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Escherichia coli upon tolC Inactivation and Differentiating Their
Efflux Pump Substrate Nature
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ABSTRACT Inactivating tolC in multidrug-resistant Escherichia coli with differing
sequence types and quinolone resistance-determining mutations reveals remarkably
potentiated activity of the first-in-class topoisomerase inhibitors gepotidacin and zoli-
flodacin. Differences between both structurally unrelated compounds in comparison
to fluoroquinolones regarding the selectivity of E. coli RND (resistance-nodulation-cell
division)-type transporters, efflux inhibitors, and AcrB porter domain mutations were
demonstrated. The findings should reinforce efforts to develop efflux-bypassing drugs
and provide AcrB targets with critical relevance for this purpose.

KEYWORDS gepotidacin, zoliflodacin, drug efflux, TolC, AcrB, YhiV (MdtF), RND-type
transporter, fluoroquinolones, clinical E. coli isolates

The development of novel antibacterial drugs is essential in a world with continually
increasing rates of multidrug-resistant (MDR) pathogens. Among promising candi-

dates currently under clinical development are the topoisomerase type II inhibitors
gepotidacin (GEP) (1) and zoliflodacin (ZOL) (2). Both GEP and ZOL belong to new drug
classes, the triazaacenaphthylenes and the spiropyrimidinetriones, respectively, and
both are active against Neisseria gonorrhoeae (3, 4). Like fluoroquinolones (FQs), they
target the type II topoisomerases (DNA gyrase and topoisomerase IV), but by entirely
different modes of action. Hence, mutations occurring in the quinolone resistance-
determining regions (QRDRs) of the topoisomerase genes gyrA, gyrB, parC, and parE as
a result of FQ treatment should not impair the efficacy of these drugs (4, 5). Activity of
GEP against Escherichia coli and Gram-positive pathogens such as Staphylococcus aur-
eus has also been shown (6), and activity of ZOL against fastidious Gram-negative
pathogens has been demonstrated (2).

There has been evidence that the chemically unrelated compounds GEP and ZOL
are substrates of the RND (resistance-nodulation-cell division)-type efflux pump
MtrCDE in N. gonorrhoeae (7, 8). To our knowledge, nothing has been reported about
the contribution of efflux to their resistance levels in E. coli and their putative substrate
nature regarding the major E. coli RND-type MDR transporter AcrAB-TolC. To explore
the role of efflux for the activities of the new topoisomerase inhibitors in MDR clinical
E. coli, we selected highly FQ-resistant isolates from different sequence types and ori-
gins (Table 1) for tolC knockout experiments. Genetic engineering of MDR strains is
challenging because of limited selection options (9, 10). We succeeded in constructing
four tolC mutants from three different sequence types and with differing QRDR muta-
tion patterns, including an isolate harboring the aminoglycoside/FQ resistance gene
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aac(69)Ib-cr (Tables 1 and 2), by applying a phage l-based homologous recombination
method. A neomycin/kanamycin resistance cassette was amplified with homology
flanks for recombination in tolC by using oligonucleotides given in Table S1 in the sup-
plemental material and a cassette template from the Red/ET counterselection BAC
modification kit (Gene Bridges, Heidelberg, Germany). Homologous recombination was
performed by using a curable Red/ET plasmid with a chloramphenicol cassette (supple-
mental material). Selection of knockout mutants was possible with 40mg/ml paromo-
mycin, because we had recognized that the neomycin/kanamycin cassette mediates
cross-resistance to this aminoglycoside to which, in contrast to kanamycin (MICs .

TABLE 1 E. coli strains and mutants used in this study

E. coli strain or mutant
Description, MLSTa sequence
type, and country

Mutation(s) in QRDRb and
episomal FQ resistance genesc Provider, source, or reference

KUN9180 Clinical MDR E. coli isolate,
ST 131, Japan

GyrA: S83L, D87N; ParC: S80I, E84V;
ParE: I529L

Department of Clinical Laboratory Medicine,
Kyoto University Graduate School of
Medicine, Kyoto, Japan

2012-0633 Clinical MDR E. coli isolate,
ST 1193, Japan

GyrA: S83L, D87N; ParC: S80I;
ParE: L416F

Department of Clinical Laboratory Medicine,
Kyoto University Graduate School of
Medicine, Kyoto, Japan

SA128 Clinical MDR E. coli isolate,
ST 167, Sudan

GyrA: S83L, D87N; ParC: S80R,
E84V; aac(69)Ib-cr

Abha National Polyclinic, Abha, Saudi Arabia

FR11009 Clinical MDR E. coli isolate,
ST 167, Germany

GyrA: S83L, D87N; ParC: S80I, E84G Center for Microbiology, University Hospital
Freiburg, Germany

KUN9180DacrB(::PGK-gb2-neo) acrB knockout mutant GyrA: S83L, D87N; ParC: S80I, E84V;
ParE: I529L

9

KUN9180DtolC(::rpsL-neo) tolC knockout mutant GyrA: S83L, D87N; ParC: S80I, E84V;
ParE: I529L

This study

2012-0633DtolC(::rpsL-neo) tolC knockout mutant GyrA: S83L, D87N; ParC: S80I;
ParE: L416F

This study

SA128DtolC(::rpsL-neo) tolC knockout mutant GyrA: S83L, D87N; ParC: S80R,
E84V; aac(69)Ib-cr

This study

FR11009DtolC(::rpsL-neo) tolC knockout mutant GyrA: S83L, D87N; ParC: S80I, E84G This study
ATCC 25922 Reference E. coli strain DSMZd, no. DSM-1103.
AG100 K-12 derivative,

wild-type (wt) acrB
22

3-AG100 AG100 derivative, wt acrB
overexpressed

GyrA: D87G 11

3-AG100DacrB acrB deletion mutant
from 3-AG100

GyrA: D87G 14

3-AG100DtolC(::rpsL-neo) tolC knockout mutant
from 3-AG100

GyrA: D87G This study

2-DC14PS acrAB knockout mutant
from AG100, acrF
overexpressed

GyrA: S83L 23

DKO acrAB_acrF double-knockout
mutant from 2-DC14PS

GyrA: S83L 24

DKO20/1 acrAB_acrF double-knockout
mutant from 2-DC14PS,
yhiV overexpressed

GyrA: S83L, D87L; ParC: E84K 24

TKO acrAB acrF yhiV triple-knockout
mutant from DKO20/1

GyrA: S83L, D87L; ParC: E84K 24

F136A, F178A, F610A, F615A,
F617A, and F628A

AcrB distal binding pocket
mutants from 3-AG100

GyrA: D87G 15

V612F AcrB distal binding pocket
mutant from 3-AG100

GyrA: D87G This study

G616N AcrB distal binding pocket
mutant from 3-AG100

GyrA: D87G 17

I38F/I671T Entrance pathway mutant
from 3-AG100

GyrA: D87G 18

aMLST, multilocus sequence typing.
bQRDR, quinolone resistance-determining region. Only known quinolone resistance-determining mutations are shown.
cFQ, fluoroquinolone. FQ resistance genes are given in italic.
dLeibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures (https://www.dsmz.de).
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50mg/ml), our clinical isolates show relative susceptibility (MICs # 4mg/ml). We addi-
tionally knocked out tolC from laboratory strain 3-AG100, a derivative of E. coli AG100,
which overexpresses AcrAB-TolC (11) (Tables 1 and 2 and Fig. 1A).

Efflux disruption in the tolC mutants was assessed by standard MIC testing (Table 2)
and real-time efflux assays in which bacterial cells de-energized with 10mM carbonyl
cyanide m-chlorophenylhydrazone (CCCP) were loaded with the piperazine arylidenei-
midazolone BM-27 to a final concentration of 10mM. Efflux was started by reenergiza-
tion with 1mM glucose, and fluorescence of the intracellular remaining BM-27 was
measured at an excitation and emission wavelength of 400 and 457 nm, respectively
(Fig. 1A; see supplemental material also).

In an earlier study, we have shown that FQ susceptibilities significantly increase due
to acrB inactivation in an E. coli isolate with QRDR mutations (9). As could be expected,
we achieved similar results from the tolC mutants, including SA128DtolC harboring aac
(69)Ib-cr, but with an enhanced impact on the resistance to the more lipophilic nadi-
floxacin (NDX) (Table 2). The latter has been demonstrated to be least impaired by the
outer membrane (OM) influx barrier (12), enabling the appearance of approximate net
efflux. As reported previously, tolC disruption rarely increases FQ susceptibilities to

TABLE 2 Susceptibilities of E. coli strains and mutants to selected fluoroquinolones and new topoisomerase inhibitors

E. coli strain or mutanta

MIC (mg/ml) forb:

FQ drugs
New topoisomerase
inhibitors

LVX MXF NDX GEP ZOL
A. Clinical MDR E. coli isolates and derived mutants
2012-0633 .32 .8 .512 16 16
2012-0633DtolC 4 2 2 0.06 0.03

FR11009 32 .8 512 1 4
FR11009DtolC 4 2 2 0.03 0.01

SA128 .32 .8 .512 8 16
SA128DtolC 4 4 8 0.06 0.03

KUN9180 32 .8 .512 2 4
KUN9180DacrB 4 2 32 0.06 0.25
KUN9180DtolC 4 2 8 0.03 0.06

B. Laboratory strains and derived mutants
ATCC 25922 (constitutive acrB expression) 0.06 0.125 0.125 4 2
AG100 (constitutive acrB expression) 0.06 0.25 0.125 1 4
3-AG100 (acrB overexpressed) 2 4 4 4 4
3-AG100DacrB 0.06 0.06 0.03 0.06 0.06
3-AG100DtolC 0.06 0.06 0.06 0.06 0.01

2-DC14PS (DacrAB, acrF overexpressed) 2 4 16 2 16
DKO (DacrAB DacrF) 0.125 0.06 0.125 0.03 0.06

DKO20/1 (DacrAB DacrF, yhiV overexpressed) 32 32 256 0.06 8
TKO (DacrAB DacrF DyhiV) 8 4 8 0.02 0.03

C. AcrB porter domain mutants derived from 3-AG100
F136A 1 4 2 4 2
F178A 0.5 2 1 2 2
F610A 0.125 0.5 0.5 1 2
V612F 1 2 2 2 0.5
F615A 1 4 2 4 1
G616N 1 2 4 4 4
F617A 1 4 4 2 4
F628A 1 2 1 2 2
I38F/I671T 0.06 0.25 1 0.06 16

aFor sections A and B, the parental E. coli strain or isolate is shown first and the mutants derived from the strain or isolate are indented. Strains are listed in Table 1.
bFQ, fluoroquinolone; LVX, levofloxacin; MXV, moxifloxacin; NDX, nadifloxacin; GEP, gepotidacin; ZOL, zoliflodacin. Values given in boldface type and underlined highlight
MIC decreases by$4-fold and increases by$4-fold, respectively, with the following reference relationships: for section A, tolC and acrBmutants versus their respective
parental clinical isolates; for section B, TKO versus DKO20/1, all other laboratory strains and mutants versus acrB overexpressing strain 3-AG100; for section C, AcrB mutants
versus 3-AG100.., MIC determination is limited due to drug precipitation at concentrations above the indicated values or to maximum concentrations in the commercial
precast microdilution 96-well plates in the case of LVX and MXF.
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FIG 1 (A) BM-27 efflux initiated by the addition of glucose (black arrow). Assays were done at least in duplicate according to a
published protocol (25). RFU, relative fluorescence units. (B) Expression of tolC and of TolC-dependent MDR transporter genes (shown
if any expression levels of .0.4 were detected). Means plus standard deviations (SD) (error bars) from values normalized to the
respective gyrB values (n $ 4) are shown. (C) Part of the AcrB porter domain (PDB accession no. 2HRT, chain B), side view from the
periplasmic cleft (PC1, PC2, PN1, and PN2, subdomains) visualized using PyMOL (version 2.1.1; Schrödinger, LLC). Amino acid side
chains are depicted as sticks, glycine as a sphere, and distal binding pocket residues with underlined labels. Blue-, green-, and red-
colored sticks indicate impact by mutation on susceptibilities (no significant change, a significant increase, and significant decrease,
respectively) regarding FQs (dashed circle, increase of NDX susceptibility only), GEP, and ZOL. (D) Efficacies of EPIs with GEP and ZOL
given as ratios of the MIC in the absence and presence of an EPI (n $ 3).
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clinical relevance in isolates with QRDR mutations and/or FQ resistance genes (10).
However, with GEP and ZOL, MICs decreased by 32- to 512-fold, achieving values
below 0.1mg/ml (Table 2).

Even though AcrAB-TolC has been shown to play a major role for MDR in E. coli
(13), the OM channel TolC could cooperate with further MDR efflux pumps, such as
the RND-type transporters AcrF, YhiV (MdtF), and YegNO (MdtBC), the ABC (ATP-
binding cassette)-type transporter MacAB, and the MFS (major facilitator superfamily)
transporter EmrAB. To answer the question whether further TolC-dependent transporters
contribute to efflux, we compared the tolC knockout mutants with the respective acrB
knockout mutants available for E. coli 3-AG100 (14) and clinical isolate KUN9180 (9) from
earlier studies. As just mentioned, remarkable differences between KUN9180DacrB and
KUN9180DtolC were detected in susceptibilities to NDX but also to ZOL (Table 2) as well
as in the BM-27 efflux of the KUN9180 mutants (Fig. 1A), indicating the involvement of
at least one more TolC-dependent transporter. Interestingly, in the knockout mutants
derived from laboratory strain 3-AG100, solely the ZOL susceptibilities were different
(Table 2 and Fig. 1A). Results of gene expression studies suggested the relevance of YhiV
within the clinical isolates KUN9180 (yhiV expression . acrB expression, P = 0.01) and
2012-0633 and FR11009 (similar expression of acrB and yhiV). In contrast, AcrB appeared
to be the dominant exporter in SA128 and the laboratory strains (acrB expression . yhiV
expression, P values, 0.01) (Fig. 1B).

In order to explore RND-type substrate pathway specificities of GEP and ZOL versus
FQs, we examined the impact of AcrB porter domain mutations with known effects on
the susceptibilities to other drugs. Among distal binding pocket (DB) mutations, the
highest FQ susceptibility increases were achieved by F610A, which has been known to
seriously impair resistance to almost all AcrB substrates except linezolid and sutezolid
(14, 15). Remarkably, F610A also results in significant MIC decreases of GEP but not of
ZOL. In contrast, DB mutation F615A exclusively affects resistance to ZOL among the
drugs tested in this study, whereas DB mutation F178A showed significant effects with
the FQs LVX and NDX, but none with the new topoisomerase inhibitors. No remarkable
impact was found with G616N and F617A, which are substitutions at the so-called
switch-loop (16, 17), as well as with F136A for all compounds tested, whereas F628A
affects only resistance to the lipophilic FQ NDX (Fig. 1C). The most surprising effects
were recognized from the double mutation I38F/I671T located in the lower porter do-
main and presumed to block a bottleneck in an entrance channel for predominantly
smaller drug molecules (18). While this could also be demonstrated for GEP, ZOL
appears more efficiently extruded in the I38F/I671T mutant than in the wild-type AcrB
strain (Table 2 and Fig. 1C). Analogous results have been obtained with macrolides in
an earlier study (18). The marginally larger size of ZOL (molecular weight [MW], 487.4)
versus GEP (MW, 448.5) could explain pathway hindrance, but probably additional
physicochemical factors play a role for the identified substrate route selectivity.

The experimental efflux pump inhibitors (EPIs) 1-(1-naphthylmethyl)-piperazine
(NMP) and Phe-Arg-b-naphthylamide (PAbN) are known enhancers of FQ action (19,
20). Regarding the new topoisomerase inhibitors, both EPIs showed significant sensitiz-
ing with GEP but not with ZOL (Fig. 1D) when they were used as adjuvants in MIC
assays (supplemental material). The efficacy of PAbN (used at 25mg/ml) with GEP
appeared more “strain dependent” than that of NMP (used at 100mg/ml), presumably
due to strain-specific cell envelope properties that might impair the permeabilizing ac-
tivity of PAbN (21).

We additionally studied the substrate nature of GEP and ZOL regarding the AcrB
homologs AcrF and YhiV by using mutants overexpressing these transporters while
AcrAB and AcrAB_AcrF were knocked out, respectively. Both topoisomerase inhibitors
appeared to be suitable substrates for AcrF, whereas MIC data suggest that ZOL, but
not GEP, is extruded from YhiV (Table 2).

In conclusion, we have demonstrated a remarkable contribution of TolC-dependent
efflux to resistance levels of the first-in-class topoisomerase inhibitors GEP and ZOL in
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FQ-resistant E. coli isolates. In addition to AcrB, YhiV was shown to be a putatively rele-
vant substrate-specific transporter contributing to efflux in a percentage of clinical iso-
lates. Critical sites in the AcrB efflux pathway of both structurally unrelated topoisomer-
ase inhibitors were discovered and could inform the design of efflux-bypassing drugs.
To obtain deeper insight into the requirements of those agents, further exploration of
differences in the substrate nature of GEP and ZOL regarding other homologous RND-
type transporters, including the Neisseria efflux pump MtrD, are needed.

Data availability. ENA accession numbers of whole-genome sequencing data
available from previous studies follow: for E. coli strain KUN9180, study accession
no. PRJEB19331 and sample accession no. SAMEA100686418 (https://www.ebi.ac
.uk/ena/browser/view/ERS1572363) (9); for E. coli strain 3-AG100, study accession
no. PRJEB30347 and sample accession no. SAMEA5175928 (https://www.ebi.ac.uk/ena/
data/view/ERS2983635) (21). ENA accession numbers of whole-genome sequencing data
available from the present study follow: for E. coli strain 2012-0633, study accession no.
PRJEB39933 and sample accession no. ERS4956175 (https://www.ebi.ac.uk/ena/browser/
view/ERS4956175); for E. coli strain SA128, study accession no. PRJEB39933 and sample
accession no. ERS4956177 (https://www.ebi.ac.uk/ena/browser/view/ERS4956177), and
for E. coli strain FR11009, study accession no. PRJEB39933 and sample accession no.
ERS4956176 (https://www.ebi.ac.uk/ena/browser/view/ERS4956176).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.

ACKNOWLEDGMENTS
This work was supported in part by the Innovative Medicines Initiative (IMI) Joint

Undertaking project no. 115525 ND4BB Translocation (http://www.translocation.eu,
contributions from the European Union seventh framework program and EFPIA
companies).

We thank Yasufumi Matsumura from the Department of Clinical Laboratory Medicine,
Kyoto University Graduate School of Medicine, Japan, for kindly providing clinical isolates
from Japan, Mutasim E. Ibrahim from the Abha National Polyclinic, Saudi Arabia (currently
Department of Basic Medical Science, University of Bisha, Kingdom of Saudi Arabia) for
clinical isolates from Sudan, and Jadwiga Handzlik from the Department of Technology
and Biotechnology of Drugs, Jagiellonian University Medical College, Faculty of Pharmacy,
Kraków, Poland, for compound BM-27.

We have no conflicts of interest to declare.

REFERENCES
1. Biedenbach DJ, Bouchillon SK, Hackel M, Miller LA, Scangarella-Oman NE,

Jakielaszek C, Sahm DF. 2016. In vitro activity of gepotidacin, a novel tria-
zaacenaphthylene bacterial topoisomerase inhibitor, against a broad spec-
trum of bacterial pathogens. Antimicrob Agents Chemother 60:1918–1923.
https://doi.org/10.1128/AAC.02820-15.

2. Huband MD, Bradford PA, Otterson LG, Basarab GS, Kutschke AC,
Giacobbe RA, Patey SA, Alm RA, Johnstone MR, Potter ME, Miller PF,
Mueller JP. 2015. In vitro antibacterial activity of AZD0914, a new spiro-
pyrimidinetrione DNA gyrase/topoisomerase inhibitor with potent ac-
tivity against Gram-positive, fastidious Gram-negative, and atypical
bacteria. Antimicrob Agents Chemother 59:467–474. https://doi.org/
10.1128/AAC.04124-14.

3. Farrell DJ, Sader HS, Rhomberg PR, Scangarella-Oman NE, Flamm RK.
2017. In vitro activity of gepotidacin (GSK2140944) against Neisseria gon-
orrhoeae. Antimicrob Agents Chemother 61:e02047-16. https://doi.org/10
.1128/AAC.02047-16.

4. Basarab GS, Kern GH, McNulty J, Mueller JP, Lawrence K, Vishwanathan K,
Alm RA, Barvian K, Doig P, Galullo V, Gardner H, Gowravaram M, Huband
M, Kimzey A, Morningstar M, Kutschke A, Lahiri SD, Perros M, Singh R,
Schuck VJ, Tommasi R, Walkup G, Newman JV. 2015. Responding to the
challenge of untreatable gonorrhea: ETX0914, a first-in-class agent with a

distinct mechanism-of-action against bacterial type II topoisomerases. Sci
Rep 5:11827. https://doi.org/10.1038/srep11827.

5. Bax BD, Chan PF, Eggleston DS, Fosberry A, Gentry DR, Gorrec F, Giordano
I, Hann MM, Hennessy A, Hibbs M, Huang J, Jones E, Jones J, Brown KK,
Lewis CJ, May EW, Saunders MR, Singh O, Spitzfaden CE, Shen C, Shillings
A, Theobald AJ, Wohlkonig A, Pearson ND, Gwynn MN. 2010. Type IIA to-
poisomerase inhibition by a new class of antibacterial agents. Nature
466:935–940. https://doi.org/10.1038/nature09197.

6. Flamm RK, Farrell DJ, Rhomberg PR, Scangarella-Oman NE, Sader HS.
2017. Gepotidacin (GSK2140944) in vitro activity against Gram-positive
and Gram-negative bacteria. Antimicrob Agents Chemother 61:e00468-17.
https://doi.org/10.1128/AAC.00468-17.

7. Foerster S, Golparian D, Jacobsson S, Hathaway LJ, Low N, Shafer WM,
Althaus CL, Unemo M. 2015. Genetic resistance determinants, in vitro
time-kill curve analysis and pharmacodynamic functions for the novel to-
poisomerase II inhibitor ETX0914 (AZD0914) in Neisseria gonorrhoeae.
Front Microbiol 6:1377. https://doi.org/10.3389/fmicb.2015.01377.

8. Jacobsson S, Golparian D, Scangarella-Oman N, Unemo M. 2018. In vitro ac-
tivity of the novel triazaacenaphthylene gepotidacin (GSK2140944) against
MDR Neisseria gonorrhoeae. J Antimicrob Chemother 73:2072–2077. https://
doi.org/10.1093/jac/dky162.

Schuster et al. Antimicrobial Agents and Chemotherapy

February 2021 Volume 65 Issue 2 e01803-20 aac.asm.org 6

 on F
ebruary 23, 2021 at U

niversity of G
roningen

http://aac.asm
.org/

D
ow

nloaded from
 



9. Schuster S, Vavra M, Schweigger TM, Rossen JWA, Matsumura Y, Kern WV.
2017. Contribution of AcrAB-TolC to multidrug resistance in an Escherichia
coli sequence type 131 isolate. Int J Antimicrob Agents 50:477–481.
https://doi.org/10.1016/j.ijantimicag.2017.03.023.

10. Cunrath O, Meinel DM, Maturana P, Fanous J, Buyck JM, Saint AP, Seth-
Smith HMB, Korner J, Dehio C, Trebosc V, Kemmer C, Neher R, Egli A,
Bumann D. 2019. Quantitative contribution of efflux to multi-drug re-
sistance of clinical Escherichia coli and Pseudomonas aeruginosa strains.
EBioMedicine 41:479–487. https://doi.org/10.1016/j.ebiom.2019.02.061.

11. Kern WV, Oethinger M, Jellen-Ritter AS, Levy SB. 2000. Non-target gene
mutations in the development of fluoroquinolone resistance in Esche-
richia coli. Antimicrob Agents Chemother 44:814–820. https://doi.org/10
.1128/aac.44.4.814-820.2000.

12. Cooper SJ, Krishnamoorthy G, Wolloscheck D, Walker JK, Rybenkov VV,
Parks JM, Zgurskaya HI. 2018. Molecular properties that define the activ-
ities of antibiotics in Escherichia coli and Pseudomonas aeruginosa. ACS
Infect Dis 4:1223–1234. https://doi.org/10.1021/acsinfecdis.8b00036.

13. Li XZ, Plesiat P, Nikaido H. 2015. The challenge of efflux-mediated antibi-
otic resistance in Gram-negative bacteria. Clin Microbiol Rev 28:337–418.
https://doi.org/10.1128/CMR.00117-14.

14. Schuster S, Vavra M, Kern WV. 2019. Efflux-mediated resistance to new
oxazolidinones and pleuromutilin derivatives in Escherichia coli with class
specificities in the resistance-nodulation-cell division-type drug transport
pathways. Antimicrob Agents Chemother 63:e01041-19. https://doi.org/
10.1128/AAC.01041-19.

15. Bohnert JA, Schuster S, Seeger MA, Fähnrich E, Pos KM, Kern WV. 2008.
Site-directed mutagenesis reveals putative substrate binding residues in
the Escherichia coli RND efflux pump AcrB. J Bacteriol 190:8225–8229.
https://doi.org/10.1128/JB.00912-08.

16. Eicher T, Cha HJ, Seeger MA, Brandstätter L, El-Delik J, Bohnert JA, Kern
WV, Verrey F, Grütter MG, Diederichs K, Pos KM. 2012. Transport of drugs
by the multidrug transporter AcrB involves an access and a deep binding
pocket that are separated by a switch-loop. Proc Natl Acad Sci U S A
109:5687–5692. https://doi.org/10.1073/pnas.1114944109.

17. Wehmeier C, Schuster S, Fähnrich E, Kern WV, Bohnert JA. 2009. Site-
directed mutagenesis reveals amino acid residues in the Escherichia coli
RND efflux pump AcrB that confer macrolide resistance. Antimicrob
Agents Chemother 53:329–330. https://doi.org/10.1128/AAC.00921-08.

18. Schuster S, Vavra M, Kern WV. 2016. Evidence of a substrate-discriminat-
ing entrance channel in the lower porter domain of the multidrug resist-
ance efflux pump AcrB. Antimicrob Agents Chemother 60:4315–4323.
https://doi.org/10.1128/AAC.00314-16.

19. Schuster S, Kohler S, Buck A, Dambacher C, König A, Bohnert JA, Kern WV.
2014. Randommutagenesis of the multidrug transporter AcrB from Esche-
richia coli for identification of putative target residues of efflux pump
inhibitors. Antimicrob Agents Chemother 58:6870–6878. https://doi.org/
10.1128/AAC.03775-14.

20. Lomovskaya O, Warren MS, Lee A, Galazzo J, Fronko R, Lee M, Blais J, Cho D,
Chamberland S, Renau T, Leger R, Hecker S, Watkins W, Hoshino K, Ishida H,
Lee VJ. 2001. Identification and characterization of inhibitors of multidrug re-
sistance efflux pumps in Pseudomonas aeruginosa: novel agents for combi-
nation therapy. Antimicrob Agents Chemother 45:105–116. https://doi.org/
10.1128/AAC.45.1.105-116.2001.

21. Schuster S, Bohnert JA, Vavra M, Rossen JW, Kern WV. 2019. Proof of an
outer membrane target of the efflux inhibitor Phe-Arg-b-naphthylamide
from random mutagenesis. Molecules 24:470. https://doi.org/10.3390/
molecules24030470.

22. George AM, Levy SB. 1983. Amplifiable resistance to tetracycline, chlor-
amphenicol, and other antibiotics in Escherichia coli: involvement of a
non-plasmid-determined efflux of tetracycline. J Bacteriol 155:531–540.
https://doi.org/10.1128/JB.155.2.531-540.1983.

23. Jellen-Ritter AS, Kern WV. 2001. Enhanced expression of the multidrug
efflux pumps AcrAB and AcrEF associated with insertion element transpo-
sition in Escherichia colimutants selected with a fluoroquinolone. Antimi-
crob Agents Chemother 45:1467–1472. https://doi.org/10.1128/AAC.45.5
.1467-1472.2001.

24. Bohnert JA, Schuster S, Fähnrich E, Trittler R, Kern WV. 2007. Altered spec-
trum of multidrug resistance associated with a single point mutation in
the Escherichia coli RND-type MDR efflux pump YhiV (MdtF). J Antimicrob
Chemother 59:1216–1222. https://doi.org/10.1093/jac/dkl426.

25. Bohnert JA, Schuster S, Kern WV, Karcz T, Olejarz A, Kaczor A, Handzlik J,
Kiec-Kononowicz K. 2016. Novel piperazine arylideneimidazolones inhibit
the AcrAB-TolC pump in Escherichia coli and simultaneously act as fluo-
rescent membrane probes in a combined real-time influx and efflux
assay. Antimicrob Agents Chemother 60:1974–1983. https://doi.org/10
.1128/AAC.01995-15.

Efflux of Gepotidacin and Zoliflodacin in E. coli Antimicrobial Agents and Chemotherapy

February 2021 Volume 65 Issue 2 e01803-20 aac.asm.org 7

 on F
ebruary 23, 2021 at U

niversity of G
roningen

http://aac.asm
.org/

D
ow

nloaded from
 


