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Abstract

Background. To address the growing antibiotic resistance problem, new antibacterial drugs
must exert activity against pathogens resistant to agents already in use. With a view to
providing a rapid means for deselecting antibacterial drug candidates that fail to meet this
requirement, we report here the generation and application of a platform for detecting cross-

resistance between established and novel antibacterial agents.

Methods. This first iteration of the cross-resistance platform (CRP) consists of 28 strains of
defined resistance genotype, established in a uniform genetic background (the SH1000 strain
of the clinically-significant pathogen, Staphylococcus aureus). Most CRP members were
engineered through introduction of constitutively-expressed resistance determinants on a

low-copy number plasmid, with a smaller number selected as spontaneous resistant mutants.

Results. Members of the CRP collectively exhibit resistance to many of the major classes of
antibacterial agent in use. We employed the CRP to test two antibiotics that have been
proposed in the literature as potential drug candidates; y-actinorhodin and batumin. No
cross-resistance was detected for y-actinorhodin, whilst a CRP member resistant to triclosan
exhibited a 32-fold reduction in susceptibility to batumin. Thus, a resistance phenotype that
already exists in clinical strains mediates profound resistance to batumin, implying that this

compound is not a promising antibacterial drug candidate.

Conclusion. By detecting cross-resistance between established and novel antibacterial
agents, the CRP offers the ability to deselect compounds whose activity is substantially
impaired by extant resistance mechanisms. The CRP therefore represents a useful addition to

the antibacterial drug discovery toolbox.
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Introduction

It is widely accepted that new antibacterial drugs will be required to address the growing
problem of antibiotic resistance in pathogenic bacteria. ' ‘New’ in this context is often
understood to mean unprecedented in terms of chemical structure and/or antibacterial mode
of action, and it is certainly the case that useful antibacterial drug candidates will likely
possess one or both of these attributes. Nevertheless, these attributes are proxies for the
type of novelty that is ultimately required: the ability to exert an antibacterial effect against
pathogens resistant to drug classes already in clinical use. After all, an antibacterial drug
candidate that possesses chemical and/or mechanistic novelty will have limited utility if its

activity is substantially comprised as a result of cross-resistance with earlier classes.

Despite this, little direct effort is expended on investigating/ avoiding cross-resistance in the
typical antibacterial discovery project. Instead, the potential for cross-resistance to newly-
discovered scaffolds is usually addressed indirectly — and often at a relatively advanced stage
of preclinical evaluation - by assessing the activity of the compound against sizeable
collections of target pathogen(s) isolated from the clinic. 2 An exception to this approach is in
discovery efforts that seek to identify novel analogues of an established antibacterial drug
class, since such projects must proceed alive to the potential for cross-resistance from the
very outset. In these cases, analogues are tested at an early stage of evaluation against strains
harbouring resistance determinants known to compromise the antibacterial activity of

clinically-deployed class members (e.g. 3).

We consider that this latter strategy could usefully be employed more broadly in antibacterial
discovery to provide a rapid and direct indication of potential cross-resistance issues at an
early stage in the process, thereby reducing wasted effort in progressing compounds that are
only later revealed to possess such resistance liabilities. Here, we describe the initial iteration
of a platform for cross-resistance testing, comprising a panel of Staphylococcus aureus strains
of defined antimicrobial resistance genotype established in a uniform genetic background.
Use of this cross-resistance platform (CRP) to test two potential antibacterial drug candidates
revealed that the activity of one of these (batumin) is dramatically attenuated by a resistance

phenotype that pre-exists in the clinic, implying that it is not a promising candidate for
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antibacterial chemotherapy, and underscoring the utility of the proposed approach to cross-

resistance testing.
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Materials & Methods

Generation of the CRP. Horizontally-acquired antibiotic resistance genes were in most cases
amplified by PCR and cloned in E. coli using a modified version of shuttle vector pSK5487 4
termed pSK5487M (Supplementary Information), downstream of the constitutive gacR
promoter. > Where appropriate template DNA for PCR amplification was not available, DNA
fragments corresponding to the resistance gene(s) were instead obtained by synthesis
(Genewiz). All PCR amplicons and synthesized DNA encompassed the native ribosome-binding
sites of resistance determinants, and most introduced BstBI-restriction sites at the terminii of
the fragments for ligation into BstBl-digested pSK5487M (the exception being resistance
determinants whose sequence included an internal BstBI site, which were instead ligated into
pSK5487M by blunt-end cloning at the blunted BstBlI site). Constructs established in E. coli
were subjected to DNA sequencing before electroporation into the restriction-deficient
staphylococcal cloning host, RN4220, ¢ with subsequent recovery and electroporation into S.
aureus SH1000. 7 Introduction of pSK5487M: mecA into SH1000 did not result in a detectable
change in oxacillin MIC, a phenomenon attributable to the fact that only a minority
subpopulation of artificially-generated mecA+ strains usually expresses resistance; 2
homogeneous/ overt resistance was subsequently selected in this strain by plating onto agar

containing oxacillin at 100 mg/L as described. &?°

Several strains exhibiting resistance to antibacterial agents as a result of mutation were
isolated and characterized in previous studies (AJUL22,1° AJUL26/ AJUL27 1%). Strains with
mutational resistance to rifampicin and triclosan were selected on agar/ by serial passage,
respectively, and characterized in the former case by PCR amplification and DNA sequencing
of rpoB and in the latter case by whole genome sequencing according to established
methodology; 2 the mutants ultimately chosen for inclusion in the CRP carry resistance
mutations commonly found in clinical isolates '* ** (whilst the Fablpioic substitution in our
triclosan-resistant mutant does not appear to have been detected in clinical isolates, the -C3aT
and -T109G mutations upstream of the fabl gene have both independently been reported to
mediate resistance in such strains through increased Fabl expression). Strain AJUL25, which
exhibits resistance to sulfamethoxazole as a result of two common resistance mutations in
the dhps gene, 1> was created by ¢80-mediated transduction of this locus from a strain (S.

aureus Newman) that naturally harbours these.
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Susceptibility testing. MIC determinations were generally performed by broth microdilution
in cation-adjusted Mueller Hinton (MH) broth, according to CLSI guidelines. Exceptions were
made in isolated cases to improve discrimination between susceptible and resistant strains.
For sulfamethoxazole, the bacterial inoculum was reduced 10-fold (to 5 x 10* cfu), whilst
susceptibility testing with fusidic acid was conducted by agar dilution using MH agar.
Antibacterial agents were from Sigma-Aldrich, with the exception of linezolid and
quinupristin-dalfopristin (both from Cambridge Bioscience) and mupirocin (PanReac

AppliChem).
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Results and Discussion

The basic design principles of the CRP are as follows. This initial iteration of the platform was
established in a Gram-positive bacterium to offer the broadest utility, since the vast majority
of antibacterial drug candidates exhibit anti-Gram-positive activity (by contrast, only a small
minority are active against Gram-negative bacteria). Accordingly, we generated the CRP in
the important Gram-positive pathogen, Staphylococcus aureus, employing the well-

characterized and -behaved laboratory strain, SH1000. ’

Each member of the CRP possesses a defined resistance genotype. Only one strain in the
collection has been specifically engineered to carry more than one type of resistance
determinant (AJUL17; to provide simultaneous resistance to group A and B streptogramins,
and hence to the combination drug, quinupristin-dalfopristin), though all strains carrying
cloned resistance genes also harbour the selectable cat marker intrinsically present on
pSK5487M (and are therefore additionally resistant to chloramphenicol). For the most part,
expression of cloned resistance determinants in the CRP is driven from a low/moderate
strength, constitutive promoter (Pgacr). This approach sought to address the fact that a
number of staphylococcal resistance determinants (e.g. bla, erm, mec) ordinarily require
induction for the resistance phenotype to manifest, and failure to induce resistance in test
would prevent detection of cross-resistance. However, for a small number of resistance genes
(strains AJUL5, AJUL10, AJUL14 and AJUL20), the level of resistance observed following
expression from Pgacr Was only modest or negligible, and in such cases, the determinant was

re-cloned with its native expression signals.

The resistance genotypes and phenotypes of the CRP are given in Table 1. In some cases (e.g.
for determinants already known to mediate cross-resistance to more than one antibacterial
drug class), susceptibility data for several antibacterial agents are shown. All CRP members
exhibited at minimum a 4-fold decrease in susceptibility to at least one corresponding

antibacterial agent.

To illustrate the potential utility of the CRP for the evaluation of antibacterial drug candidates,
we describe its use to test two antistaphylococcal agents that may have therapeutic potential;

y-actinorhodin ¢ and batumin. 7 For the former compound, all members of the CRP showed
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the same level of susceptibility as the parent strain (2 mg y-actinorhodin/ L), indicating an
absence of cross-resistance in this panel of strains. Whilst this result does not exclude the
possibility that cross-resistance to y-actinorhodin exists and/or could arise in clinical isolates,
it does provide some reassurance that the antibacterial activity of this compound will not be
abrogated by a common resistance determinant. For batumin, a single strain in the CRP
exhibited a reduction in susceptibility to the compound relative to SH1000; the triclosan-
resistant strain, AJUL28, showed a 32-fold decrease in susceptibility (8 mg/L versus 0.25

mg/L). Thus, a resistance phenotype that already exists in the clinic 3

provides cross-
resistance to batumin. We corroborated this observation by demonstrating that several
triclosan-resistant clinical isolates and laboratory-generated mutants all exhibited substantial
reductions in susceptibility to batumin (data not shown). Whether evidence of pre-existing
cross-resistance should preclude further development of an antibacterial drug candidate will
warrant careful consideration on a case-by-case basis, considering - amongst other aspects -
the level and clinical prevalence of the resistance in question. In the case of batumin, existing
triclosan resistance mediates a profound reduction in susceptibility to the compound and is

not uncommon amongst clinical isolates; 8 on this basis, batumin is probably not a promising

antistaphylococcal drug candidate.

Beyond its use to rule antibacterial drug candidates from further consideration, detection of
cross-resistance using the CRP can also provide additional insight into antibacterial agents
undergoing evaluation. Until recently, the mode of action of batumin remained poorly
characterized, though limited evidence suggested that it involves inhibition of fatty acid
biosynthesis (FAB). %20 The finding that promoter mutations causing increased expression of
the FAB gene, fabl, 13 confer reduced susceptibility to batumin further reinforces the idea that
this compound acts on FAB, and indeed implicates Fabl as a plausible target. Whilst the
present work was being readied for publication, Masschelein and colleagues confirmed that

Fabl is indeed the target of batumin. 2!

Concluding remarks. Engineered antibiotic resistant bacteria are already in use in drug
discovery projects to achieve dereplication of natural products (i.e. deselection of known
chemical scaffolds). 2> 2 The purpose of the CRP is somewhat distinct, aimed instead at

deselecting compounds whose activity is impaired by known resistance mechanisms; in other
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words, the CRP seeks to effect dereplication at the biological level, rather than the chemical.
Accordingly, the types of resistance determinant used in these two approaches differ, with
the former focussing on those that reduce susceptibility to common natural product
antibiotics, and the CRP employing resistance genes or mutations commonly found in clinical
isolates. Nevertheless, the two approaches are complementary, and one could envisage a
future platform comprising a far more extensive/ near-comprehensive set of known antibiotic

resistance determinants to achieve both ends simultaneously.

We consider that the CRP represents a useful addition to the antibacterial drug discovery
toolbox, and have therefore made it available to researchers through BEI Resources

(https://www.beiresources.org). We welcome additions to the platform that follow the same

basic design principles, ideally employing the same cloning vehicle/ host to ensure uniformity.


https://www.beiresources.org/

214
215
216
217
218
219
220
221
222
223

24

25

Acknowledgements. We thank N. Firth (University of Sydney) for plasmid pSK5487, J.
Masschelein and R. Lavigne (KU Leuven) for batumin, and M. Wathon and C. Rayner

(University of Leeds) for purifying y-actinorhodin.

Funding. This work was supported in part by Newton Fund grant no. 261707718 (L. G.) and a
PhD studentship from the Ministry of Higher Education, Saudi Arabia (Z. A.).

Transparency declarations. None to declare.



226

227
228

229
230
231

232
233

234
235
236

237
238

239
240
241

242
243
244

245
246
247

248
249
250

251
252
253

254
255
256

257
258
259

260
261
262

263
264
265

Bibliography

1. O'Neill J. Tackling drug-resistant infections globally: Final report and
recommendations. https://amr-revieworg/Publicationshtml| 2016.

2. O'Neill AJ, Chopra I. Preclinical evaluation of novel antibacterial agents by
microbiological and molecular techniques. Expert Opinion on Investigational Drugs 2004; 13:
1045-63.

3. Seiple IB, Zhang Z, Jakubec P et al. A platform for the discovery of new macrolide
antibiotics. Nature 2016; 533: 338-45.

4, Kwong SM, Skurray RA, Firth N. Staphylococcus aureus multiresistance plasmid pSK41:
analysis of the replication region, initiator protein binding and antisense RNA regulation. Mol
Microbiol 2004; 51: 497-509.

5. Grkovic S, Brown MH, Hardie KM et al. Stable low-copy-number Staphylococcus aureus
shuttle vectors. Microbiology 2003; 149: 785-94.

6. Fairweather N, Kennedy S, Foster TJ et al. Expression of a cloned Staphylococcus
aureus alpha-hemolysin determinant in Bacillus subtilis and Staphylococcus aureus. Infect
Immun 1983; 41: 1112-7.

7. O'Neill AlJ. Staphylococcus aureus SH1000 and 8325-4: comparative genome
sequences of key laboratory strains in staphylococcal research. Lett App! Microbiol 2010; 51:
358-61.

8. Pozzi C, Waters EM, Rudkin JK et al. Methicillin resistance alters the biofilm phenotype
and attenuates virulence in Staphylococcus aureus device-associated infections. PLoS Pathog
2012; 8: €1002626.

9. Rudkin JK, Edwards AM, Bowden MG et al. Methicillin resistance reduces the virulence
of healthcare-associated methicillin-resistant Staphylococcus aureus by interfering with the
agr quorum sensing system. J Infect Dis 2012; 205: 798-806.

10. Blake KL, Randall CP, O'Neill Al. In vitro studies indicate a high resistance potential for
the lantibiotic nisin in Staphylococcus aureus and define a genetic basis for nisin resistance.
Antimicrob Agents Chemother 2011; 55: 2362-8.

11. Vickers AA, O'Neill AJ, Chopra |. Emergence and maintenance of resistance to
fluoroquinolones and coumarins in Staphylococcus aureus: predictions from in vitro studies.
J Antimicrob Chemother 2007; 60: 269-73.

12. Wand ME, Bock LJ, Bonney LC et al. Mechanisms of increased resistance to
chlorhexidine and cross-resistance to colistin following exposure of Klebsiella pneumoniae
clinical isolates to chlorhexidine. Antimicrob Agents Chemother 2017; 61: e01162-16.

13. Grandgirard D, Furi L, Ciusa ML et al. Mutations upstream of fab/ in triclosan resistant
Staphylococcus aureus strains are associated with elevated fabl gene expression. BMC
Genomics 2015; 16: 345.

14. O'Neill AJ, Huovinen T, Fishwick C et al. Molecular genetic and structural modeling
studies of Staphylococcus aureus RNA polymerase and the fitness of rifampin resistance
genotypes in relation to clinical prevalence. Antimicrob Agents Chemother 2006; 50: 298-309.


https://amr-revieworg/Publicationshtml

266
267
268

269
270

271
272

273
274

275
276

277
278
279

280
281
282

283
284

285
286
287

’288

15. Griffith EC, Wallace MJ, Wu Y et al. The Structural and Functional Basis for Recurring
Sulfa Drug Resistance Mutations in Staphylococcus aureus Dihydropteroate Synthase. Front
Microbiol 2018; 9: 1369.

16. Nass NM, Farooque S, Hind C et al. Revisiting unexploited antibiotics in search of new
antibacterial drug candidates: the case of gamma-actinorhodin. Sci Rep 2017; 7: 17419.

17. Klochko VV, Kiprianova EA, Churkina LN et al. [Antimicrobial spectrum of antibiotic
batumin]. Mikrobiol Z 2008; 70: 41-6.

18. Bamber Al, Neal TJ. An assessment of triclosan susceptibility in methicillin-resistant
and methicillin-sensitive Staphylococcus aureus. J Hosp Infect 1999; 41: 107-9.

19. Lee VE, O'Neill Al. Batumin does not exert its antistaphylococcal effect through
inhibition of aminoacyl-tRNA synthetase enzymes. Int J Antimicrob Agents 2016; 49: 121-2

20. Mattheus W, Masschelein J, Gao LJ et al. The kalimantacin/batumin biosynthesis
operon encodes a self-resistance isoform of the Fabl bacterial target. Chem Biol 2010; 17:
1067-71.

21. Fage CD, Lathouwers T, Vanmeert M et al. The Kalimantacin Polyketide Antibiotics
Inhibit Fatty Acid Biosynthesis in Staphylococcus aureus by Targeting the Enoyl-Acyl Carrier
Protein Binding Site of Fabl. Angew Chem Int Ed Engl 2020; 59: 10549-56.

22. Baltz RH. Marcel Faber Roundtable: is our antibiotic pipeline unproductive because of
starvation, constipation or lack of inspiration? J Ind Microbiol Biotechnol 2006; 33: 507-13.

23. Cox G, Sieron A, King AM et al. A Common Platform for Antibiotic Dereplication and
Adjuvant Discovery. Cell Chem Biol 2017; 24: 98-109.



289

Antibacterial class to which resistance is

Table 1. Nature of the strains constituting the cross-resistance platform described in this study.

Reference accession

Resistance phenotype

mediated Strain and resistance genotype number for resistance Agents tested MIC (mg/L) SH1000 MIC
determinant (mg/L)
phenicols AJUL1 SH1000 (pSK5487M) chloramphenicol 64 4
[empty vector]
gentamicin 8 0.5
SH1000 (pSK5487M: Kanamvain 32 05
AJUL2  gacA_aphD) WP_001028144.1 ¥ .
m s . neomycin 0.5 0.5
[aph(2")-bifunctional] -
tobramycin 8 0.5
gentamicin 0.5 0.5
k i >512 0.5
aminoglycosides AJUL3  SH1000 (pSK5487M: aadD) WP_137075613.1 anamyein
neomycin 8 0.5
tobramycin 256 0.5
AJUL4A  SH1000 (pSK5487M: ant(9)-1a) WP_000067268.1 spectinomycin >512 64
: ’)- k i 64 0.5
AJULS SH1000 (pSK5487M: aph(3’) EGQL519538.1 anamyFln
Ila) neomycin 32 1
AJUL6  SH1000 (pSK5487M: str) AYK28244.1 streptomycin 16 1
phenicols, florfenicol 128 8
Protein synthesis inhibitors | lincosamides, linezolid 8 2
oxazolidinones, AJUL7  SH1000 (pSK5487M: cfr) ARQ19305.1 lincomycin >512 0.5
pleuromutilins,
streptogramins (A) retapamulin 16 0.0625
macrolides, AJUL8  SH1000 (pSK5487M: ermB) QCY67633.1 erythromycin >512 0.5
lincosamides, AJUL9  SH1000 (pSK5487M: ermC) AlU96746.1 erythromycin >512 0.5
streptogramins (A) AJUL10 SH1000 (pSK5487M: msrA) WP_002447408 erythromycin 16 0.5
fusidic acid AJUL11 SH1000 (pSK5487M: fusB) WP_000855537.1 fusidic acid 4 0.016
mupirocin AJUL12 SH1000 (pSK5487M: mupA) WP_000163435.1 mupirocin 16 0.125
<azolidinon nd linezolid 4 2
oxazolldinones and | ayy193  SH1000 (pSK5487M: optrA) AON96416 tedizolid 4 05
phenicols -
florfenicol 32 4
tetracyclines AJUL14 SH1000 (pSK5487M: tetK) WP_031903778 tetracycline 64 0.5
AJUL15 SH1000 (pSK5487M: tetM) QGQ78162.1 tetracycline 32 1
pleuromutilins AJUL16 SH1000 (pSK5487M: vga(A).c) AQY75653.1 retapamulin 1 0.0625
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streptogramins (A,

SH1000 (pSK5487M: vga(A),

vga(A): WP_032489639

quinipristin/

B) AlUL17 ermC) ermC: AlU96746.1 dalfopristin ! 0.125
bacitracin AJUL18 SH1000 (pSK5487M: bcrABD) CP030662.1 bacitracin >512 64
B-lactams
(penicillinase- AJUL19 SH1000 (pSK5487M: blaZ) QGQ78449.1 penicillin G 32 0.031
Peptidoglycan  synthesis | susceptible)
inhibitors B-Iagtgms QIE05029.1 -
(penicillinase- AJUL20 SH1000 (pSK5487M: mecA) oxacillin 512 0.125
stable)
fosfomycin AJUL21 SH1000 (pSK5487M: fosB) WP_011276918 fosfomycin >512 16
Membrane active agents daptomycin AJUL22 SH1000 [MprFsassi] - daptomycin 8 2
RNA polymerase inhibitors | rifamycins AJUL23 SH1000 [RpoBHasiv] - rifampicin >512 2
Folate synthesis inhibitors diaminopyrimidines | AJUL24 SH1000 (pSK5487: dfrk) WP_012779617.1 trimethoprim 512 2
sulfonamides AJUL25 SH1000 [DHPSF17L, e208k] - sulfamethoxazole 512 64
L fluoroquinolones AJUL26 SH1000 [GrlAssov, GyrAssat] - norfloxacin 32 4
DNA replication inhibitors aminocoumarins AJUL27 SH1000 [GyrBacsss,ns96) - novobiocin 32 1
. . . SH1000 [-T109G and -Ca4T in the
.FatFy. acid - biosynthesis triclosan AJUL28 fabl promoter region, - triclosan 2 0.0625
inhibitors
Fablpio1c]
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