery at pre-dose (0min) and0.25,0.5, 1 (at the endof infusion), 1.083,
3, 5, 7, 9 and 24 h post-dose. At each time point, 0.3mL of blood was
withdrawn and transferred into pre-labelled 0.5mL micro centrifuge
tubes containing 10μLof 1000 IU/mLheparin sodiumasanticoagulant
and mixed gently to facilitate mixing of anticoagulant with the blood.
Blood samples were kept on ice bath until centrifugation. The col-
lected blood samples were centrifuged at 2000 x g for 10min at 4 °C.
Plasma was separated and transferred into pre-labelled tubes and
stored at −20 °C until analysis was performed.

Non-rodent (dog) pharmacokinetic study
The formulation details of the compound tested is shown in Supple-
mentary Table 18. The dog PK study was carried out in male Beagle
dogs ofminimum 10 kg body weight to estimate the plasma clearance,
VD and terminal half-life, area under curve (AUC) and peak plasma
concentration (Cmax), time of peak plasma concentration (Tmax) fol-
lowing an intravenous infusion route of administration. Briefly, com-
poundwas administered to a group of 3 non-naïvemale dogs. The first
set of 3 animals received an intravenous infusion and following a
washoutperiodof4days, received ahigherdoseadministration. Blood
samples (1mL) was collected from the jugular vein by venepuncture
into tubes containing K2EDTA anticoagulant at the following sampling
times: Pre-dose, 0.083 (5min), 0.25, 0.5, 1, 2, 4, 8 and 24 h post-dosing.
Immediately following collection, blood samples were inverted to
ensure mixing with anticoagulant and placed on wet ice. As soon as
practically possible, samples were centrifuged (2000 x g, 10min, at
4 °C) and the resultant plasma decanted into appropriately labelled
polypropylene tubes in 96-well plate format and stored in a freezer set
to maintain a temperature of ≤ −65 °C, until analysis was performed.

Bioanalysis of plasma samples
Plasma samples (mice/rat/guinea pig/dog) were analysed using a
fit-for purpose LC-MS/MS method. For guinea pig sample analysis
(range was 40.1−20100 ng/mL) for mice, rats, and dogs (range was
1–3000 ng/mL).
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Pharmacokinetic data analysis
Pharmacokinetic parameters were estimated using Phoenix® Win-
Nonlin® version 6.4 or higher (Certara USA, Inc., Princeton, New Jer-
sey). A non-compartmental approach consistent with the intravenous
infusion route of administration was used for parameter estimation.
The individual plasma concentration-time data was used for pharma-
cokinetic calculations. In addition to parameter estimates for indivi-
dual animals, descriptive statistics (e.g., mean, standard deviation,
coefficient of variation, median, min, max) have been reported, as
appropriate.

hERG screening data
BWC0977 was tested for inhibition of the human ether-a-go-go
related gene (hERG) K+ channel using QPatch HTX automated
electrophysiology62. BWC0977 was solubilised to 100mM in DMSO
before dilution in HBPS to 300 μM. A 6-point concentration-
response curve was generated using 3.16-fold serial dilutions from
the top test concentration. Electrophysiological recordings were
made from a Chinese hamster ovary cell line stably expressing the
full-length hERG potassium channel. Single cell ionic currents were
measured in whole-cell patch clamp configuration at room tem-
perature (21−23 oC) using the QPatch HTX platform (Sophion).
Intracellular solution contained (in mM): 120 KF, 20 KCl, 10 EGTA,10
HEPES andwas buffered to pH7.3. The extracellular solution (HEPES-
buffered physiological saline, HBPS) contained (in mM): 145 NaCl, 4
KCl, 2 CaCl2, 1MgCl2, 10 HEPES, 10 % glucose buffered to pH7.4. Cells
were clamped at a holding potential of −80mV. Cells were stepped to
+20mV for 2 seconds then −40mV for 3 seconds before returning to
the holding potential. This sweep was repeated 10 times at 10 sec-
ond intervals. hERG currents were measured from the tail step and
referenced to the holding current. Compounds were then incubated
for 2min prior to a second measurement of ion channel current
using an identical pulse train. The IC50 values were obtained from a
4-parameter logistic fit of the concentration-response data. Refer-
ence compound (cisapride) values were consistent with those
reported in the literature.

Prediction of human PK parameters based on simple allometry
of pre-clinical PK parameters estimated from PK modelling of
combined species mixed effect model approach
The human PK profile was predicted based on four species data using
Non-Linear Mixed Effect (NLME) model63. Specifically, total PK data
from mice (0.023 kg), rat (0.282 kg), guinea pig (0.43 kg) and dog
(10.5 kg) studieswere extracted, and the combined species datawere fit
together to different 1, 2 and 3 compartment IV bolus/infusion PK
models, respectively, following different weighting scheme. The best fit
PK model among the fitting was a two-compartment IV bolus/ infusion
PK model with a 1/Y2 predicted weighting scheme. Individual species
data was fit to a two-compartment intravenous model and PK para-
meters such as V1, CL, V2, CLD2 were estimated. For all four species,
individual PK parameters were individually scaled as per simple allo-
metry and respective allometric exponents and coefficients were
determined.

Combined species datawasfit usingNLMEallometricmodel using
Phoenix NLME (ver 6.4). Human PK parameters such as V1, CL, V2 and
CLD2 were estimated along with corresponding exponents and allo-
metric coefficients.

CLind =a *BWb
ind ð1Þ

V1ind = c *BW
d
ind ð2Þ

V2ind = e *BW
d
ind ð3Þ

CLD2ind = g *BWb
ind ð4Þ

Following the 2-compartment model fitting and using predicted
human PK parameters human profile (plasma concentrations vs time)
the PK profile following different 80mg–1050mg single dose via IV
infusion administration for 120min was predicted.

First-in-human study of BWC0977 administered intravenously
for 2 h as single ascending doses (SAD)
A Phase 1, randomized, double-blind, placebo-controlled, single
dose escalation study to evaluate the safety, tolerability and PK of
BWC0977 administered through IV infusion to healthy adult sub-
jects has been completed in CMAX, Adelaide, Australia. The first in
human trial was initiated following approval by the Human Research
Ethics Committee (HREC) of the trial design, protocol and the key
criteria specified for the study. Within each cohort of 8 subjects,
efforts were made to randomize approximately equal numbers of
males and females to either active or placebo (including both
genders).

In single ascending dose (SAD) escalation study, 40 subjects in
five dose cohorts of 8 subjects each (6 active, 2 placebo) were rando-
mized to receive single IV infusion doses of BWC0977 or placebo
infused over 120 ( ± 10min) (Supplementary Table 19). Five dose levels
of BWC0977 were assessed according to an ascending single-dose
regimen (120mg, 240mg, 480mg, 720mg, 1050mg). The starting
dose is based on safety results from non-clinical studies.

All details pertaining to formulation, screening of subjects, writ-
ten informed consent, admission and duration of hospitalization,
evaluation parameters, inclusion and exclusion criteria, study end-
points, PKmonitoring, statistical analysis and safety aspects of the trial
are available at ClinicalTrials.gov ID: NCT05088421.

Chemistry: General chemical methods. All commercial reagents and
solvents were used without further purification. Analytical thin-layer
chromatography (TLC) was performed on SiO2 plates on alumina.
Visualization was accomplished by UV irradiation at 254 and 220nm.
Purity of all the final derivatives for biological testing was confirmed to
be >95%.

Evaporations were carried out by rotary evaporation in vacuo and
work-up procedures were carried out after removal of residual solids
by filtration; temperatures are quoted as °C; operations were carried
out at room temperature, that is typically in the range 18−26 °C and
without the exclusion of air unless otherwise stated, or unless the
skilled person would otherwise work under an inert atmosphere; col-
umn chromatography (by the flash procedure) was used to purify
compounds and was performed on Merck Kieselgel silica (Art. 9385)
unless otherwise stated.

In general, the course of reactions was followed by TLC, HPLC,
or LC/MS and reaction times are given for illustration only; yields are
given for illustration only and are not necessarily the maximum
attainable. The structure of the end products was generally con-
firmed by NMR and mass spectral techniques. Proton magnetic
resonance spectra were generally determined in DMSO d6 unless
otherwise stated, using a Bruker DRX 300 spectrometer or a Bruker
DRX-400 spectrometer, operating at a field strength of 300MHz or
400MHz, respectively. In cases where the NMR spectrum is com-
plex, only diagnostic signals are reported. Chemical shifts are
reported in parts per million (ppm) downfield from tetra-
methylsilane as an external standard (δ scale) and peakmultiplicities
are shown, thus: s - singlet; d - doublet; dd - doublet of doublets; dt -
doublet of triplets; dm - doublet of multiplets; t - triplet; m - multi-
plet; br - broad. Fast atom bombardment (FAB) mass spectral data
were generally obtained using a Platform spectrometer (upplied by
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Micromass) run in electrospray and, where appropriate, either
positive ion data or negative ion data were collected using Agilent
1100 series LC/MS equipped with Sedex 75ELSD. The lowest mass
major ion is reported formolecules where isotope splitting results in
multiplemass spectral peaks (for example when chlorine is present).
Reverse-phase HPLC was carried out using YMC Pack ODS AQ
(100×20 mmID, S 5 Å particle size, 12 nm pore size) on Agilent
instruments; each intermediate was purified to the standard
required for the subsequent stage and was characterized in suffi-
cient detail to confirm that the assigned structure was correct;
purity was assessed by HPLC, TLC, or NMR and identity was deter-
mined by infrared spectroscopy (IR), mass spectroscopy or NMR
spectroscopy as appropriate. HRMS data was acquired using an
Agilent 6520, Quadrupole-time of flight tandem mass spectrometer
(Q-Tof MS/MS) coupled with an Agilent 1200 series HPLC system.

Synthesis of compound 1-9. Compound 1 (CAS: 2156619-18-8; 6-[5-(3-
Aminopropyl)−2-oxo-3-oxazolidinyl]−2H-pyrido[3,2-b]−1,4-oxazin-
3(4H)-one)

Compound 1 (CAS: 2156619-18-8) was synthesized as reported
earlier in the patent WO2017199265A164. 1H NMR (400MHz, DMSO-
d6):δ 7.71 (bs, 1H),δ 7.59 (d, J = 8.6 Hz, 1H), 7.44 (d, J = 8.6Hz, 1H), 4.68-
4.75 (m, 1H), 4.61 (s, 2H), 4.22 (dd, J = 8.4, 10Hz, 1H), 3.70 (dd, J = 6.6 Hz,
10Hz, 1H), 2.85 (t, J = 8.0Hz, 2H), 1.73-1.81 (m, 2H), 1.61-1.71 (m, 2H);
LCMS calculated for C13H16N4O4, 292.30 Observed = 293.2; HRMS
calculated for C13H16N4O4, 292.30, Observed = 293.1298;

Compound 2 (CAS: 2156618-99-2; 6-[5-[3-[[(6-Fluoro-2,3-dihydro-
1-methyl-2-oxo-1H-indol-7-yl) methyl] amino]propyl]−2-oxo-3-oxazoli-
dinyl]−2H-pyrido[3,2-b]−1,4-oxazin-3(4H)-one)

Compound 2 (CAS: 2156618-99-2) was synthesized as reported
earlier in the patent WO2017199265A1. 1H NMR (400MHz, MeOD): δ
8.44 (bs, 1H), 7.70 (d, J = 8.6Hz, 1H), 7.36 (d, J = 8.6Hz, 1H), 7.30–7.34
(m, 1H), 6.87–6.92 (m, 1H), 4.74-4.76 (m, 1H), 4.63 (s, 2H), 4.39 (s, 2H),
4.31–4.36 (m, 1H), 3.84–3.88 (m, 1H), 3.67–3.70 (m, 2H), 3.54–3.58 9m,
5H), 3.08–3.10 (m, 2H), 1.84–1.90 (m, 4H); LCMS calculated for
C23H24FN5O5, 469.47 Observed = 470.0; HRMS calculated for
C23H24FN5O5, 469.47 Observed = 470.3601; HPLC = 87.33% (Zorbax
Eclipse plus C18 RRHD(50×2.1) mm,1.8μ; Mobile phase A:0.1%TFA in
WaterB:Acetonitrile);

Compound 3 (CAS: 2156619-07-5; 6-[(5S)−5-[2-[[2-(6-fluoro-2,3-
dihydro-1-methyl-2-oxo-1H-indol-7-yl)ethyl]amino]ethyl]−2-oxo-3-oxa-
zolidinyl]−2H-pyrido[3,2-b]−1,4-oxazin-3(4H)-one)

Compound 3 (CAS: 2156619-07-5) was synthesized as reported
earlier in the patent WO2017199265A1. 1H NMR (400MHz, DMSO-D6):
δ 11.23 (s, 1H), 7.59 (d, 1H, J = 8.4Hz), 7.44 (d, 1H, J = 8.8Hz), 7.18–7.15
(m, 1H), 6.86–6.82 (m, 1H), 4.79–4.76 (m, 1H), 4.62 (s, 2H), 4.26–4.22
(m, 1H), 3.79–3.75 (m, 1H), 3.53 (s, 2H), 3.12–3.10 (m, 2H), 2.96 (s, br,
4H), 2.03 (s, br, 2H). LCMS Calc. for Calc. for C23H24FN5O5, 469.47;
Obs 470.0; [M+ +H]. HRMS Calc. for C23H24FN5O5, 469.47; Obs
470.1190;HPLCPurity = 95.07% (HPLCColumn: Atlantis dC18 (250*4.6)
mm 5 µm, Mobile Phase A: 0.1% TFA in water, Mobile Phase B:
Acetonitrile.).

Compound 4: (S)−6-(5-(((2-(6-fluoro-1-methyl-2-oxoindolin-7-yl)
ethyl) amino) methyl)−2-oxooxazolidin-3-yl)−2H-pyrido[3,2-b] [1,4]
oxazin-3(4H)-one

Compound 4was synthesized using the procedure for compound
3 as reported earlier in the patent WO2017199265 A1 and
WO2018225097 A1.

1H NMR (400MHz, DMSO-D6): δ 11.20 (s, 1H), 7.60 (d, 1H,
J = 8.8Hz), 7.44 (d, 1H, J = 8.8Hz), 7.12–7.09 (m, 1H), 6.82–6.77 (m, 1H),
4.77 (s, br, 1H), 4.62 (s, 2H), 4.15–4.11 (m, 1H), 3.87–3.83 (m, 1H), 3.49 (s,
2H), 3.38 (m, 3H), 3.03–3.01(m, 2H), 2.99–2.96 (m, 2H), 2.84–2.82 (m,
2H). LCMS Calc. for Calc. for C22H22FN5O5, 455.45; Obs :456.2;
[M + +H]; HRMSCalc. for Calc. for C22H22FN5O5, 455.45; Obs :456.1166;
HPLC Purity = 98.13% (HPLCColumn: Atlantis dC18 (250*4.6)mm5 µm,
Mobile Phase A: 0.1% TFA in water, Mobile Phase B: Acetonitrile,
RT = 8.90min.

Compound 5 (CAS: 2254566-42-0; 6-[(5S)−5-[[[2-(7-Fluoro-1,2-
dihydro-1-methyl-2-oxo-8-quinolinyl)ethyl]amino]methyl]−2-oxo-3-
oxazolidinyl]−2H-pyrido[3,2-b]−1,4-oxazin-3(4H)-one)
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Compound 5 (CAS: 2254566-42-0) was synthesized as reported
earlier in patent WO2018225097 A165.

1H-NMR (400MHz, DMSO-d6): δ 11.19 (brs,1H), 7.84 (d, J = 9.16 Hz,
1H), 7.64–7.58 (m, 2H), 7.42 (d, J = 8.76Hz, 1H), 7.13 (t, J = 9.12 Hz, 1H),
6.53 (d, J = 9.28Hz, 1H), 4.70 (s, 1H), 4.61 (s, 2H), 4.11 (t, J = 9.40Hz, 1H),
3.86–3.82 (m, 1H), 3.71 (s, 3H), 3.13–2.84 (m, 2H), 2.80–2.67 (m, 4H).
HRMS Calc. for C23H22FN5O5, 467.46; Obs.: 468.1665. LCMS Calc. for
C23H22FN5O5, 467.46; Obs.: 468.3 [M+ +H] +.

Compound 6 (CAS: 2254566-55-5); 2-[(5S)−5-[[[2-(7-Fluoro-1,2-
dihydro-1-methyl-2-oxo-8-quinolinyl)ethyl]amino]methyl]−2-oxo-3-
oxazolidinyl]−6H-pyrimido[5,4-b][1,4]oxazin-7(8H)-one)

Compound 6 (CAS: 2254566-55-5) was synthesized as reported
earlier in WO2018225097 A1 patent. 1H-NMR (400MHz, DMSO-d6): δ
8.22 (s, 1H), 8.16 (s, 1H), 7.85 (d, J = 9.20Hz, 1H), 7.64 (t, J = 6.80Hz, 1H),
7.15 (t, J = 8.80Hz, 1H), 6.55 (d, J = 9.20Hz, 1H), 4.72 (s, 3H), 4.13 (t,
J = 9.20Hz, 1H), 3.89–3.85 (m, 1H), 3.73 (s, 3H), 3.17–3.15 (m, 2H), 2.92-
2.84 (m, 4H).LC_MS: Calc. for C22H21FN6O5, 468.45; Obs. 469.1 [M+H] +.

Compound 7 (CAS: 2254566-91-9; 6-[(5S)−5-[[[2-(6-Fluoro-3,4-
dihydro-4-methyl-3-oxo-5-quinoxalinyl)ethyl]amino]methyl]−2-oxo-3-
oxazolidinyl]−2H-pyrazino[2,3-b]−1,4-oxazin-3(4H)-one)

Compound 7 (CAS: 2254566-91-9) was synthesized as reported
earlier in WO2018225097 A1. 1H-NMR (400MHz, DMSO-d6): δ 11.61 (s,
1H), 8.38 (s, 1H), 8.16 (s, 2H), 7.72 (t, J = 6.64Hz, 1H), 7.25 (t, J = 9.28Hz,
1H), 4.87 (s, 2H), 4.77 (brs, 1H), 4.07 (t, J = 8.92Hz, 1H), 4.05–3.75 (m,
4H), 3.17–3.10 (m, 2H), 2.91–2.85 (m, 4H). LCMSCalc. for C21H20FN7O5,
469.43; Obs.: 468.0 [M+-H]. HRMSCalc. for C21H20FN7O5, 469.43; Obs.:
470.0989. HPLC Purity = 93.26% (HPLC Column: Atlantis dC18
(250*4.6) mm 5 µm,Mobile Phase A: 0.1% AcOH in water, Mobile Phase
B: Acetonitrile.

Compound 8 (CAS: 2254566-53-3; 6-[(5 R)−5-[[[2-(7-Fluoro-1,2-
dihydro-1-methyl-2-oxo-8-quinolinyl)ethyl]amino]methyl]−2-oxo-3-
oxazolidinyl]−2H-pyrazino[2,3-b]−1,4-oxazin-3(4H)-one)

Compound 8 (CAS: 2254566-53-3) was synthesized as reported
earlier in WO2018225097 A1. 1H NMR (400MHz, DMSO-d6): δ 11.62 (s,
1H), 9.16 (brs, 1H), 8.40–8.38 (m,1H), 7.89–7.86 (m, 1H), 7.73–7.69 (m,
1H), 7.22–7.17 (m, 1H), 6.59–6.55 (m, 1H), 5.01 (brs, 1H), 4.88–4.87 (m,
2H), 4.23–4.19 (m, 1H), 3.83–3.79 (m, 1H), 3.73–3.72 (m, 3H),3.40–3.34
(m, 4H), 3.14 brs, 2H). LCMS Calc. for C22H21FN6O5, 468.45; Obs.: 467.1
[M+-H]. HRMS Calc. for C21H20FN7O5, 468.45; Obs.: 469.0989. HPLC
Purity = 96.38% (HPLC Column: Atlantis dC18 (250*4.6) mm 5 µm,
Mobile Phase A: 0.1% TFA in water, Mobile Phase B: Acetonitrile).

Compound 9 (CAS: 2254567-00-3; 6-[(5S)−5-[[[2-(7-Fluoro-1,2-
dihydro-1-methyl-2-oxo-8-quinolinyl)ethyl]amino]methyl]−2-oxo-3-
oxazolidinyl]−2H-pyrazino[2,3-b]−1,4-oxazin-3(4H)-one)

Compound 9 (CAS: 2254567-00-3) was synthesized as reported
earlier inWO2018225097A1. 1HNMR (400MHz, DMSO- d6):δ 11.61 (bs,
1H), 8.38–8.37 (d, 1H, J = 3.2 Hz), 8.14 (s, 1H), 7.84–7.82 (d, 1H,
J = 9.2 Hz), 7.64–7.60 (dd,1H, J1 = 8.8, J2 = 6.4Hz), 7.15–7.10 (t, 1H,
J = 8.8Hz), 6.54–6.52 (d, 1H, J = 9.2 Hz), 4.85 (s, 2H), 4.79–4.76 (m, 1H),
4.11-4.06 (m, 1H), 3.83–3.79 (m, 1H), 3.71 (s, 3H), 3.16–3.13 (m, 2H),
2.95–2.91 (m, 2H), 2.89–2.82 (m, 2H). LCMS Calc. for C22H21FN6O5,
468.45; Obs.: 469.1; [M+ +H]. HRMS Calc. for C22H21FN6O5, 468.45;
Obs.: 469.1077; HPLC Purity = 97.52%, Column: Atlantis dC18 (250 ×
4.6) mm, 5μm, Mobile Phase A: 0.1% TFA in water, Mobile Phase B:
Acetonitrile.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The raw data supporting killing kinetics, pharmacokinetics (pre-clin-
ical and clinical), efficacy in animalmodels areprovided as anexcelfile,
“Source data.xlsx”. Source data are provided with this paper.
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