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Per spectives on multidrug resistance in membranetransporters
A.M. Geoge, Department of Medical and Molecular Biosciences, Faculty of Sciémieersity of Technology
Sydng, PO Box 123, BroadwayNSW 2007, Australia.

Membrane proteins constitute about 30% of all proteins and among these are a large cohort of
transporters, receptors, and enzymes. Membrane transponerkebame the subject of intense reseanatr o
the past tw decades, chiefly because mari them are responsible for a processvinas drug efflux in which
the drug is captured at the cell membrane amdiéed to the outside, thereby protecting the cell from the action
of the drug. This is best and most simply illustrated by the resistance gfbacteria to antibiotics by drug
efflux. Though this is one of mgmechanisms of cellular resistance to drugs, it is perhaps the mosijyerple
as it most often appears in the guise of multidrug resistance. In all, thereeamajfiv classes or families of
membrane drug transporters, naméhe Major Fcilitator Superfamily (MFS), Small Multidrug Resistance
(SMR), Multidrug and Toxin Extrusion (MEE), Resistance Nodulation Division (RND, andFABinding
Cassette Transporter (ABC) families.

The failure of cancer chemotheyaipn humans is a noted example of efflux-mediated resistance. A most
insidious feature of multidrug resistance is that it is often triggeredfmsare to a single drug. For example, if
human tumours are treated with a cytotoxic drug, the drug will bring about unbngiszsssion of an ABC
transporter called P-glycoprotein. Though this protein has seen only one drug, it elaborates an efflux mechanisn
for all known gtotoxic drugs thereby rendering chemothgrapelevant as a curate reatment for cancerous
tumours. A single membrane transporter is capable of extruding a large number of unrelated drugs, making the
cells multidrug resistant. That this mechanism is ubiquitous among \dd piakes it a major uestigative
topic. It was thought that recent resmdvstructures of some of these transporters would quickly yield the
mechanistic details of multidrug resistance, but the reality is less promisingvéiosome important studies
have gven dues about the way in which specific transporters are able to extrudesedaange of drugs.
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Molecular deter minants of MRP1/ABCCL1 expression and transport
S.P.C. ColeDivision of Cancer Biology & Genetics, Quegkniversity Cancer Resealr Institute Kingston,
ON K7L3N6, Canada.

The 190-kDa Multidrug Resistance Protein 1 (MRP1/ABCC1), first cloned by our group in 1992 from a
drug resistant lung cancer cell line (C@keal, 1992), is a member of the 'C’ branch of th&@RAbinding
cassette (ABC) superfamily of polytopic membrane proteins. MRP1 belongs to a subset of ABCC proteins
comprising fie domains: 3 membrane spanning domains (MSDs), containing 5, 6, and 6 transmembrane (TM)
a-helices, respeatély, and two cytoplasmic nucleotide binding domains (NBDs) (Leslie, Dgél€ole, 2005).

In addition to its drug efflux properties, MRP1 mediates th®-Aependent transport of a broad array of
exogenous and endogenousyanic anions, including theysteiryl leukotriene C4 (LTC4), an eicosanoid
derivative that mediates inflammation and izalved in human bronchial asthma (Leslie, Dg&eCole, 2005;

Cole & Deelg, 2006). Thus MRP1 plays important roles in the cellular efflux of physiologically important
signalling molecules as well as participating in the tissue disposition and elimination of drugs and their
conjucated metabolites (Leslie, Degl& Cole, 2005; Cole & Deele 2006). A substantial number of iniilual

amino acids in different regions of MRP1vhaeen demonstrated to be critical for its substrate specificity and
transport activities, as well as its stable expression in the plasma membrane. While some mutati@n-sensiti
residues are found in the cytoplasmic loops (CLs) of MRP1yrmm@nin, or are closely associated with, the TM
helices of the core region of the transporter that likely forms part of a substrate/inhibitor binding pocket and/or
substrate translocation pathway through the membramrgcuirarly crucial for LTC4 binding and transport are
Lys332 in TM6 (HaimeuyrDeelgy & Cole, 2002; Haimeuet al, 2004; Maencet al, 2009). Current @dence
suggests that TM6-Lys332 is vimlved in the recognition of theg~Glu portion of LTC4 and other
substrates/modulators containing GSH or GSld-tikieties (Maenet al, 2009). These and other data indicate

that MRP1 has at least three substrate binding pockets. In contrast, residlweliim the proper assembly
and/or structural stability of MRP1 ¥ thus far been found in the CLs that mediate the coupling of TRage

actiity at the NBDs to the substrate translocation through the MSDs. Thus non-edmeexwbstitutions of

several ionizable amino acids in CL7 in MSD1 (Conseil, DgefeCole, 2006) and CL5 in MSD1 (Iram &

Cole, 2010) profoundly diminish thevids of MRP1 at the plasma membrane of mammalian cellsy Nian

not all) of these residues are predicted by homology models of MRP1 to be located in an environment where
they could form bonding interactions with residues in the opposing NBER. propose that these and other
interdomain interactions are critical to the proper assembly and trafficking of MRP1 to the plasma membrane of
mammalian cells.
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Drug translocation by P-glycoprotein: how do topographical changesin transmembrane helices
assist?

R. Callaghan R.M. McMahort, E. Crowlg/,! M. O’'Mara? and 1.D. Kerr? INuffield Department of Clinical
Laboratory Sciences, John Radcliffe Hospital, University of Oxford, Oxford, OX3mitéd Kingdom,
2Molecular Dynamics Group, School of Chemistry and Molecular Biosciences, University of Queensland,
Brisbane QLD 4072, Australia andCente for Biochemistry and Cell Biolog$chool of Biomedical Sciences,
University of Nottingham, QueenMedical Cente, Nottingham, NG7 2UH, United Kingdom.

Background:Resistance to chemotheyaig a major causatie factor in the frustratingly poor success rate
of chemotherapeutic management in caritiee resistant phenotype is multifactoriatatving both cellular and
tissue architecturalattors. One of the most pabent, and dective, resistance pathwaysvolves drug dfux
pumps from the AP-Binding Cassette (ABC) superfamily of transport proteins. The efflux proteins confer
resistance by ensuring that cancer cells accumulatdiaisnf concentrations of anti-cancer drugs and thereby
evale their gtotoxic actions. P-glycoprotein (a.k.a P-gp or ABCB1) is an archetypal ABC drug efflux pump and
is known to confer resistance in a variety of cancer types including colen, lreast and a host of
haematological disorders. P-gp is known to bind and transpert200 pharmacological agents; hence it is
referred to as a multi-drug transportdihis property remains a biological enigma and remains poorly
understood. P-gp comprises four domains) imtramembranous (TMD) and éwcytoplasmic (NBD). The
TMDs are known to bind drug substrates and provide the translocation pore whilst the yBdgsie ATP to
power the actie ransport. The TMD and NBDs are linked during translocation to ensure that drug binding and
ATP hydrolytic events are efficiently coupled.

Objective: The process of coupling remains undefined, although ttansmembrane helices (TM6 &
TM12) appear to be intimatelyvalved. As part of an ongoingvestigation we aim to provide molecular
details on the coupling process and theolwement of these tw TM helices. The present vestigation
describes the role of TM12 in mediating coupling and the conformational changes it undergoes during the
translocation process.

Strategy: The investigative drategy involves the mutagenesis based insertion of cysteine residues into
various positions along TM12 using the fully functional cysteine-less isoform of P-gp as a template. The single
cysteine mutant isoforms weremressed in insect cells with a recombinant baculovirus and purified using
affinity chromatograpy The purified, reconstituted mutant isoforms were assessed for function to ascertain the
functional irvolvement of the targeted residue positions. In the second phaseestigation, the introduced
cysteine residues were measured for their accessibility idectt modification by a variety of thiol-reaoti
probes. Using probes with varying biophysical properties, differential labelliogldwreseal the local
ervironment at each position. Finallthe isoforms were “trapped” in different conformations to assess the
changes in local environment and therelweakthe topographalterations during the translocation process.

Results:This cytosolic region undergoes a shift fromyaliophilic to hydrophobic environment during
ATP hydrolysis. Owerall the carboxy-proximal region of TM12 appears more resgorisi changes in the
catalytic state of the protein compared to its amino-proximgibme Thus, the carboxy-proximal region is
suggested to be resporssito nucleotide binding andylrolysis at the NBDs and therefore directlydlved in
inter-domain communication. These data can be reconciled with an atomic scale model of human ABCB1.

Conclusion:Taken together these results indicate that TM12 playsey kole in the progression of the
ATP hydrolytic cycle in ABCBL1, in particular coordinating conformational changes between the NBDs and
TMDs.
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The malaria parasite’s chloroquine resistance transporter: a multidrug resistance carrier?
R.E. Martin}2R.L. Summer5M. Nasht R.\ Marchetti,! T.J. Dolstral and K. Kirk! 'Reseach Shool of
Biology, The Australian National Universitfanberra, ACT 0200, Australia arf&chool of BotanyThe
University of MelbourngParkville, VIC 3010, Australia.

Malaria remains a major infectious disease in yngarts of the world; an &fctive vaccine is not yet
available and the parasite hassdeped resistance to most of the antimalarial drugs currently in use. When it
was introduced in the 1940s, thefatability, low toxicity, and efectiveness of chloroquine (CQ) caused a
revolution in the control of the disease. Around 15 years,lamveve, chloroquine-resistant (CQR) parasites
had emerged and by the 1990s resistant strains weragntein most rgions where malaria is endemi€QR
parasites accumulate much less CQ than do their CQ-8er€iQS) counterparts and it is this marked decrease
in drug accumulation that underlies the phenomenon of CQ resistance. CQ resistance has heed attrib
primarily to mutations in the chloroquine resistance transporter (PfCRT), grainteembrane protein localised
to the parasitg’ internal digestie vacuole (belieed to be he site of CQ action) and a member of the
Drug/Metabolite Transporter (DMT) Supanfily. Furthermore, mutations in this protein also modulate the
parasites susceptibility to a number of other clinically important druddowever, the mechanism by which
mutant PfCR confers reduced drug accumulation within the digestacuole, and hence resistance, has been
unclear.

We haveexpressed PfCRin Xenopusogytes, achieving a robust heterologous system for the functional
characterization of this proteirAchieving expression was not straightforward; the coding sequence was codon-
harmonised to facilitate correct folding of the protein and a number ofyeutaificking motifs were remeaed
to prevent its retention at internal membranes. Without these changesTR¥@Rnot expressed at significant
levels in the oocyte plasma membrandsing this system, we undertook direct measurementSHICQ
transportvia PfCRT and provided a clear demonstration that the resistance-conferring form ofT PfCR
(PFCRTCQR) has the ability to transport CQ out of the digestiacuole whereas the sengitiform of the protein
(PfCRTC®S) does not (Martiret al, 2009). We dso showed that the transport of @@ PICRTC®R s inhibited
by verapamil, a drug long-recognised for its ability teerse CQ-resistande vitro. Moreover, CQ uptake was
inhibited by a number of quinoline antimalarials (including quinine and amodiaquine) as well asuinal anti
agent amantadine (which exhibits some antimalarialifictin vitro, particularly against CQR parasitespy
contrast, piperaquine and artemisinin (both clinicalfeaive aganst CQS and CQR strains) were without
effect. A focus of our recent @rk has been on determining whether verapamil, quinine, or amodiaquine are
also transportedia mutant forms of PfCR

There has been some conjecture as to whetherTPBERaves as a bannel or a carriere(g. Sanchezt
al., 2007). We found that the transport of C@a PfCRTCQR is saturated by i@ (clinically relevant)
concentrations of the drug (the apparep(®Q) was 2431M; Martin et al, 2009). T place this in conte,
the addition of 100 nM CQ to theteacellular solution is estimated to result in a CQ concentration of around 2
mM in the digestie vacuole of CQS parasites and 200 to f®0in the digestre vacuole of CQR parasites -
due to the accumulation of the druig 'weak-base trapping’ in this acidic compartme#t.characteristic of
saturable transport is the ability of unlabelled substratéstimhibit the uptak o a radiolabelled substrataie
observedcis-inhibition of [PH]JCQ transport by unlabelled CQ in otes expressing PfARCR and likewise
found that the inhibition of PfCFFQR by a number of dieérent compounds, including quinine, verapamil, and
amantadine, was concentration-dependent. Furthermore, weerdwently shown that CQ upt@kn oocytes
expressing PfCRCOR displays another hallmark of carrigrediated transport - a marked dependence on
temperature (Summers & Martin, 2010)aken togethey the saturability and strong temperature-dependence of
CQ transportia PICRTQR dong with the placement of the protein within the DMT superfamily of carrier
proteins, support the wiethat PfCR is a arrier Moreover, the interaction of mutant forms of the protein with
a number of different drugs suggests that PTGian function as a multidrug resistance carrifne finding that
PfCRTCQR behares & a @rrier has significant implications for the treatment of CQR parasites with CQ or CQ-
like drugs. In particular we relate this to theample of Guinea-Bissau, where high doses of CQ are routinely
used to cure CQR malaria (Ursiagal, 2007).
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Antimicrobial resistancein staphylococci: Molecular architecture of a multidrug binding site
M.H. Brown, School of Biological Sciences, Flirslehniversity Bedfod Park, SA 5042, Australia.

A significant mechanism of bacterial resistance is they@etport of antimicrobials from cells by broad
specificity multidrug efflux systems. Theport of antiseptics and disinfectants in staphylococci, mediated by
the plasmid-encoded determinagdcA is an eample of such a multidrug efflux system (Brown & Skurray
2001). QacA is a 514-amino acid membrane protein, containing 14 transmembrane segments (TMS), and is ¢
member of the Major Facilitator Supanfily (MFS) of transport proteins. QacA confers resistance to more than
30 different monealent and bialent cationic, lipophilic antimicrobial compounds from 12 different chemical
families via a proton motve force-dependent efflux mechanismrafisport and competition studiesvla
indicated that QacA interacts with maaient and bralent compounds at wvdistinct substrate-binding sites
(Mitchell et al, 1999). Mutagenesis of the aspartic acid residue at position 323 in TMS 10 of the QacA protein
has been shown to radically alter the substrate specificity of the trans@gstiine-scanning mutagenesis of
35 residues within and surrounding TMS 10 delineated the extents of the TMS and identified residues within the
substrate-binding site; TMS 10 appears to play amgiateole in the formation of the substrate-binding site of
QacA (Xuet al, 2006). Interestinglythe location of ky regdively-chaiged residues in QacA has an influence
on the subset of élent cations recognised (Hassral, 2007).

To date there is no high resolution structure of a 14-TMS transport proteimevelp snce QacA
possesses a number of amino acid sequence motifs cedseithin the MFS proteinaimily, is it practical to
extrapolate the knen structures of related 12-TMS transport proteins, such as GIpT and LacY? An akernati
way of abtaining information on the structure of multidrug bindixgarters, in particular their binding paatk,
is to analyse other multidrug-binding proteins that may be more amenable to crystal structure analyges (Grk
et al, 2002). One such protein, the QacR transcriptional represgdively regulates thexpression ofjacA
and is induced by interaction with antimicrobials which are substrates of QacA,; binding of these compounds
conformationally modifies QacR such that it can not bind tajte®d DNA operator sequence (Schumachker
al., 2002). Crystal structures of QacR conxaleg to a rumber of chemically- and structurally-different cationic
compounds ha ded light on the induction mechanism of QacR and also illustrate the versatility of the
substrate-binding domain of this proteinyeaing separate, u linked ligand-binding sites within a single
protein (Schumachest al, 2001; Brookset al, 2007). Recent mutagenic studiesvddocused on the four
glutamic acid residues, identified from these structures, that line and surround the QacR ligand binding pock
(Peterset al, 2008). Biochemical analyses and examination of crystal structuvesdhealed that these acidic
resides do not appear to play a role in ghaneutralisation of cationic substrates but may kehiad in
substrate discrimination throughfexdting the positioning of the drugs within the binding pocket. This only
senes to provide further evidence of the promiscuous nature of the bindingtpoicknultidrug binding
proteins.
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