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What Is In the menu ?

Brief overview of antibiotics and resistance

Efflux: why does it exist and how has it been discovered ?
Why antibiotics ?

Main antibiotic efflux transporters

Structure and mechanisms (examples: AcrAB-TolC)
Antibiotic transporters important for the clinical microbiologist
Substrate specificities

Efflux and intrinsic susceptibility

Efflux and clinical susceptibility and impact of treatment
Cooperation with other mechanisms of resistance
Cooperation between procaryotic and eucaryotic transporters
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A very short (pictorial) (selective) survey of
antibacterial chemotherapy

THE LANCET, Aveust 16, 1913.

Bress i Pathology
CHEMOTHERAPEUTICS:

SCIENTIFIC PRINCIPLES, METHODS, AND RESULTS.

Delivered before the Seventeenth International Congress
of Medicine

By WirkL. GrH. OnerR-MED.-Rar ProFESSOR
Dr. PAUL EHRIICH,

DIRECTOR OF THE ROYAL INSTITUTE FOR EXPERIMENTAL THERAPY,
FRANKFURT AM M,

Tar THERAPIA STERILISANS MAGNA.

The therapia sterilisans magna consists in this, that

Paul Ehrlich and Sahachiro Hata by means of one or at most two injections the body is freed
looking for "Therapia sterilisans magna” from the parasites. In experiments on animals, and also in
(a treatment that could Kill pathogens) the case of a series of important maladies, this principle can
and discoverers of Salvarsan® be carried through in a clear and pure manner. Here, there-

fore, the old therapeutic remedy is applicable :
< Frapper fort et frapper vite.”
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A very short (pictorial) (selective) survey of
antibacterial chemotherapy

streptomyces grisaeus Waksman and Fleming ...

From the point of view of human benefit, never was a Nobel prize so
ooy justifiably awarded as was the award to Selman Waksman for the
5@}; THE WAKSMAN INSTITUTE  giscovery of streptomycin and other antibiotics produced from
o TSRS Streptomyces spp. Waksman and his talented team (many of whom
went on to make important antibiotic discoveries in their own right)

e

s 8 developed the concept of systematic screening of microbial culture
T Faule products for biological activity, a technology which has provided the

foundation of the antibiotic industry, and for this alone his name
should rank high in any pantheon of microbiology.

J. Davies: In Praise of Antibiotics, ASM News
http://mww.asm.org/memonly/asmnews/may99/feature6.html

4/12/2014 "Antibacterial Resistance" - Université de Liege, Liege, Belgium



A very short (pictorial) (selective) survey of
antibacterial chemotherapy
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A very short (pictorial) (selective) survey
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Cell Wall
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The beta-lactam tree

Sulkactam
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A very short (pictorial) (selective) survey

PEAK AND TROUGH

Thera peutic
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We even
got
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l!du @2007 Nursing Education Consultants, Inc.
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But what are the main problems (in my view) ?

e Resistance

e Difficult to reach foci

e Toxicity

4/12/2014 "Antibacterial Resistance" - Université de Liege, Liege, Belgium



So, what are our problems (in my view) ?

Antibiotic Resistance Cycle

e Resistance

Increased Antibiotic Use

Limited treatment _ Increase in
alternatives _ resistant strains
= More antibiotics

m Increased mortality

Ineffective empiric
therapy
Increased healthcare = [ncreased morbidity
resource use = More antibiotics

Increased hospitalization
= More antibiotics
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Resistance in Gram-negative

Editorials

—ditorials

Gram-negative resistance: can we combat
the coming of a new “Red Plague”?

Coordinated action is urgently needed to tackle a looming public health crisis

Journal Careers centre MJA Open InSight Job Search

Issues Articles Topics MJA team Author centre Multimedia
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Why are Gram-negative so difficult ?

2. the drug 3. the drug
must avoid must avoid
efflux O degradation

1. drug
penetration

4. the drug

must bind to
its target

requires
porins

Eukaryote
eng’lq:se L!at:]ce-eus Witochondrion Mucleoid
5. the drug mUSt Nuclealu G
not harm

eucaryotic cells

Prokaryote
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An example of one of the many problems...

- in vitro Activity and Pharmacodynamic Evaluation of Dual Targeting Inhibitors {DTI) of Bacterial DNA
F-2028

Gyrase and Topoisomerase IV against Extracellular and Intracellular Forms of Ciprofloxacin-susceptible
{CIP=) and Ciprofloxacin-resistant (CIPF) Pseudomonas aeruginosa and Staphylococcus aureus ~

Julien Buyck', Sandrine Lemaire’, Denis Pierard?, Paul M. Tulkens' and Frangoise Yan Bambeke'
TLowvain Drug Research Institute, Université catholigue de Louvain, Brusselzs, Belgium . ? Laboratorium voor Microbiologie, Yrile Universiteit Bruzsel, Brussels, Belgium

ICAAC 2012

« CIP = GP-6

Extracellular Intracellular

The drugs
are cytotoxic
at that concentration
(10 mg/L) !

Alogiocfu (24 h-0h)

logio extracellular concentration (mg/L)
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Europe Is at work (for part of the problem) ...

imy’

Innovative Medicines Initiative

Back to overview
# Home

» About IMI TRANSLOCATION ND BB

» ©ngoing projects Molecular basis of the bacterial cell wall permeability

» Calls for proposals

» MNews, Events & Media

Summary Facts & Figures
» Reference documents &s part of the IMI antimicrobial resistance {(AMR) programme Mew
Drugs for Bad Bugs, TRANSLOCATION aims to increase the owverall Start Date 01/01/2013
*» FAQ understanding of how to get antibiotics  into  multi-resistant Duration 60 months
Gram-negative bacteria such as  Escherichiz cofil  and  &ebsiella
prewmonize and how to stop the bacteria fram ejecting the drug. In Contributions €
sharing the knowledge and data discovered, TRANSLOCATION wil IMI Funding 15 984 203
develop guidelines for designing and developing new drugs to tackle EFPI&in kind B 135 833
antibiotic resistance and create an information centre for pre-existing COther 23 207 8970
and on-going  antibacterial research data which will be used to Total cost 20 328 006

establish best practices for future antibacterial drug discovery efforts,

more @)

http://www.imi.europa.eu/content/translocation
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Innovative Medicines Initiative

Europe Is at work (for part of the problem) ...
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summary

As part of the IMI antimicrobial resistance (AMR) programme Mew
Drugs for Bad Bugs, TRANSLOCATION aims to increase the overall
understanding of how fo get antibiotics into  mult-resistant
Gram-negative bacteria such as  Escherichiz coli and Klebsiella

prevmoniae and how to stop the backteria from ejecting the drug. In

sharing the knowledge and data discovered, TRANSLOCATION will
develop guidelines for designing and developing new drugs to tackle
antibiotic resistance and create an information centre for pre-existing
and on-going antibactenal research data which will be used to
establish best practices for future antibactenal drug discovery efforts,

more ()

http://www.imi.europa.eu/content/translocation
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You said "antibiotic eflux"
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Historical landmarks ...

daptomycin *

* in eucaryotic cells
linezolid only (so far)

1750- : :
aminoglycosides

15004 rifampin

1250- B-lactams

macrolides successive

(%]
3
>
N
P
S 1000+ 7O
7 fluoroquinolones | description of efflux-
(&) o o
S 7501 mediated resistance
o tetracyclines for major classes of
s antibiotics
250+
O-#‘

] ] ] ] ]
1960 1970 1980 1990 2000 2010

Year
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What Is in the menu ?

Efflux: why does it exist and how has it been discovered

4/12/2014
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An original observation with cancer cells...

[CANCER RESEARCH 37, 4629-4634, December 1977)

Decreased Retention of Actinomycin D as the Basis for Cross-
resistance in Anthracycline-resistant Sublines of P388

Leukemia

Makoto Inaba' and Randall K. Johnson?

Laboratory of Chemical Pharmacology, Developmental Therapeutics Program, Division of Cancer Treatment, National Cancer Institute, NIH, Bethesda,

1.5

Maryland 20014

Chart 2. Time course of uptake and efflux of actinomycin D by P388/S
(O, @), P388/ADR (A, A) and P388/DAU (O, W) cells. Cells were incubated
in the presence of actinomycin D, 0.04 ug/ml, for 60 min, washed, and
reincubated in drug-free medium for an additional 60 min. Each point
represents the mean of 3 determinations. The coefficient of variation was
less than 10%.
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Most chemotherapeutic agents must reach an

Table 1

Subcellular distribution of [3H]actinomycin D in P388/S and P388/ADR cells after exposure to
the drug (0.1 ug/mi) for 1 hr in vitro (uptake) followed 1 h incubation in drug-free medium
(retention)

Intracellular target...

—_— e -

Radioactivity (dpm x 10-?)

Mitochondrial Microsomal Cytoplasmic

Cell line Whole cells | Nuclear fraction fraction fraction supernatant
Uptake

P388/S 1513 = 2¢ 1014 = 18 (67) 31 £ 1(2) 101 (1) 409 = 11(27)

P388/ADR 672 = 9 430 = 1 (64) 41 = 1 (6) 6+0.2(1) 198 = 9(29)
Retention

P388/S 1131 = 3 766 = 13 (68) 43 = 1 (4) 8+04(1) 307 = 8(27)

P388/ADR 135+ 3 B8 = 3 (65) 12 £ 3(9) 2 +0.1(1) 35+ 1 {_ZE}__

7 Mean = S.D.

® Numbers in parentheses, percentage of total.

Conclusion #1: in order to survive to anticancer agents, cells "invented" efflux...

4/12/2014
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But antibiotics were first ...

™ 1:Naturel 1963 Dot 26;200; 3845,

DISAPPEARANCE OF OXYTETRACYCLINE
ACCUMULATION IN THE CELLS OF MULTIPLE
DRUG-RESISTANT ESCHERICHIA COLI.

IZAKI K, ARIMA K,

PMID: 14087909 [PubMed - indexed for MEDLIME]

Who remembers that car ?
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Historical observations on tetracyclines ...

™ 1:Naturel 1963 Dot 26;200; 3845,
600 |

DISAPPEARANCE OF OXYTETRACYCLINE Sensitive
ACCUMULATION IN THE CELLS OF MULTIPLE oells
DRUG-RESISTANT ESCHERICHIA COLL. 500 F

IZAKI K, ARIMA K,

g

PMID: 14087909 [PubMed - indexed for MEDLIME]

Resistant
cells

g

pg Oxytetracycline accumulated/mg dry cells
[ ]
8

100 ¢

Who remembers that graph ?

0 100 200 300 400
Oxytetracycline (ugfml.)

Fig. 1. Acoumulation of oxytetracycline In E, eoli EK-12 at various
concentrations of oxytetracycline added, The reaction mixture con-
tains 1 ml. suspension (0-7 mg dry weight) oxytetracycline hydrochloride,
1 ml. (0-5~4'0 mgfml.) and 1 ml, of 10 per cent ({w,fv) flucom. 2 per gent
E,HPO, and 0-1 per cent MgS0,7H,0 respectively in a total volume
of 10 ml. Incubation was earried out aerobically at 30° C for 80 min
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Historical observations on tetracyclines ...

54 Biochem. J. (1965) 94, 54
Resistance of Escherichia coli to Tetracyclines

By T. J. FRANKLIN axp A. GODFREY
Imperial Ohemical Industries Lid. (Pharmaceuticals Division),
Alderley Park, Macclesfield, Cheshire

(Received 23 March 1964)

1. A strain of Escherichia cols highly resistant to chlortetracycline and partially
cross-resistant to tetracycline has been isolated. 2. The nitro-reductase system
of the resistant cells was inhibited to a smaller extent by chlortetracycline than
was the corresponding enzyme of sensitive cells. 3. The incorporation of leucine
in vilro into the ribosomal protein of cell-free preparations from sensitive and
resistant cells was equally inhibited by chlortetracycline. 4. Resistant cells accu-
mulated much less chlortetracycline and tetracycline than did sensitive cells when
both were cultured in the presence of these drugs. 5. The uptake of tetracycline
by both sensitive and resistant . colt was dependent on the presence of glucose in
the medium. 6. Fractionation of cells cultured in medium containing [14C]chlor-
tetracycline indicated that the largest proportion of radioactivity in sensitive cells
was in the fraction consisting mainly of cell-wall material. There was no concentra-
tion of radioactivity in any one fraction of the resistant cells. 7. No evidence
could be obtained for a specific tetracycline-excretion system in the resistant cells.
8. The significance of these results in relation to current theories of the antibiotic
action of and resistance to the tetracycline drugs is discussed.

4/12/2014
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Historical observations on tetracyclines ...

Vol. 94 RESISTANCE OF E. COLI TO TETRACYCLINES 57

Table 1. Binding of [14C]chlortetracycline and [3H Jtetracycline to sensitive
and resistant E. coli cells

Cells were cultured for 1 hr. in the presence of the drugs and harvested (about 6 x 108 sensitive cells and
9 x 108 resistant cells/ml. of medium), and the radioactivities of disrupted unfractionated preparations were
determined. [14C]Chlortetracycline was undiluted with unlabelled drug. [3H]Tetracycline (0-02 wc/ml. of
medium) was diluted with unlabelled drug to give a final concentration of 10 ug./ml. of medium.

Radioactivity bound
Concn. of drug by cells Fraction of total Drug bound by
in medium (disintegrations/min./mg. drug bound by cells
Drug " Organism (ug./ml.) of protein) cells (9 (pg./mg. of protein)

Chlortetracycline Sensitive 1-0 446 13-0 1-01
Resistant 1-0 50 2-5 0-11

Sensitive 10-0 5183 150 11-80

Resistant 10-0 172 0-8 0-39

Tetracycline Sensitive 10-0 12808 42 2-90
Resistant 10:0 2156 1-3 0-48

Franklin & Godfrey, Biochem. J. 1965; 94:54
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Historical observations on tetracyclines ...

Vol. 94 RESISTANCE OF E. COLI TO TETRACYCLINES 57

Table 1. Binding of [14C]chlortetracycline and [3H Jtetracycline to sensitive
and resistant E. coli cells

Cells were cultured for 1 hr. in the presence of the drugs and harvested (about 6 x 108 sensitive cells and
9 x 108 resistant cells/ml. of medium), and the radioactivities of disrupted unfractionated preparations were
determined. [14C]Chlortetracycline was undiluted with unlabelled drug. [3H]Tetracycline (0-02 wc/ml. of
medium) was diluted with unlabelled drug to give a final concentration of 10 ug./ml. of medium.

Radioactivity bound
Concn. of drug by cells Fraction of total Drug bound by
in medium (disintegrations/min./mg. drug bound by cells
Drug " Organism (ug./ml.) of protein) cells (9 (pg./mg. of protein)

Chlortetracycline Sensitive 1-0 446 13-0 1-01
Resistant 1-0 50 2-5 0-11

Sensitive 10:0 5183 150 11-80

Resistant 10-0 172 0-8 0-39

Tetracycline Sensitive 10-0 12808 42 2-90
Resistant 10:0 21566 1-3 0-48

Franklin & Godfrey, Biochem. J. 1965; 94:54
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Historical observations on tetracyclines ...

. Natl, Acad, Sei.
Active efflux of tetracycline encoded by four genetically different

tetracycline resistance determinants in Escherichia coli
{everted membrane vesicles /tetracyeline transport/transposon Tnl0/ plasmids)

Laura McMURRY, RICHARD E. PETRUCCI, JR., AND STUART B. LEVY®
Department of Molecular Biology and Microbiology and Department of Medicine, Tufts University School of Medicine, Baston, Massachusetts 02111

Communicated by Boris Magasanik, April 21, 1950

4/12/2014 "Antibacterial Resistance" - Université de Liege, Liege, Belgium
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Historical observations on tetracyclines ...
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FIG. 1. Tetracycline uptake by E. coli ML308-225 (sensitive) and 501
by R222-containing induced (resistant) cells with (0) and without E.
(®) 1 mM DNP. Cells were grown overnight in medium A containing . 401
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Fi1G. 2. Tetracycline (Tc) uptake by everted membrane vesicles
made from sensitive ML308-225 cells and from uninduced and in-
duced R222-containing cells. O, No energy; @, D-lactate. Cells were
grown in glycerol and vesicles were frozen in 5 mM Tris-HCI, pH
7.2/70 mM KC1/0.25 mM dithiothreitol/50% gl 1. Th
McMurry et al., PNAS 1980; 77:3974-3977 a2 at pH o g D26 mM dithiothreltol/50% glyoerol. Tho assay was
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Historical observations
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6. De Waard, M. A., and J. G. M. Van Nistelrooy. 1980. An energy-dependent
efflux mechanism for fenarimol in a wild-type strain and fenarimol-resistant
mutants of Aspergillus nidulans. Pestic. Biochem. Physiol. 13:255-266.
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FIG. 3. Effects of MDR protein substrates or inhibitors on ["H]fluconazole
uptake by cells from fluconazole-susceptible (E)) and fluconazole-resistant ()
cultures of C. glabrata after 80 min of incubation in the standard uptake assay;
the assay was extended to 180 min for verapamil. Values are means *+ standard
deviations of triplicate determinations with cells from one culture.

antibiotics antifungal drugs
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anticancer drugs
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No. of publications in 10 years

3000+

2500+

2000+

1500+

1000+

5004

Historical trends ...

1969

=
1979 1989 1999 2009

Year (10 years interval: 0-9)

[ bacteria
I cancer
I fungi

No. of publications

in PubMed with
keywords: efflux AND
* bacteria

* cancerl

e fungi
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Most chemotherapeutic agents must reach
an intracellular target...

enzymes

nucleic acids

ribosomes

How can these drugs
reach their target inside the cells ?

4/12/2014
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Reaching an intracellular target ...

polar drug

physico-chemical properties are inadequate
for reaching an intracellular target !

Van Bambeke et al., Biochem. Pharmacol (2000) 60:457-70
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Reaching an intracellular target ...

W amphipathic drug

most drugs are amphipathic by design,
W || to be able to cross membrane barriers !

Van Bambeke et al., Biochem. Pharmacol (2000) 60:457-70
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Intracellular chemotherapeutic agents

But a diffusible compound
PO Cady,

may have o
potentially harmful effects !

Van Bambeke et al., Biochem. Pharmacol (2000) 60:457-70
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Why efflux transporters ?

Extrusion by efflux pumps

Van Bambeke et al., Biochem. Pharmacol (2000) 60:457-70

4/12/2014 "Antibacterial Resistance" - Université de Liege, Liege, Belgium 33



Why efflux transporters ?

Extrusion by efflux pumps

general mean of protection
against cell invasion by diffusible molecules

Van Bambeke et al., Biochem. Pharmacol (2000) 60:457-70
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Typical ‘toxic’ diffusible substances as
substrates for efflux pumps

antibiotics

anticancer agents

4/12/2014
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What Is in the menu ?

Why antibiotics ?

4/12/2014
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Most antibiotics are amphiphilic !

Neutral

chloramphenicol

Van Bambeke et al. Biochem. Pharmacol. (2000) 60: 457-470
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Most antibiotics are amphiphilic !

fluoroquinolones beta-lactams fusidic acid

Van Bambeke et al. Biochem. Pharmacol. (2000) 60: 457-470

4/12/2014 "Antibacterial Resistance" - Université de Liége, Liege, Belgium 38



Most antibiotics are amphiphilic !

| @
| (HaC)oHN

rifampicin

fluoroquinolones sulfamides

4/12/2014 "Antibacterial Resistance" - Université de Liége, Liege, Belgium 39



Antibiotic classes recognized by efflux pumps

In different types of organisms

Antibiotic bacteria fungi superior
class Gram (+) Gram(-) eucaryotes
B-lactams @ O @ O
fusidic acid O

macrolides O O O O
streptogramins O O
tetracyclines O O O O
aminoglycosides O O

chloramphenicol @ O O

rifamycins o
sulfamides @

trimethoprim O

fluoroquinolones @ O O

4/12/2014
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What Is in the menu ?

Main antibiotic efflux transporters
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Structure of pumps in procaryotic cells

Van Bambeke et al. JAC (2003) 51: 1055-1065

H+

RND
MES
SMR

MATE

ATP
Na*

ADP

ABC

Gram-positive

AB AB

1 porin

periplasm

lipoprotein

pump
H+

RND, MFS, ABC

Gram-negative
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Some abbreviations

ABC:. ATP Binding Cassette

MATE:
MFES:
RND:
SMR:

Multi AnTimicrobial Extrusion
Major Facilitator Superfamily
Resistance Nodulation Division
Small Multidrug Resistance

444444444

"Antibacterial Resistance" - Université de Liége, Liege, Belgium



Antibiotic efflux transporters are ubiquitous

distribution
spectrum
prokaryotes eukaryotes
Gram (+) Gram (-)
narrow

RND

1
broad Mesaros et al., Louvain médical (2005) 124:308-20
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Efflux and resistance in pathogenic bacteria

1 bacteria mmmEp several pumps EEEP multiresistance

1 pump ‘ several classes ‘ crossresistance
of antibiotics

1 class ‘ several pumps ‘ efficacy of

of antibiotics iInhibitors ?

4/12/2014 "Antibacterial Resistance" - Université de Liége, Liége, Belgium
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General structure of two major antibiotic
transporters in procaryotes (1/2)

1. Major Facilitator Superfamily (Gram positive / negative)

TOPOLOGY MECHANISM ANTIBIOTICS

tetracyclines
% % fluoroquinolones
b H' macrolides
_ : lincosamides
- rifampicin
pristinamycin
| N b chloramphenicol
poB -
|3

aminoglycosides
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General structure of two major antibiotic
transporters in procaryotes (2/2)

2. Resistance Nodulation Division (Gram negative)

TOPOLOGY

MECHANISM

b

H+

b

b
Vg
g

COOH

ANTIBIOTICS

tetracyclines
fluoroquinolones
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A brief survey of the many transporters (2003)

DOI: 10.1093fjac/dkg224

Journal of Antimicrobial Chemotherapy (2003) 51, 1055-1065 ]' A( :
Advance Access publication 14 April 2003

Leading articles

Antibiotic efflux pumps in prokaryotic cells: occurrence, impact on
resistance and strategies for the future of antimicrobial therapy
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A brief survey of the many transporters (2003)

1. Gram +

Table 1. Main efflux transporters as observed in clinically important human pathogens with their corresponding antibiotic substrates®

Antibiotics
f-lactams Q
Super- inhib
Pathogen Transporter family TCnumber® peni ceph carb m-bac f-ase FA AG Tet OX ML SG LM CHL RIF NAL FQ SM TMP
S. aureus NorA? MFS 2A.12.10 +% +8
TetK-L¥ MFS 2A.13.6 +3
MdeA%® MFS +5¢
MsrAf ABC 3.A.1.121.1 +6
S. pneumoniae MefES! MFS +61
PmrAf2 MFS +62
TetK-L MFS 4+
Streptococcus MefAS MFS 2.A.121.2 +8 453
Pyogenes
L. monocytogenes MdrLD MFS B 4B 5 B +3 +13
Lde® MFS 464
TetK-L MFS +3
Mycobacterium ~ Mmr® SMR 2.A.7.1.2. 4+
tuberculosis
TetK-L MFS +31
DrrB% ABC 3.A.1.105.1 +06
Enterococcusspp. Mef?¥ MFS +57
TetK-L MFS !
EmeA® MFS 46 458 458
Lsa®™ ABC 45
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A brief survey of the many transporters (2003)

2. Gram - (part #1)

Table 1. Main efflux transporters as observed in clinically important human pathogens with their corresponding antibiotic substrates®

Antibiotics
B-lactams Q
Super- inhib
Pathogen Transporter family TCnumber® peni ceph carb m-bac P-ase FA AG Tet OX ML 5G LM CHL RIF NAL FQ SM TMP
H. influenzae TetB.K MES 431
AcrB-like RND 47 470
Neisseria MirD™ RND 2A625 +7 +72 +72 +72 42 4T
gonorrhoeae
Salmonellaspp.  AcrB™ RND 4 4 4+ 7 474 44 4m ym
TetA-D MES +3
FloR™ MES 475
Shigella TetA-D MEFS 3
dysenteriae
E. coli EmrE™ SMR 2A713 +7 +1 47
YdhE™ MATE 2.A66.1.3 4+ +19 +72
TetA-E® MFS 2A.124 +1
Berfl MES 2.A.1.27 +7 482
MdfA® MES 2.A.1.2.19 47983 83 +8 47983 L E +7983 470
Ycel® MES 2.A.1.221 479
YidY# MES 2.A.1.222 47
EmrB® MES 2.A.132 8 L 48 8
Yeb(QB® MES 2.A.1.3.17 47
SetAds MFs 2.A.1.201 +57
Fsr®® MFs 2.A.1.35.1 4+
AcrB® RND 2A622 42030 +72 47290 491 4T 47290 G TIO0 400 T2 479
AcrD™ RND 2A627 +7 92
AcrF® RND +50 +%0 490 +50 490
YepN RND 2A6.2.12 47 4T
YhiV RND 2A6.2.13 +"
MacB% ABC 3A.1.1221 +9
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A brief survey of the many transporters (2003)

2. Gram - (part #2)

Table 1. Main efflux transporters as observed in clinically important human pathogens with their corresponding antibiotic substrates?

Antibiotics
B-lactams Q
Super- inhib
Pathogen Transporter family TC number® peni ceph carb m-bac f-ase FA AG Tet OX ML SG LM CHL RIF NAL FQ SM TMP
Stenotrophomonas SmeE™ RND +5 4 +95 +% +95
maltophilia
P. aeruginosa CmlA% MFS 2A.123 +%
TetACE MFS +3
MexBY END 2A626 4990 4% % 4% 40 47 +7 +1 e +17 41 47
MexD!®2  RND gl 4m g 4T 410 41 4 m 4m 4m
MexF!@ END I 4100 451 4712104 472004
MexK'™  RND 15 1
MexY!®  RND 400 o g 400 4m 410 4101 g0 4101

ABC, ATP binding cassette superfamily; MATE, multi-antimicrobial extrusion; MFS, major facilitator superfamily; END, resistance nodulation division; SMR, small multidrug resistance; peni, penicillins,
ceph, cephalosporins; carb, carbapenems; m-bac, monobactams, inhib B-ase, inhibitors of p-lactamases; FA, fosidic acid; AG, aminoglycosides; Tet, tetracyclines; OX, oxazolidinones; ML, macrolides;
8@, synergisting, LM, lincosamides; CHL, chloramphenicol; RIF, rifampicin; (), quinolones; NAL, nalidixic acid; FQ), fluoroguinolones; SM, sulfamides; TMP, trimethoprim.

%y, occurrence; —, absence (in both cases, through functional studies).

! According to the classification of Saier.?
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A brief survey of the many transporters (2003)

Table 2. Relative affinities of antibiotics for efflux pumps

Affinity for efflux pumps
Antibiotic class high variable? low References
Penicillins® nafcillin, cloxacillin, penicillin G carbenicillin "
Cephalosporins? cefalotin, cefotaxime, ceftriaxone cefazolin, cephaloridin "
Carbapenems Mmeropenem imipenem a
Macrolides 14- and 15-membered 16-membered, ketolides 107-109
Tetracyclines tetracycline minocycline glycylcyclines® L1
(Fluoro)quinolones  ciprofloxacin, norfloxacin ofloxacin, cinafloxacin, gatifloxacin, 19.112-115
levofloxacin - gemifloxacin, moxifloxacin @
garenoxacin

Depending on the efflux pump.

bR anking corresponding to the degree of lipophilicity of the side chain.

‘Low affinity substrate of MexD in P. aeruginosa and AcrB and AcrF in E. coli N&N7
dLow affinity substrate of a still unidentified efflux transporter in 5. aurews. 1'%
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A brief survey of the many transporters (2009)
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P s

NIH Public Access

Author Manuscript

Drugs. Author manuscript; available in PMC 2010 August 20.

Published in final edited form as:
Drugs. 2009 August 20; 69(12): 1555-1623. doi:10.2165/11317030-000000000-00000.

Efflux-Mediated Drug Resistance in Bacteria: an Update

Xian-zhi Li' and Hiroshi Nikaido?
" Human Safety Division, Veterinary Drugs Directorate, Health Products and Food Branch, Health
Canada, Ottawa, Ontario K1A OK9, Canada

2 Department of Molecular and Cell Biology, University of California, Berkeley, California
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A brief survey of the many transporters: S. aureus

Regulator Transporter Family
...,r QacR :: ------------- o> QacA -\ Fig. 3. ) ) )
Substrates |- e, Regulation of nmltldrug or drug-specific efflux transporters of 5. aureus. The efflux
IRTI e o transporters are shown in colour blocks. All regulators are presented in the preen boxes, and
2 2 |. . QacB their functions as repressor or activator are indicated, respectively, by the green or orange
agr e . dotted arrows. Unknown regulators are marked with a question mark (7) with the dotted grey
U e CTTTTTTTTT PP NorA lines linked to the relevant transporters. See text and relevant references for details of the
":":t MgrA AT -E regulation.
SarA | J ¢ TR
: ‘_,," > NorB
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W “  NorC >
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S Tet38 O
.., “..p AbcA Q
.. ABC 14 distinct
Y
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What do you wish to know ?

m lolflsw SEARCH SUPERFAMILIES — ANALYZE  BROWSE

TCDE is operated by the Saier Lab Bioinformatics Group

SOFTWARE/TOOLS &1 Functional and Phylogenetic Classification of Membrane Transport Proteins
The database details a comprehensive IUBME approved classification system for membrane transport proteins known as the

BLAST Transporter Classification (TC) system. The TC system is analogous to the Enzyme Commission (EC) system for

PSIBLAST classification of enzymes, except that it incorporates both functional and phylogenetic information. Descriptions, TC numbers,

SOFTWARE DOWMNLOAD aqd gxamples of over 600 familigs of transport proteins are provided. Transport s'_.,rster.ns. are classified on 1h§ basis of five
criteria, and each of these criteria corresponds to one of the five numbers or letters within the TC# for a particular type of

BIO-TOOLS transporter.

FILE DOWMLOAD (wou can BROWSE for more...)

QUICK ACCESS = Some facts about TCDB.:

STRUCTURE DATA » TCDR is a curated databas fual information from over 10,000 g

HUMAN TRANSPORTERS » The database contains over 10,000 unique protei B

TRANSPORTERS & » These p if : based on the TC sysfom

DISEASES

[1] Saier MH, Reddy V3, Tamang DG, Vastermark A (2014), The transporter classification database.
What do you think of TCDB?

Mucl. Acids Res., 42(1)D251-8 [24225317]

You can now CONTRIBUTE your [2] Saier MH Jr, Yen MR, Moto K, Tamang DG, Elkan C. (2009}, The Transporter Cl CQHTA'CT : : :
sequence(s) or suggest NEW Mucl. Acids Res., 37: D274-8. [19022853 Principal Investigator: Prof. Milton H. Saier, Jr.
FEATURES that you would like to [3] Saier MH Jr, Tran CV, Barabote RD. (2006), TCDB: the Transporter Classificatl Email: msaier@ucsd.edu
see, or ask any question or send analyses and information, Mucl. Acids Res., 34: D181-6. [16381841] Address
US your FEEDBACK Division of Biological Sciences,
http : / /WWWth b .0rq / University of California San Diego
9500 Gilman Dnve 0116
la Jolla, CA 92093-0116
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What do you wish to know ?

« Specific information about antibiotic transporters in procaryotes

ARDB-Antibiotic Resistance Genes Database

DOCUMENTATION BLAST ADVANCED SEARCH BROWSE

Da‘tabnselAII Databases j [ﬂputl Search |@

Multidrug Transporters

The acquisition of multidrug resistance 1s a serious impediment to improved healthcare. Multidrug resistance is most
frequently due to active transporters that pump a broad spectrum of chemically distinct, cytotoxic molecules out of cells,
including antibiotics, antimalarials, herbicides and cancer chemotherapeutics in humans Active membrane transporters,
whatever their substrate, fall into a relatively small number of protein superfamilies which include four important distinct
superfamilies: (1) the ABC family (ATP-binding cassette); (2) the MFS family {major facilitator superfamily); (3) the RND
family (resistance-nodulation-division); (4) the SMR family (small multidrug resistance).

http://ardb.cbcb.umd.edu/browse/multidrug.shtml

SRR AR RN Center for Bicinformaties and Computational Biology University
of Maryland College Park, MD 20742

&P MARYLANI
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What Is in the menu ?

Structure and mechanisms (an example with AcrAB-TolC)
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Mechanisms of transport

Quter membrane 1
channel

Inward
Irward Outward Irward Outward

Periplasm

Cell
Membrane
Binding Extrusion
Cytoplasm RND
ABC Crrrent Opirden in Stroctural Biolegy

Alternating access mechanism of transporter families. (from left to right) Schematic illustrations of MFS, ABC and RND transporter families. In the case

of the RMD, only two monomers (‘Binding' and ‘Extrusion’) in the trimer are depicted. In each transporter, the inward-facing and outward-facing
conformations are illustrated left and right, respectively.

Murakami S., Current Opinion in Structural Biology 2008, 18:459—-465
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General structure of an RND (AcrAB-TolC)

Amphiphilic
i ong
OM Channel

Quter

7
7 Membrane
7

NN

Accessory
Protein /-"' /j H Periplasm
Cytoplasmic
T Membrane
-
| |

" Efflux \‘
Transporier H

Fig. 1. An early schematic view of the tripartite pump complex. Note that amphiphilic
substrates (empty and filled-in rectangles represent hydrophobic and hydrophilic parts
of the molecule) are hypothesized to be captured either from the periplasm (or the
periplasm-plasma membrane interface) or from the cytosol (or the cytosol-membrane
interface). For the latter process, two possible pathways are envisaged: either the
substrate is flipped over to the outer surface of the membrane first and then follows the
regular periplasmic capture pathway, or it follows a different capture pathway from the
cytosol From [5].

Nikaido & Takatsuka, Biochimica et Biophysica Acta 1794 (2009) 769-781

Outer

Periplasm

Proposed model of the AcrA-AcrB-TolC complex. Structures of AcrA
[14] and TelC [12] are manually docked to AcrB with inspection
according to engineered cysteine crossdinking study between AcrB-
TolC [9] and AcrA-TolC [50].

S9v—-6G1:8T ‘8002 ABojoig [ein1onas ul uoluldQ Juaun 'S IwexeIniy
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General mechanism of transport in RND (AcrAB-TolC)

Access Binding Extrusion
Drug
Binding trusion Extrusi ‘Access  Access Binding

Drug®

Drug

Drug
Medium

Quter
Membrane

Periplasm

Cell
Membrane

¥ # AcrB
H H*
Current Opdnien in Stactural Bislogy

Schematic illustration of the functionally rotating ordered multidrug binding change mechanism mediated by AcrB. (upper) The top view from the distal
side of the cell. (lower) The view from the side parallel to the membrane plane.

Murakami S., Current Opinion in Structural Biology 2008, 18:459-465

4/12/2014 "Antibacterial Resistance" - Université de Liege, Liege, Belgium



General mechanism of transport in RND (AcrAB-TolC)

Access Binding Extrusion
Drug
Binding trusion Extrusi ‘Access  Access Binding
Drug®
Drug Drug Drug

Medium

Quter
Membrane

Periplasm

Cell
Membrane

Cytoplasm

Schematic illustration of the functionally rotating ordered multidrug binding change mechanism mediated by AcrB. (upper) The top view from the distal
side of the cell. (lower) The view from the side parallel to the membrane plane.

Murakami S., Current Opinion in Structural Biology 2008, 18:459-465
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AcrB In more B
detalls

(B) AcrB trimer. Each protomer
is shown in cyan, mauve, and blue, The large central cavity (thick black lines) is
connected to the periplasm through vestibules ( thick dotted lines) between protomers.
Substrate molecules ( ciprofloxacin) bound to the ceiling of the central cavity are shown
in green stick models. Proximal portion of the structure was cut away to reveal the
presence of vestibule. Drawn by using PyMol with Protein Data Bank coordinate 10YE.

Nikaido & Takatsuka, Biochimica et Biophysica Acta 1794 (2009) 769-781

/" Central Cavity <
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AcrB may be work like the mitochondrial ATPase

F1 ATPase, bovine mitochondria AcrB, Escherichia coli
Loose, L Loose, L

Tight, T Open, (0]

Fig. 5. Structural analogy between the o/ subunits and subunits of bovine FF, ATP synthase (PDB entry: 1BMF [17]) (left, viewed from the cytoplasm) and the periplasmic domain
of the asymmetric AcrB structure (PDB entry: 2GIF [8]) (right, viewed from the periplasmic side perpendicular to the membrane plane). The structures are presented as ribbon
diagrams and the designation of the individual monomers is indicated (Loose (L), Tight (T) and Open (0)).

Pos K. Biochimica et Biophysica Acta 1794 (2009) 782—793 / Seeger et al. Curr. Drug Targets 9 (2008) 729-749.
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Proposed AcrB drug / H* exchange

140 A

P P PGP P P” P

Pos K. Biochimica et Biophysica Acta 1794 (2009) 782—793

Seeger et al. Curr. Drug Targets 9 (2008) 729-749.

Fig. 10. Schematic representation of the AcrB alternating site functional rotation transport mechanism. The conformational states loose (L), tight (T), and open (0) are colored blue,
yellow and red, respectively. Only two of the three monomers of the AcrB trimer are shown in side-view. ActA and TolC are indicated in light green and grey, respectively. The
proposed proton translocation site (D407, D408, and K940) is indicated in the membrane part of each monomer. In the first state of the cycle (from left to right), a monomer binds a
substrate (acridine) in its transmembrane domain (L conformation), subsequently transports the substrate from the transmembrane domain to the hydrophobic binding pocket
{conversion to Tconformation) and finally releases the substrate in the funnel toward TolC {0 conformation). Peristaltic transport of drugs through the AcrB tunnels (indicated by the
red arrow) and through TolC in combination to the line up of drug molecules inside the AcrB funnel and the TolC channel would account for a strict unidirectional movement towards
the outside of the cell. The conversion from the T monomer to the O monomer conformation is suggested to be the major energy-requiring (proton motive force-dependent) step in
this functional rotation cycle and requires the binding of a proton tothe proton translocation site (D407, D408, and K940) from the periplasm. The release of a proton from the proton
translocation site to the cytoplasm might occur during conversion from the O monomer to the L monomer (as depicted) or from the latter to the T monomer. AcrA is expected to
participate in the transduction of the conformational changes from AcrB to TolC (indicated by black arrows), which results in the movement of the proximal part of TolC and the
facilitation of drug extrusion to the outside of the cell. From Seeger et al. [11] with permission.
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AcrB-TolC

I S a’ Acriflavine Rhodamine 6G Berberine Tetraphenyl- Ethidium

m U Itl d rU g phosphonium
transporter

‘MN/ “-.u.f’ p
: H
b CO
o4 0 L= L I Q

Ciprofloxacin Erythromycin Oxacillin Minocycline N-Phenylnaph-
thylamine (NPN)

A O R

Taurocholate Dodecylsulfate Hexane Cyclohexane Indole

s

Acridine Phe-Arg-B-naphthylamide (PABN)  1-(1-naphthylmethyl)-piperazine (NMP)

Fig. 1. Substrates and inhibitors of the AcAB-TolC efflux system. The system confers resistance to a wide variety of noxious substances like dyes, different dasses of antibiotics,

detergents, bile salts and small organic molecules. Phe-Arg—naphthylamide and 1-(1-naphthylmethyl }-piperazine (NMP) inhibit RND/MEP / OMF efflux systems. From Seeger et al
[11] with permission.

Pos K. Biochimica et Biophysica Acta 1794 (2009) 782—793 / Seeger et al. Curr. Drug Targets 9 (2008) 729-749.
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How can AcrB be a multi-drug ?
LETTER

Structures of the multidrug exporter AcrB reveal a
proximal multisite drug-binding pocket

Ryosuke Nakashima'*, Keisuke Sakurai'*, Seiji Yamasaki®, Kunihiko Nishino® & Akihito Yamaguchi'?

doi:10.1038/nature10641

Nature. 2011 Nov 27;480(7378):565-9.

» Our structures indicate that there are two discrete multisite binding pockets
along the intramolecular channel.

« High-molecular-mass drugs (rifampicint, erythromycin?) first bind to the
proximal pocket in the access state and are then forced into the distal pocket
in the binding state by a peristaltic mechanism involving subdomain
movements that include a shift of the Phe-617 loop.

e By contrast, low-molecular-mass drugs, such as minocycline® and
doxorubicin4, travel through the proximal pocket without specific binding and
immediately bind to the distal pocket.

» The presence of two discrete, high-volume multisite binding pockets
contributes to the remarkably broad substrate recognition of AcrB.

1822;2733;2457;4543
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Multidrug recognition by AcrB

Extrusion

Figure 1 | Crystal structure of the rifampicin-bound AcrB trimer. Thethree  4.0a. b, Cutaway view of the head piece of the AcrB trimer from the distal side of
AcrB monomers are shown in blue, red and green to indicate the binding, the cell. ¢, Close-up view of the rifampicin-binding site. Carbon atoms of
extrusion and access monomers, respectively. This colour scheme is usedin all  rifampicin and AcrB are shown in magenta and green, respectively. Nitrogen,
the figures. a, Entire structure of the AcrB trimer with rifampicin viewed from  oxygen and sulphur atoms are shown in blue, red and yellow, respectively.
the side and parallel to the membrane plane. The difference Fourier map Hydrogen bonds are indicated by dotted lines.

(Firug — Free) of bound rifampicin is depicted by an orange mesh, contoured at

Nature. 2011 Nov 27;480(7378):565-9.
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Multidrug recognition by AcrB

cpe’

Figure 2 | Crystal structure of the erythromycin-binding site of AcrB witha  and negative peaks (cyan mesh, contoured at —3.5¢) is shown. b, Overlapping
bound erythromydn molecule. Carbon atoms of erythromycin are shown in  structures of rifampicin and erythromycin at the binding site of AcrB.

yellow. The other colours indicate the same as in Fig. 1¢. a, Close-up viewofthe ¢, Erythromycin binding site of AcrB with a bound erythromycin molecule.
erythromycin-binding site. Bound erythromycin is shown in yellow, and the =~ Hydrogen bonds are indicated by dotted lines.

difference Fourier map with positive peaks (orange mesh, contoured at 3.0a)

Nature. 2011 Nov 27;480(7378):565-9.
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Multidrug recognition by AcrB

A st e s, PV
o R O A
. B SRR
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Figure 3 | Structure of the AaB trimer with simultaneously bound b, Horizontal cutaway view of AcrB. Rifampicin and minocycline are shown in
rifampicin and minocycline. a, Side view of AcrB with a difference Fourier =~ magenta and cyan, respectively, using stick representations, and the Phe-617
map of bound rifampicin in the access monomer and minocycline in the loops are shown in red.

binding monomer, which is depicted by a cyan mesh, contoured at 4.00.

Nature. 2011 Nov 27;480(7378):565-9.
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Multidrug recognition by AcrB
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Figure 4 | Effect of site-directed mutagenesis in the two binding pockets and
putative intramolecular channels. a, Close-up view of the erythromycin-
binding site with mutated amino-acid residues indicated by blue sticks. The
branched intramolecular channels are outlined in black, the Phe-617 loop (Gly
614-Gly 621) is shown in red and bound erythromycin is shown in yellow. For
clarity, some residues have been removed from the foreground. b, Growth of
mutant-AcrB-expressing E. coli cells in the presence of 32 pgml ™"

Nature. 2011 Nov 27;480(7378):565-9.

erythromycin. c-e, Quenching of doxorubicin fluorescence as a result of
doxorubicin accumulation in intact mutant-AcrB-expressing E. coli cells:
competitive inhibition of doxorubicin export by various drugs (MINO,
minocycline; EM, erythromycin; RF, rifampicin; KM, kanamycin) (c); effect of
Aa B mutations on doxorubicin export (d); effect of erythromycin on
doxorubicin export by mutant AcrB (e). a.w., arbitrary units.
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Multidrug recognition by AcrB

Figure 5 | Crystal structure of the rifampicin-minocycline-bound AcrB
trimer. a, Side view of the AcrB trimer with intramolecular channels and
bound drugs. The channels are shown as coloured solid surfaces and were
calculated using the program CAVER™; the channels include the proximal

b &

Funnel-like
opening

Extrusion
monomer

\ Binding

monomer

Access
monomer

in the CPK representation (rifampicin in magenta and minocycline in cyan).
The framework of the central cavity and membrane surface is indicated by solid
lines. b, Peristaltic drug transport mechanism of AcrB, with channelslabelled as
in a. The drugs are transported from a proximal pocket to a distal pocket by

binding pocket (light green), the distal binding pocket (light pink) and theexit  peristaltic motion that results from a conformational change from the access
funnel (light yellow). Three channels are labelled, and bound drugs are shown  state to the binding state.

Nature. 2011 Nov 27;480(7378):565-9.
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General mechanism of transport in RND (AcrAB-TolC)

Binding Extrusion

Access

Drug

]

trusion Extrusi ‘Access  Access Binding

— —

Binding

Medium

Quter
Membrane
| |

Periplasm

Cell
Membrane

Cytoplasm AcrB AcrB § # AcrB
H H

Current Opdnien in Stactural Bislogy

Schematic illustration of the functionally rotating ordered multidrug binding change mechanism mediated by AcrB. (upper) The top view from the distal
side of the cell. (lower) The view from the side parallel to the membrane plane.

Murakami S., Current Opinion in Structural Biology 2008, 18:459-465
72
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TolC

Role of TolC in multidrug efflux - 983

[f—barrel —

o—helical -

Fig. 1. The crystal structure of TolC.
A. The side view of TolC with three domains the f-barrel, a-helical and a/p equatorial indicated. The aminoacid residues targeted in this study

are shown as spheres: the extracellular loop and internal walls are in black, the two constrictions BN1 and BN2 are in red, residues of the
periplasmic tip are in blue and those of the o/ domain in magenta and yellow.
B. The top extracellular view of the channel.

C. The bottom periplasmic view.
Krishnamoorthy et al. Mol Microbiol. 2013 Mar;87(5):982-97.
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Opening TolC

Structures of sequential open states in a symmetrical
opening transition of the TolC exit duct

Xue-Yuan Pei'?, Philip Hinchliffe'?, Martyn F. Symmons®, Eva Koronakis, Roland Benz®, Colin Hughes,
and Vassilis Koronakis

Department of Pathology, Cambridge University, Cambridge CB2 1QP, United Kingdom

Edited* by Tom A. Rapoport, Harvard Medical School/HHMI, Boston, MA, and approved December 16, 2010 (received for review August 25, 2010)

Proc Natl Acad Sci U S A. 2011 Feb 1;108(5):2112-7
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]_periplasmic_r

entrance

Opening TolC

Fig. 1. Structural overview of the TolC periplasmic entrance. (4) Side view
of the resting closed state of trimeric TolC. (Left) The three protomers col-
ored green, blue, and magenta. H3, H4, H7, and H8 are the periplasmic
a-helices that rearrange during the opening of TolC (5, 14). (Right) A slice
through a space-filling model of the TolC trimer, showing the contiguous
pore from the outer membrane (OM) p-barrel to the equatorial domain and
the wo-barrel periplasmic entrance. Dashed lines indicate crosssections
through TolC, at the levels of the following: 1, the Asp*’* ring constriction; 2,
the constraining bond network; and 3, the periplasmic tip.

Proc Natl Acad Sci U S A. 2011 Feb 1;108(5):2112-7
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Opening TolC

(B) Crosssections viewed through the pore toward the equa-
torial domain and OM p-barrel. The gray background outlines the surface
representation. 1, the narrowest constriction of the pore formed by a ring of
Asp®™ residues (5). 2, the constraining bond network of the periplasmic
entrance coils showing the residues central to the key intra- and interpro-
tomer links identified as stabilizing the resting closed state (14). R*®*" forms
interprotomer bonds with both T'** and D'3, whereas Y**? forms an
intraprotomer bond with D™3. 3, the periplasmic tip of the entrance coils at
the level of Gly**®, which lies on the connecting loop of the inner coiled coil
(H7 to H8).

H7 A3

Lperiplasmic_l

entrance

2. constraining
bond network

o

3

S 8

Pr 3. periplasmic tip
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Interplay of RND and porins

Structure, Functien and Regulation of Outer Membrane Proteins
The Open Microbiology Journal, 2013, Volume 7 23

......

periplasmic

target

d | |
Whodabos
cytoplasmic

target

Fig. (1). Antibiotic transport through the membranes of Gram-negative bacteria (reproduced from [168]).

Rosner JL, Martin RG.
J Bacteriol 2009: 19: 5283-92

4/12/2014

"Antibacterial Resistance" - Université de Liege, Liege, Belgium

7



What Is in the menu ?

Antibiotic transporters important for the clinical microbiologist
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Efflux as a significant mechanism of resistance

In Gram-positive bacteria

spectrum

narrow

specific for one (or a few) families of drugs

ABC

PatA/PatB of S. pneumoniae
— FQ, chl

MsrA of S. epidermidis

— erythromycin

broad

MFS

NorA of S. aureus

— FQ,Tet, chl

MefE of S. pneumoniae
— ML

PmrA of S. pneumoniae
— FQ

MefA of S. pyogenes

— ML
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FQ efflux pumps in S. pneumoniae — S. aureus

Primary transporters
« ATP-Binding Cassette »

PatA/PatB (Sp)

Marrer et al, AAC 2006; 50:685-93

Secondary transporters
(Proton motive force)

PmrA (Sp)

Gill et al, AAC 1999; 43:187-9

NorA (Sa)

Gill et al, AAC 1999; 43:187-9

Terry et al., Nature Reviews Microbiology 2005; 3: 566-572
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Efflux as a a significant mechanism of resistance

In Gram-negative bacteria

spectrum

narrow

specific for one (or a few) families of drugs

MFS

TetA of E. coli
—Tet

broad spectrum, conferring cross-resistance

RND

broad

MexAB-OprM of P. aeruginosa
— B-lac, FQ,Tet, ML, chl, rif, sulf
AcrAB-TolC of E. coli

— B-lac, FQ,Tet, ML, chl, rif, sulf
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Efflux and resistance in P. aeruginosa

{ ¢ antibiotique

Constitutive No basal
basal expression expression; o
overexpressed expression / :I]
upon induction upon induction Q_Ti
'a I a I P
MexB  MexY MexD  MexF ohr )/ v
MexA  MexX MexC  MexE ‘<£
OprM  OprM  OprJ OprN - 24—0 I
'.’ *
any O

ﬂ/l: cytoplasmic membrane

(membrane cytoplasmique)

EM: external membrane
(membrane externe)

CMP: cytoplasmic membrane protein \
(protéine de la membrane cytoplasmique)

MFP: membrane fusion protein
(protéine de fusion [entre membranes])

/

OMP: outer membrane brotein
(protéine de membrane externe)

Mesaros et al. (2005) Louvain médical. 124:308-20
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What Is in the menu ?

Substrate specificities
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TABLE 3. Apparent contribution of multidrug efflux to MIC

Early data with B-lactams

MIC,,/MIC,.., MIC,,/MIC,,_, Side chain
B-Lactam S E i EEE  me typhimurium®  lipophilicity®
Cloxacillin 128 256 890 | < ©
Oxacillin 512 ND ND
Mezlocillin 32 ND ND
Piperacillin 16 ND ND
Cefuroxime 16 ND 554
Carbenicillin 4 4 80
Penicillin G 2 32 270
Cefoxitin 4 4 130
Cephaloridine 2 2 130
Ceftriaxone 1 2 6
Cefsulodin 1 1 80°
Cefmetazole 1 1 2
Cefazolin 1 1 0.5
Cefepime 1 ND 6
Cefpirome 1 1 6 o
|Imipenem 1 1 0.3 | s

“ Based on Table 1 data. wt, wild type.
b From reference 18.
¢ Expressed as the calculated octanol-water partition coefficient. From refer-

ence 18.

@ Calculated as described in reference 18.
¢ Although the phenyl group shows a moderate lipophilicity, insertion of this
side chain may be prevented by the presence of a negatively charged group next Mazzariol et al. Antimicrob Agents

to it (18).

Chemother. 2000 May;44(5):1387-90.

4/12/2014

"Antibacterial Resistance" - Université de Liege, Liege, Belgium 84



Interplay of RND and porins

Structure, Functien and Regulation of Outer Membrane Proteins
The Open Microbiology Journal, 2013, Volume 7 23

......

periplasmic

target

d | |
Whodabos
cytoplasmic

target

Fig. (1). Antibiotic transport through the membranes of Gram-negative bacteria (reproduced from [168]).

Rosner JL, Martin RG.
J Bacteriol 2009: 19: 5283-92
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Early data with B-lactams

TABLE 3. Apparent contribution of multidrug efflux to MIC

B-Lactam MIC,/MICascran _ MIC,,/MIC,,, Side chain
in E. coli K-12° in 8. typhimurium®  lipophilicity®

Cloxacillin 128 256 890 | g
Oxacillin 512 ND ND « efflux kinetics of cloxacillin
Mezlocillin 32 ND ND [are actually] quite similar to
Piperacillin 16 ND ND those of ampicillin
Cefuroxime 16 ND 554 - the extensive decrease in
Carbenicillin 4 4 80 the MIC for the acrB mutant
Penicillin G 2 32 270 is primarily due to the low
Cefoxitin 4 4 130 permeation of the drug
Ceph_alnndme 2 2 130 [making efflux more
Ceftrlaxn_ne 1 2 6 effective].
Cefsulodin 1 1 Sﬂe Lim & Nikaido Antimicrob Agents
Cefmetazole 1 1 2 Chemother. 2010 May;54(5):1800-6
Cefazolin 1 1 0.5
Cefepime 1 ND 6
Cefpirome 1 1 6
Imipenem 1 1 0.3

“ Based on Table 1 data. wt, wild type.

5 From reference 18.

¢ Expressed as the calculated octanol-water partition coefficient. From refer-
ence 18.

4 Calculated as described in reference 18.

¢ Although the phenyl group shows a moderate lipophilicity, insertion of this
side chain may be prevented by the presence of a negatively charged group next Mazzariol et al. Antimicrob Agents
to it (18). Chemother. 2000 May;44(5):1387-90.
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MIC change [PatA+/-] (fold dilutions)

Substrate specificity of efflux pumps

14 fluoroquinolones; Gram + versus Gram +

S. aureus vs S. pneumoniae
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Similar recognition for non phylogenitically-related transporters
Vallet et al. ECCMID 2011
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Substrate specificity of efflux pumps

14 fluoroquinolones; Gram + versus Gram -

P. aeruginosa vs S. aureus P. aeruginosa vs S. pneumoniae
. 5
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MIC change [Mex+/-] (fold dilutions) MIC change [Mex+/-] (fold dilutions)

All fluoroquinolones are substrates for broad spectrum transporters from Gram -

Vallet et al. (2011) ECCMID
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Substrate specificity of efflux pumps

24 fluoroquinolones; Gram + (NorA) versus eucaryotic transporter (Mrp4)

16 1.04

o R? = 0.8225 o

6 14_ accumul wild

\'T' ,"' 054 accumul max
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E MXF '," o efflux Mord

g 2- so"' o efflux Mrpd

8 0| 5 (o) -1.04 | | ‘ | |

< - -~ 10 a5 00 05 10
| | | | | | | | | | | | | Component 1 (41.6 %)
0 1 2 3 4 5 6 7
MIC change [NorA+/-] (fold dilutions) Principal component analysis of the correlations between

biophysical properties of fluoroquinolones and susceptibility
to efflux

 Correlation between FQ transport by eukaryotic and procaryotic transporters

* No simple correlation between recognition by transporters and physicochemical properties

Dupont et al. (2012) ECCMID
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What Is in the menu ?

Efflux and intrinsic susceptibility
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Pseudomonas and penem efflux

Mex pumps MICs

BB BB xv |MBRS ™M1 BIA PANI FARO RITI
.- - 0.032 025 025 025 1 2
b 1 05 4 512 128
B - 025 025 1 4096 256
- B - 0.125 0.063 0.25 16 4
S - 44 0.063 025 025 2 4 8

* clinical isolate, basal level of expression

Okamoto et al. J. Infect. Chemother (2002) 8: 371-373
Okamoto et al. AAC (2002) 46:2696-2699
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Pseudomonas and penem efflux

Mex pumps MICs

AB CD XY MERO RIVIBN BIA PANI FARO RITI
.- 0032 025 025 025 1 2
b 0.25 05 4 512 128
++ - . 1 025 1 4096 256
St - 0.25 0.063 0.25 16 4
S 44 0.063 025 2 4 8

* clinical isolate, basal level of expression

Okamoto et al. J. Infect. Chemother (2002) 8: 371-373
Okamoto et al. AAC (2002) 46:2696-2699
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S. pneumoniae and fluoroquinolones

MIC distribution for 184 isolates from community-acquired pneumonia
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P. aeruginosa and temocillin

Pseudomonas aeruginosa and temocillin

Strain Description Efflux characteristics MIC (mg/L)
Gene expression level temocillin ticarcillin
mexA® mexX?* oprM?®  mexC"® mexE " (+ PABN ©) (+ PABN )
Reference strain
PAO1 1 1 1 - - 256-512 (64) 32 (16)
Engineered strains
CB 536 PAO1 AmexCD-oprJ 1.09 1.65 ND - + 128 (16) 8 (1)
CB603 PAO1 AmexEF-oprN 1.21 1.02 0.51 - - 128 (32) 16 (16)
CB602 PAO1T mexXY::FRT 1.10 0.06 0.55 - + 64 (16) 16 (16)
PAO1 mexAB PAO1 mexAB::FRT om 1.08 ND - + 4(2) 2(2)

MexAB-OprM mutants are highly susceptible !

— Efflux responsible for intrinsic resistance

Buyck et al, J. Antimicrob. Chemother. (2012) 67(3):771-5
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Intrinsic resistance of Pseudomonas to
temocillin

But temocillin is used successfully in Cystic Fibrosis patients ...

Efflux characteristics, alterations MIC (mg/L)
mexA MexA mexB MexB termnocillin ticarcillin
Clinical isolates from cystic fibrosis patients
30205 d — — — — 128 16
3020R d isogenic to 30205 with deletion in mexA A112nt aberrant — — E 1
(370-482)
3525 — — — — 512 32
3807 isogenic to 3525 with mutation in mexA G214A G725 - — 32 i
2715 d mutation in mexA AS90G ¥197C — — 32 2
616 mutation in mexA c752T7 S251F — — 1 0.5
2729 d deletion in mexA A8nt aberrant — — 2 1
(576-583)
2933 d deletion in mexA Al1nt(870) aberrant — — 2 0.5
2998 d deletion in mexA C205T truncated — — 2 0.25
2721 4 deletion in mexA A 1nt (860) aberrant — — 1 0.25
2716 d mutation in mexB —_ -_ ATTET Q259L 1 0.5
2804 a4 deletion in mexB —_ - Alnt aberrant & 1
(2147)

2858 d deletion in mexB — — A1 nt (494) aberrant 1 0.5
3066 deletion in mexB —_ —_ G2364A truncated 1 0.5

Natural mutations in MexAB-OprM restore temocillin activity

Buyck et al J_Antimicrob. Chemother. (2012) 67(3).771-5
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Intrinsic resistance of Pseudomonas to temocillin

Is this clinically relevant ?

Temocillin / Pseudomonas aeruginosa
MIC distribution and cumulative percentage
Europe 2013 (n= 343)

20 - Provisional breakpoints: S < 16 mg/L, R = 16 mg/L 100

8 157 1/4 of CF strains susceptible! 75 &
o ' 3
r =
2 ]
s 191 50 ¥
N S

9] -25

0 I 0

MIC {mgr‘L] N

Chalhoub, ||np||hlichpd
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Conditions modulating efflux and susceptibility

Azithromycin is widely and successfully used in Cystic Fibrosis patients

J Antimicrob Chemother 2011; 66: 968-978
doi:10.1093/jac/dkr040 Advance Access publication 2 March 2011

Effectiveness and safety of macrolides in cystic fibrosis
patients: a meta-analysis and systematic review

Yun Cai?l, Dong Chai?, Rui Wang!*, Nan Bai?, Bei-Bei Liang! and Youning Liu?

Conclusions: Long-term use of azithromycin can improve lung function, especially for P. aeruginosa-colonized
CF patients. There was no evidence of increased adverse events with azithromycin. More data are needed to
verify the best azithromycin regimen and to evaluate other macrolides in CF patients.

FEV,% change in P. aeruginosa-infected patients

AZM Placebo Mean difference Mean difference

Study or subgroup mean SD total mean SD total weight 1V, fixed, 95% CI 1V, fixed, 95% CI

Clement 200610 -8.7 11.5 9 -27 21 10  4.4% -6.00[-21.03,9.03] -

Saiman 200312 44 136 87 -1.8 10.7 98 77.9% 6.20 [2.64,9.76] |

Steinkamp 20088 -3.7 133 21 -5 101 17 17.8% 1.30 [-6.14, 8.74] oo

Total (95% CI) 117 125 100.0%  4.80[1.66, 7.94] ‘
| 1 1 |

Heterogeneity: y=3.43,df=2 (P=0.18); [ = 42% ' J I !
-100 -50 0 50 100

Test for overall effect: Z=3.00 (P=0.003)

Favours placebo  Favours AZM

BUT Pseudomonas is intrinsically resistant ....
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Intrinsic resistance of Pseudomonas to macrolides

Azithromycin is widely and successfully used in Cystic Fibrosis patients

Airway
Epithelium

Anti-secretory effect

lon transport } lr

Mucus secretion

0= MACROLIDES

Epithelial cell barrier
Mucociliary function
Tight junction 7 1
fi-defensin

=

Vascular

Endothelium Pro-inflammatory cytokine |
production

Adhesion molecules

Inflammatory

Cells ~§: ?

1
T
e

Anti- inflammatory effect

Pro-inflammatory cytokine production Effect on bacteria

Adhesion molecules expression " v Adherence

Chemical mediators release | Virulence factors production
Reactive oxygen species generation Biofilm formation "
Apoptosis f Quorum sensing function

Kanoh & Rubin; Clin._Microbiol Rev. (2010) 23:590-615
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Intrinsic resistance of Pseudomonas to macrolides

Is Pseudomonas « intrinsically » resistant to macrolides ?

-@- MHB-OprM(-) —B— MHB-OprM(+)
100+ ?
(]
(@)
8
o .
o Major role
()] g .
o of constitutively-expressed
50+
= ! transporters!
©
: |
S 25- )
(&) I
]
I
I
0- | | | * | | | | | |
\2) * @ O M ©
AN W A S PP

MIC (mg/L)

Buyck et al. Clin Infect Dis. 2012; 55:534-42

100
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An intriguing observation ...

MIC (mg/L)
Antibiotic CA-MHB RPMIL640
pH 7.4 pH 5.5

Aminoglycosides

Gentamicin 2 8 4

Amikacin 4 64 4

Tobramycin 1 8 1

B-lactams

Piperacillin/Tazobactam 16 16 16

Cefepime 4 8 4

Ceftazidime 2 4 2

Aztreonam 8 16 8

Meropenem 1 1 2

Fluoroquinolones

Ciprofloxacin 0.125 0.25 0.125 . c

ot Macr_o_lldes regain
activity against

colisti ' ? ? P. aeruginosa in

Azithromycin 128  >512 16 « eukaryotic » media

Buyck et al. Clin Infect Dis. 2012; 55:534-42
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Why do macrolides express their activity
against P. aeruginosa in « eukaryotic » media ?

ML
MexAB-OprM
MexXY-OprM

Buyck et al. MHB RPMl

Clin Infect Dis. 2012: 55:534-42 high MIC low MIC
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against P. aeruginosa in « eukaryotic » media ?

Why do macrolides express their activity

Outer Membrane permeability
(%)

100

NPN

nitrocefin

754

S 504

25+

L
MexAB-OprM
MexXY-OprM

MHB RPMI

high MIC low MIC
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Why do macrolides express their activity
against P. aeruginosa in « eukaryotic » media ?

ML ML

©

M
©
=S
o
~t
| . | |

L - Op g 6
MexAB-OprM CIMHB
MexXY-OprM < o | E-—RPMI —*
o
=} 4
£s
So 3
x £
—
- e . :) 2 2
F(') l- |;‘ H
C '_II- T T
MHB RPMI ; ; ;
high MIC low MIC Time (h)
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Why do macrolides express their activity
against P. aeruginosa in « eukaryotic » media ?

ML ML .

@

ML
®Zprot ! ®Zprot
B revii620 [ | camHB )QOQOQOO( )WOQ(
! oprM g

no AZM AZM 1 mg/L

L
MexAB-OprM

1.50

= MexXY-OprM

E 1.254 I
n %

1

|

1

|

|

e | !
" | - J
il B0 1 2
o ) MHB RPMI

fime () high MIC low MIC

p
F—

oprM relative expres

4/12/2014 "Antibacterial Resistance" - Université de Liege, Liege, Belgium 105



Why do macrolides express their activity
against P. aeruginosa in « eukaryotic » media ?

ML ML

|
ML
®Zprot v prot I
1
||

> > -O—- CA-MHB
M

L - —e—RPMI
MexAB-OprM opriv 5 125
a B
MexXY-OprM S oo

2%
(=1

26 75
£3
58

S < 501
(]

—

& 25

EE e .

M H B R P M I Azithromycin concentration (mg/L)

high MIC low MIC
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Why do macrolides express their activity
IN « eukaryotic » media ?

ML
MexAB-OprM
MexXY-OprM

MHB RPMI

high MIC low MIC
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Intrinsic resistance of Pseudomonas to macrolides

Is this « medium effect » clinically relevant ?

pneumonia cystic fibrosis
strains strains
MHB MHB

—— RPMI — RPMI

© 100+

(@))

S

807

O S

O 60

o

&)

2 401

i <

g 20-

>

&) 0-

MIC (mg/L)

CF strains = 345

pneumonia strains = 48 Mustafa, unpublished
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Role of antibiotic efflux
IN INtrinsic resistance ....

* Inactivating efflux may reveal
antibiotic activity and could be a
useful tool when developing new
drugs

» Bacterial responsiveness to
antibiotics may be highly
different in the host than in the
test tube
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What Is in the menu ?

o Efflux and clinical susceptibility and impact of treatment
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Efflux of fluroquinolones in S. pneumoniae:
which is the transporter ?

Identification of FQ transporters in clinical isolates
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Inactivation of patA or patB as
efficient as reserpine to
reduce MIC

J
 responsible for FQ efflux in
clinical isolates
» work as heterodimers
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Efflux of fluroquinolones in S. pneumoniae:
IS transporter more expressed in patients chronically treated

Suspected efflux based on phenotypic analysis (CIP MIC +/- reserpine)

reserpine effect on MIC (x dilutions)

El<1 [CJ<2 W2
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2 60
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X 40-
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| 20" 1
« one shot » repetitive
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origin of isolates

) ) Lismond & Degives, unpublished
183 strains 107 strains
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Efflux of fluoroguinolones in S. pneumoniae:

can you induce it ?

SubMICs concentrations of fluoroquinolones may induce efflux systems...

Expression ratio (induced/non-induced) as % of value at 4 h

100 4 - 100

754 - 75

- CIP —e—MXF
175 175
150- (49619 - patA) L (49619 - patB) 150
125+ S 125 %
8
L 100 Z
=
L L 75 2
[=]
L 50 3
=
2
- F25 §
3
T T T T — 0 g . .
175 175 & Optimal dosing
B e : ,
150- e - - 150 2 IS needed!
)
125 - L 125 o
=)
%_".
3
=
D
=3
-+
=0

501 - 50

254 - 25
l SP335 - patA l SP335 - patB
0 1 T T T I 0

T T T I T T T T T T T T T 1 T T I T T T T T T
0 120 240 360 O 120 240 360 0 120 240 360 O 120 240 360
Time (min) Time (min)

El Garch et al., JAC (2010) 65:2076-82
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Impact of efflux on clinical susceptibility

of P. aeruginosa

MICs vs EUCAST breakpoints for 109 P. aeruginosa without or with efflux
mechanisms, isolated from ICU patients (VAP)
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P. aeruginosa: change of MIC during treatment

Increases in MICs of antibiotics used in empirical antipseudomonal
therapy between DO and DX of treatment
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Increase of P. aeruginosa during treatment:
Is efflux involved ?

Prevalence of MexA and MexX overexpressers in 62 phylogentically-related
pairs of P. aeruginosa isolated from ICU patients (VAP)

xseatmen, .

DAY X (%)
DAY 0 (%)

9.68% 17.74%

0 Bl MexA-/MexX-
11.29% 38.71%
Bl MexA+/MexX-
O MexX+/MexA- 20.97%
. 0
12.90% B MexA+/MexX+

66.13%

22.58%

Riou et al ECCMID 2010
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Efflux selection in P. aeruginosa during treatment

Antipseudomonal antibiotics _
received by the patients during global influence
treatment of treatment

60+
Antibiotic no. 55+ .
patients 50-
Piperacillin-tazobactam (TZP) | 26 & £ 1
X = )
Amikacin (AMK) 22 9 © 35- nb eifflux
O 30a systems
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Cefepime (CEF) 19 & £ 201 E;
®) & 15+
Ciprofloxacin (CIP) 6 @ 10- e
I 4
5= —
. DAY 0 DAY X
Antibiotic treatment selects for number of efflux systems
efflux-mediated resistance ! detected at day 0 and day X

Riou et al ECCMID 2010
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Early diagnosis could be implemented in the clinics

G LI - Aprilfiay 2013 Antibiotic susceptibility

RND efflux pumps in P. aeruginosa:
an underestimated resistance mechanism

An adequate inifial antibiotic therapy is a key determinant of therapeutic
success in Pseudomonas aeruginosa-infected patients. Antibiotic efflux is
an underestimated resistance mechanism because it may occur in sirains
categorized as susceptible. It is rarely or not at all diagnosed in routine
laboratories and often masked by high-level resistance mechanisms.

by Dr Laetitia Avrain, Dr Pascal Mertens and Professor Francoise Van Bambeke
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Early diagnosis could be implemented in the clinics

G LI - Aprilfiay 2013 Antibiotic susceptibility

RND efflf=

° ORI
an un d er ,\._'—-—"'__ Innovative solutions

for more effective diagnostics

An adequate inifial antib
success in Pseudomonas

Coris BioConcept at MEDICA Trade Fair 2013

: Products > Molecular-Field > Pseudomonas asruginosa
Presentation

an underestimated resist

. . Pseudomonas aeruginosa
cc:l’regorlzed as suscephb

) In vitro mexAB-oprM and mexXY-oprM
laboratories and often m

efflux detection in Pseudomonas aeruginosa.

Coris BioConcept will attend

by Dr Laetitia Avrain, Dr Pgf  ECCMID 2013
April 27 to 30, 2013

Ordering information Contact us?!

Ma!.r!21 © rzgadzroﬁ;orum in ST Pathogen Product Name Technology Description Code

4 primer mixes specific for
mexA, mexX, HKG1, HKG2
genes and calibration
standards

SEBP & Bio-Forum 2013 Pseudomonas

May 28 to 31, 2013 aeruginosa mex -TesT Real Time PCR C-3806

Coris BioConcept in AACC
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What Is in the menu ?

« Cooperation with other mechanisms of resistance
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Efflux cooperates
with other mechanisms of bacterial resistance

R

chemical
clearance

physical
clearance
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Efflux cooperates
with other mechanisms of resistance

Contributions of the AmpC B-lactamase and the AcrAB Multidrug
Efflux System in Intrinsic Resistance of E. coli to B -lactams

Efflux pB-lactamase  CMI carbenicillin ~ CMI ofloxacin
- - 0.2 0.05
WT:
* - 12.5 0.2 - intrinsic
resistance !

+++ - 50 1.56

- + 100 0.05

+ + 200 0.39
+++ + 400 1.56

Mazzariol et al, AAC (2000) 44:1387-1390
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Efflux and selection of resistance to FQ

b b
Exposure to subMIC

concentrations favors
the selection of
target mutations !

\ 4

s

4 B Gyrase/ Topoisomerase
N >
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Efflux and selection of resistance

Frequency of Levofloxacin-resistant mutants in
Pseudomonas aeruginosa with deletions of the efflux pump operons

Pump status LVX MIC Frequency of LVX-
resistant mutants

WT 0.25 2 x107-4 x 107

A mexAB-oprM 0.015 2 x107-4 x 107

A mexCD-oprJ 0.25 2 x107-4 x 107

A mexEF-oprN 0.25 2 x107-4 x 107

A mexAB-oprM;A mexEF-oprN  0.015 2 x 107- 107

A mexCD-oprJ; A mexEF-oprN  0.25 2 x 106

A mexAB-oprM; A mexCD-oprJ 0.015 1x10°

A mexAB-oprM; A mexCD-oprJ; 0.015 <1 x 101 <

A mexEF-oprN

Lomovskaya et al, Selection of mutants in FQ target
AAC (1999) 43:1340-1346 undetectable if ALL pumps are disrupted
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What Is in the menu ?

« Cooperation between procaryotic and eucaryotic transporters
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Cooperation between prokaryotic and eucaryotic
transporters to reduce FQ activity against
Intracellular bacteria

MIC of Listeria strains and effect of reserpine

MIC (mg/L)
EGD CLIP
guinolon
e
Res. (-) Res. (+) Res. (-) Res. (+)
CIP 1.2 1.0 5.0 1.0
MXF 0.6 0.6 0.5 0.25

Lismond et al., AAC (2008) 52:3040-46
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Cooperation between prokaryotic and eucaryotic
transporters to reduce FQ activity against
Intracellular bacteria

bacteria overproducing

Wild-type cells and bacteria efflux pumps for ciprofloxacin
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Bacterial efflux is expressed intracellularly
Lismond et al., AAC (2008) 52:3040-46
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Cooperation between prokaryotic and eucaryotic
transporters to reduce FQ activity against
Intracellular bacteria

bacteria overproducing Bacteria AND cells overproducing
efflux pumps for ciprofloxacin efflux pumps for ciprofloxacin

A log CFU from time 0
B W N a2 0O a2 Nw A

A log CF from time 0
b o B >0 2o &

control  CIP cIP cip cip control  CIP ciP cip cIp
+ res, + prob. + res. + res. + prob. + res.
+ probh. + prob.

Bacterial and eukaryotic efflux cooperate to reduce ciprofloxacin intracellularly activity

Lismond et al., AAC (2008) 52:3040-46
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Cooperation between prokaryotic and eucaryotic
transporters to reduce FQ activity against

bacteria overproducing
efflux pumps for ciprofloxacin

Intracellular bacteria

Bacteria AND cells overproducing
efflux pumps for ciprofloxacin
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Bacterial and eukaryotic efflux do not affect the activity of moxifloxacin
Lismond et al., AAC (2008) 52:3040-46
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And now, can we make inhibitors of efflux ?

e There are a LARGE number of inhibitors

 Many are endowed with other pharmacological activities
that appear already at lower concentrations that what is
needed to impair efflux (e.g., reserpine)

o Others are very effective but also very toxic (e.g.
Phenylalanine-arginine-B-naphthylamide [PABN; MC-
MC-207110]).

e The search for microbiologically-active and safe-to-host
Inhibitors is ongoing but with little “drug” success so far...
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