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‘Imagination is more important than knowledge’ 
-Albert Einstein 
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Summary	  

Pdr5	   is	   an	   ATP	   binding	   cassette	   (ABC)	   transporter	   from	  Saccharomyces	   cerevisiae	  

involved	   in	   the	   phenomena	   of	   pleiotropic	   drug	   resistance	   (PDR).	   Its	   primary	  

function	   is	   to	   protect	   the	   yeast	   cell	   by	   pumping	   out	   toxic	   compounds	   to	   the	  

extracellular	  surface.	  To	  carry	  out	  its	  function	  Pdr5	  utilizes	  ATP	  as	  an	  energy	  source,	  

which	   is	   bound	   and	   hydrolyzed	   intracellularly	   by	   the	   nucleotide	   binding	   domains	  

(NBDs).	  Full	  size	  ABC	  transporters	  such	  as	  Pdr5	  possess	  two	  such	  domains	  that	  are	  

capable	  of	  binding	  two	  ATP	  molecules.	  Unlike	  most	  human	  ABC	  transporters	  Pdr5	  

possesses	  one	  degenerate	  nucleotide	  binding	  site	  (NBS)	  and	  one	  canonical	  binding	  

site.	   This	   feature	   renders	   Pdr5	   and	   other	   yeast	   ABC	   transporters	   unable	   to	  

hydrolyze	   ATP	   at	   the	   degenerate	   site.	   To	   understand	   the	   relevance	   of	   this	  

degeneracy	   we	   mutated	   the	   non-‐consensus	   amino	   acid	   residues	   with	   their	  

consensus	   counterparts	   and	   studied	   the	   impact	   on	  cell	   survival	   when	   challenged	  

with	   toxic	   compounds	   and	   in	   vitro	   activity	   of	   Pdr5.	  Our	   findings	   suggest	   that	  

artificially	   introducing	   a	   second	   consensus	   site	   completely	   disrupts	   Pdr5	   function,	  

which	  is	  displayed	  by	  increased	  drug	  sensitivity,	  drastically	  reduced	  ATPase	  activity	  

and	   no	   substrate	   transport.	   This	   supports	   our	   hypothesis	   that	   yeast	   ABC	  

transporters	   have	   evolved	   and	   maintained	   a	   degenerate	   NBS	   that	   function	   as	   a	  

structural	   platform	   for	   ATP	   hydrolysis	   to	   take	   place	   at	   the	   consensus	   site.	   This	  

would	  also	  explain	  the	  high	  level	  basal	  ATPase	  activity,	  which	  keeps	  Pdr5	  active	  at	  

all	  the	  times	  to	  pump	  out	  substrate	  immediately	  upon	  encountering	  it.	  	  

	  

Second	   part	   of	   the	   work	   deals	   with	   determining	   stoichiometry	   of	   rhodamine	   6g	  

transport	   mediated	   by	   Pdr5	   in	   crude	   membrane	   vesicle	   preparations.	   Coupling	   of	  

ATP	   hydrolysis	   to	   substrate	   transport	   is	   an	   essential	  feature	   of	   ABC	   transporter	  

function.	  Most	  human	  ABC	  transporters	  have	  a	  strict	  coupling	  and	  display	  substrate	  

stimulated	  ATPase	  activity.	  Pdr5	  on	  the	  other	  hand	  is	  an	  uncoupled	  transporter	  and	  

has	   so	   far	   not	   displayed	   any	   substrate	   stimulation.	   We	   tried	   to	   determine	   the	  

stoichiometry	   of	   transport	   of	   a	   fluorescent	   substrate	   rhodamine	   6g	   by	   measuring	  

the	   amount	   of	   ATP	   hydrolyzed	   while	   transport	   is	   being	   quantitatively	   measured.	  

The	   ratio	   we	   obtained	   was	   0.3	   moles	   of	   substrate	   transported	   per	   mole	   of	   ATP	  

hydrolyzed.	  But	  this	  ratio	  was	  stochastic	  in	  the	  sense	  that	  Pdr5	  being	  an	  uncoupled	  
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transporter	  it	  is	  only	  a	  matter	  of	  chance	  that	  it	  encounters	  a	  substrate	  during	  ATP	  

hydrolysis.	   The	   optimum	   rhodamine	   6g	   concentration	   was	   determined	   to	   be	  

600nM	   beyond	   which	   the	   substrate	   becomes	   inhibitory	   to	   protein	   activity	   and	  

reduces	  the	  stoichiometric	  ratio.	  

	  

The	   third	   and	   last	   part	   of	   the	   work	   was	   focussed	   on	   determining	   alternate	  

mechanisms	  of	  drug	  resistance	  in	  particular	  mutants	  of	  Pdr5.	  It	  was	  observed	  with	  

some	   NBD	  mutants	   of	   Pdr5	   that	   they	   display	   increased	   resistance	   towards	  

rhodamine	   6g	   in	   liquid	   drug	   assays	   when	   compared	   to	   the	   wildtype	   protein.	   But,	  

these	   mutants	   lacked	   functional	   Pdr5	   and	   were	   incapable	   of	   transporting	  

rhodamine	   6g.	   This	   is	   supported	   by	  laser	   scanning	  confocal	   microscopy	  data	  that	  

displays	  accumulation	  of	  the	  fluorescent	  dye	  within	  the	  cells	  of	  these	  mutants,	  who	  

can	  withstand	  twice	  as	  much	  rhodamine	  6g	  as	  compared	  to	  the	  wildtype	  cells.	  To	  

determine	   the	   reason	   for	   this	   behaviour	   we	   subjected	   the	   mutants	   to	   complete	  

proteome	   analysis	   and	   discovered	   that	   in	   the	   presence	   of	   rhodamine	   6g	   the	  

mutants	   have	   significantly	   higher	   up-‐regulation	   of	   glycolytic	   enzymes	   in	   the	  

background	  of	  lack	  of	  mitochondrial	  function.	  These	  results	  are	  supported	  by	  liquid	  

drug	  assays	  with	  varying	  glucose	  concentrations	  where	  the	  mutants	  display	  higher	  

efficiency	   in	   growth	   at	   lower	   (1%)	   and	   higher	   (3-‐4%)	   glucose	   concentrations	   than	  

the	  wildtype	  cells.	  It	  also	  points	  in	  the	  direction	  of	  post-‐translational	  modifications	  

of	  Pdr5	  that	  might	  be	  involved	  in	  its	  interaction	  with	  other	  membrane	  proteins	  and	  

in	  turn	  lead	  to	  glucose	  import	  within	  the	  cells.	  	  

In	  short	  the	  entire	  work	  can	  be	  summarized	  in	  three	  points:	  

1. The	  degenerate	  nucleotide	  binding	  site	  in	  yeast	  ABC	  transporters	  functions	  

as	  a	  structural	  platform.	  

2. The	  stochastic	  stoichiometry	  for	  rhodamine	  6g	  transport	  mediated	  by	  Pdr5	  

in	  membrane	  vesicles	  is	  0.3.	  

3. Specific	  mutants	  of	  Pdr5	  display	  alternate	  mechanisms	  of	  drug	  resistance	  in	  

the	  presence	  of	  rhodamine	  6g.	  
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Zusammenfassung	  

Pdr5	  ist	  ein	  ABC	  (ATP-‐binding	  cassette)	  -‐Transporter	  aus	  Saccharomyces	  cerevisiae,	  

der	   eine	  Schlüsselstellung	   im	   Phänomen	  der	  pleiotropen	   Drogenresistenz	   (PDR)	  

einnimmt.	   Seine	   primäre	   Funktion	   besteht	   darin	   Hefezellen	   durch	   aktive	  

Ausschleusung	  toxischer	   Verbindungen	   zu	   schützen.	   Um	   diese	   lebenswichtige	  

Funktion	   zu	   erfüllen	  nutzt	   Pdr5	   ATP	   als	   Energiequelle,	  das	  durch	   zytosolische	  

Nukleotidbindedomänen	   (NBDs)	  gebunden	   und	  hydrolysiert	  wird.	  ’Full	   size’	  ABC-‐

Transporter	   wie	   Pdr5	   besitzen	   zwei	   dieser	   Domänen,	   die	   jeweils	   ein	   ATP	  Molekül	  

binden	   können.	   Im	   Gegensatz	   zu	  humanen	  ABC-‐Transportern	   besitzt	   Pdr5	   eine	  

sogenannte	  degenerierte	   Nukleotidbindungsstelle	   (NBS)	   und	   eine	   kanonische	  

Bindungsstelle.	  Pdr5	  und	  andere	  ABC-‐Transporter	  der	  Hefe	  sind	  daher	  nicht	  in	  der	  

Lage	   in	   der	   degenerierten	   Bindungsstelle	  ATP	   zu	  hydrolysieren.	  Um	   die	   Relevanz	  

dieser	   Degenerierung	  molekular	   zu	   analysieren,	   wurden	  die	   nicht-‐kanonischen	  

Aminosäuren	   der	   degenerierten	   Bindungsstelle	   zu	   ihren	   konservierten	   Analoga	  

mutiert.	  Anschließend	  wurden	  die	  Auswirkungen	  auf	  die	  Zellviabilität	  in	  Gegenwart	  

toxischer	   Verbindungen	   und	   auf	   die	   in	   vitro	   Aktivität	  von	   Pdr5	   analysiert.	   Dabei	  

zeigte	   sich	   eine	   erhöhte	   Sensitivität	   gegenüber	   Drogen,	   eine	   drastisch	   reduzierte	  

ATPase-‐Aktivität	   und	   ein	  fehlender	   Substrattransport.	  Diese	  Ergebnisse	  belegen,	  

dass	  die	  Einführung	  einer	  zweiten,	  künstlichen	  Konsensussequenz	  die	  Funktion	  von	  

Pdr5	  komplett	  inhibiert.	  Damit	  wird	  die	  Hypothese	  unterstützt,	  dass	  während	  der	  

Evolution	  der	  Hefe	  die	  ABC	  Transporter	  eine	  degenerierte	  NBS	  entwickelten,	  die	  als	  

strukturelle	   Plattform	   der	   ATP-‐Hydrolyse	   fungiert.	  Auch	   lässt	   sich	   somit	   die	   hohe	  

basale	   ATPase-‐Aktivität	   erklären,	   denn	   die	   Degeneration	   stellt	   den	   funktionalen	  

Zustand	  von	  Pdr5	  zu	  Jederzeit	  sicher.	  

	  

Der	   zweite	  Teil	   der	   Dissertation	   beschäftigt	   sich	   mit	   der	   Bestimmung	   der	  

Stöchiometrie	  des	  rhodamin	  6g	  Transports	  in	  Pdr5	  Membranvesikeln	  und	  der	  dafür	  

benötigen	   Anzahl	   hydrolysierter	   ATP	   Moleküle.	   Die	   Kopplung	   der	   ATP-‐Hydrolyse	  

mit	   dem	   Substrattransport	   als	   Grundlage	   dieses	   Prozesses	   ist	   ein	   wesentliches	  

Merkmal	   von	   ABC	   Transportern.	   Die	   meisten	   menschlichen	   ABC	   Transporter	  

besitzen	   eine	   strikte,	   energetische	   Kopplung	   und	   zeigen	   Substrat-‐stimulierte	  

ATPase	   Aktivität.	   Pdr5	   hingegen	   ist	   ein	   entkoppelter	   Transporter,	   für	   den	   bisher	  



	   7	  

keine	  Substratstimulation	  gezeigt	  werden	  konnte.	  Für	  das	  fluoreszierende	  Substrat	  

rhodamin	   6g	  wurde	  durch	  Messung	  des	   benötigten	  ATP	  die	   Stöchiometrie	   des	  

Transportes	   quantitativ	  bestimmt,	   dabei	   wurde	   ein	   Verhältnis	   von	   0.3	   mol	  

transportiertem	   Substrat	   pro	   mol	   hydrolysiertem	   ATP	   ermittelt.	   Jedoch	   ist	   dieses	  

Verhältnis	   stochastischer	   Natur	   und	   wird	   durch	   die	   Wahrscheinlichkeit	   bestimmt,	  

ob	   der	   entkoppelte	   Transporter	   Pdr5	   während	   eines	   Hydrolyseszyklus	   auf	   ein	  

Substrat	   trifft.	   Die	   rhodamin	   6g	  Konzentration,	   bei	   der	   eine	   maximale	  

Stöchiometrie	   bestimmt	   wurde,	   beträgt	   600	  nM.	   Eine	   weitere	   Erhöhung	   der	  

Substratkonzentration	  wirkt	  sich	  hemmend	  auf	  die	  Aktivität	  aus	  und	  reduziert	  das	  

stöchiometrische	  Verhältnis.	  

	  

Der	   dritte	   und	   letzte	   Teil	   der	   Arbeit	  widmet	   sich	   der	   Bestimmung	   alternativer	  

Mechanismen	  der	  Drogenresistenz,	  die	  bei	  einzelnen	  Mutanten	  von	  Pdr5	  auftraten.	  

Bei	  Mutanten	  der	  Pdr5	  NBD	  wurde	  eine	  erhöhte	  Resistenz	  gegenüber	  rhodamin	  6g	  

in	   Flüssigkultur-‐Assays	   festgestellt.	   Diesen	   fehlte	   aber	   jegliche	   Funktionalität	   und	  	  

damit	   konnten	   sie	   auch	   nicht	   den	   Transport	   von	   rhodamin	   6g	   katalysieren.	   Dies	  

wird	  durch	  Laser-‐Scan-‐Mikroskop	  Messungen	  unterstützt.	  Um	  die	  Ursachen	  dieses	  

völlig	   unerwarteten	   Verhaltens	   zu	   bestimmen,	   wurden	   Proteomanalysen	   des	  

Wildtyps	   und	   der	   entsprechenden	   Mutante	   durchgeführt.	   In	   Gegenwart	   von	  

rhodamin	   6g	   konnte	   in	   der	   Mutante	   eine	   Erhöhung	   der	   Glykolyse	   und	   eine	  

verringerte	   mitochondriale	   Aktivität	   bestimmt	   werden.	   Diese	   Ergebnisse	   wurden	  

mit	  Untersuchungen	   in	   Gegenwart	  unterschiedlicher	   Glukosekonzentrationen	  

verifiziert.	   Hier	   wies	   die	   Mutante	   ein	   verbessertes	   Wachstums	   bei	   niedriger	   (1%)	  

und	   hoher	   (3-‐4%)	   Glukosekonzentration	   auf.	  Erste	   Ergebnisse	   belegen,	   dass	  

Änderungen	   in	   der	   post-‐translationalen	   Modifikation	   von	  Pdr5	  vorliegen,	   die	   eine	  

Wechselwirkung	  mit	  anderen	  (Membran)proteinen	  induzieren	  könnten.	  

Abschließend	   kann	   diese	   Dissertation	   in	   drei	   essentiellen	   Punkten	  

zusammengefasst	  werden:	  

1.	   Die	   degenerierte	   Nukleotidbindungsstelle	   in	   Hefe	   ABC	   transportern	   stellt	   eine	  

strukturelle	  Plattform	  dar.	  

2.	   Die	   stochastische	   Stöchiometrie	   des	   durch	   Pdr5	   vermittelten	   rhodamin	   6g	  

Transports	  in	  Membranvesikeln	  beträgt	  maximal	  0.3.	  
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3.	   Spezifische	   Mutanten	   von	   Pdr5	   führen	   zu	   alternativen	   Mechanismen	   der	  

Drogenresistenz	  in	  Gegenwart	  von	  rhodamin	  6g.	  
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Introduction	  

Pleiotropic	  drug	  resistance	  in	  yeast	  

Multidrug	   resistance	   has	   proven	   to	   be	   a	   significant	   challenge	   in	  

treatment	   of	   cancer	   by	   imparting	   resistance	   to	   chemotherapy.	   The	  

main	  culprit	  was	  identified	  as	  MDR1	  or	  P-‐gp.	  Since	  the	  identification	  a	  

lot	   of	   effort	   has	   been	   invested	   to	   gain	   insight	   into	   the	   structure	   and	  

function	   of	   P-‐gp	  (1).	   A	   similar	   protein	   CFTR	   (Cystic	   Fibrosis	  

Transmembrane	  Conductance	  Regulator)	   is	   a	   chloride	   channel	   and	  

mutations	  in	  which	  are	  responsible	  for	  the	  disease	  cystic	  fibrosis	  (2).	  In	  

addition	  diseases	  caused	  by	  protozoans	  such	  as	  Plasmodium	  falciparum	  

were	   also	   found	   to	   involve	  multidrug	   resistance	   proteins	   and	   are	  

proving	   to	   be	   roadblocks	   in	   malaria	   treatment	  (3).	   In	   essence	   the	  

multidrug	   proteins	   involved	   in	   clinically	   relevant	   diseases	   are	   ABC	  

transporters.	  

Yeast	   being	   a	   single	   cell	   eukaryote	   shares	   many	   features	   with	  

mammalian	   cells	   and	   has	   proven	   to	   be	   an	   excellent	   model	   organism.	  

Since	   the	   handling	   and	   culturing	   of	   yeast	   is	   comparatively	   easier	   than	  

mammalian	  cells	  it	  has	  proven	  useful	  in	  the	  study	  of	  many	  phenomena	  

at	   a	   molecular	   level.	  Saccharomyces	   cerevisiae	  has	  been	  found	  to	  

possess	  a	  number	  of	  ABC	  transporters	  that	  are	  part	  of	  the	  pleiotropic	  

drug	   resistance	   (PDR)	   network	  (4).	   The	   term	   PDR	   is	   analogous	   to	  

multidrug	   resistance	   observed	   in	   higher	   eukaryotes.	   The	   drug	  

resistance	   observed	   in	   yeast	   can	   broadly	   be	   classified	   into	   three	  

classes:	  

1. ABC	  superfamily,	  consisting	  of	  Pdr5,	  Snq2,	  Yor1	  

2. Major	  facilitator	  superfamily	  (MFS),	  consisting	  of	  Atr1	  and	  Sge1	  
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3. Transcriptional	  regulators,	  including	  Pdr1,	  Pdr3,	  Pdr7,	  Pdr9,	  Yap1	  

and	  Yap2	  

Among	  the	  transcriptional	  regulators	  Pdr1	  and	  its	  paralog	  protein	  Pdr3	  

are	   important	   ones	   and	   are	   part	   of	   the	   GAL4	   family	  of	  yeast	  

transcription	  factors,	  and	  are	  characterized	  by	  a	  zinc-‐binding	  motif	  (5).	  

Pdr1	   and	   Pdr3	   bind	   to	   the	   same	   DNA	   binding	   site	   called	   the	   Pdr	  

response	   element	   (PDRE)	  (6).	   Despite	   their	   significant	   sequence	  

identity	   both	   transcription	   factors	   play	   distinct	   roles.	   Pdr1	   allele	  

mutations	  affect	  the	  transcription	  of	  ABC	  proteins	  more	  than	  Pdr3	  and	  

in	  turn	  lead	  to	  difference	  in	  drug	  sensitivities	  (7).	  Figure	  1	  summarizes	  

the	  downstream	  regulation	  exerted	  by	  Pdr1	  and	  Pdr3	  (6).	  

	  

Figure	   1.	  The	  major	  target	  genes	  of	  Pdr1	  and	  Pdr3.	  Figure	  taken	  from	  

Kolaczkowska	  A	  et	  al.	  (6).	  

	  

The	  most	  notable	  observation	  from	  the	  mutants	  of	  Pdr1	  allele	  (pdr1-‐3)	  

was	  the	  over	  expression	  of	  the	  ABC	  transporter	  Pdr5	  (8).	  	  	  

	  

Pdr5,	  structure	  and	  function	  

Pdr5	   is	  an	  ABC	  transporter	  from	  Saccharomyces	   cerevisiae.	  It	   is	  

functionally	  similar	  to	  Pgp	  and	  has	  been	  studied	  well	  in	  the	  recent	  past.	  

It	  is	  a	  170-‐kDa	  full	  size	  transporter	  and	  is	  part	  of	  the	  PDR	  sub-‐family	  in	  

yeast.	  For	   full	   size	   transporters	   such	   as	   Pdr5	   the	   entire	   protein	   is	  

encoded	   in	   a	   single	   polypeptide	   chain,	   whereas	   for	   half	   size	  
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Abstract This review focuses on the molecular mechanisms
involved in the regulation of multiple drug resistance in the
model yeast Saccharomyces cerevisiaeand the pathogenic fungus
Candida albicans. Recent developments in the study of the
transcription factors Pdr1p, Pdr3p and Yap1p are reported.
Understanding the molecular basis leading to multiple drug
resistance is a prerequisite for the development of new
antifungal therapeutics. © 1999 Harcourt Publishers Ltd

INTRODUCTION

rug resistance is an alarming clinical problem in the
treatment of human cancers and infections of bacte-
rial or fungal origin. The most important resistance

mechanism, ubiquitous from bacteria to man, which leads to
multidrug  resistance  (MDR)  is  the  overexpression  of  mem-
brane-associated transporters that extrude drugs out of the
cell.The best characterized and clinically the most important
MDR transporters are members of the ATP binding cassette
(ABC) superfamily such as the human P-glycoprotein (P-gp)
and  the  MDR  related  proteins  (MRPs). A  common  problem
among immunocompromised patients undergoing long-term
antifungal therapy is overproduction by the pathogenic yeast
Candida  albicans of  ABC  or  MFS  (Major  Facilitators
Superfamily)  transporters  which  leads  to  clinical  resistance
to antifungals used in chemotherapy treatment.
In Saccharomyces cerevisiaetwo networks of genes, PDR

(Pleiotropic Drug Resistance) and YAP (Yeast AP-1 like factor)
are involved in multidrug resistance. Overexpression of yeast
multidrug  extrusion  pumps  results  from  overproduction
genetic alterations (YAP network) and/or spontaneous point
mutations  (PDR  network)  in  regulatory  factors  governing
their expression.

The major determinants of multiple drug resistance in S.
cerevisiaeinvolve  the  transcription  regulator  genes  PDR1
and PDR3 which control the expression of ABC pumps, MFS
transporters  and  other  genes  (summarized  in  Fig. 1).
Spontaneous dominant mutations which activate the master
transcription regulators PDR1or PDR3result in spectacular
multidrug  resistance  phenotypes1,2 which  either  actively
extrude  drugs  out  of  the  cell  or  modify  their  passive  diffu-
sion into the cell by altering the lipid composition of the cell
bilayer.

THE PDR1PAND PDR3PTRANSCRIPTION FACTORS

Pdr1p and its paralog Pdr3p (Table 1) are members of a large
GAL4  family  of  yeast  transcription  factors  characterized  by
Zn
2
Cys

6
DNA-binding motif.3,4Pdr1p and Pdr3p bind to the

same  consensus  sequences5–7termed  PDRE  (Pdr1p/Pdr3p
Response Element), present in varying numbers and combi-
nations  in  the  promoters  of  target  genes  (Fig. 2). Despite
their structural (36% identity, 57% similarity over the entire
amino  acid  sequence)  and  global  functional  similarities,
Pdr1p and Pdr3p play distinct roles. Disruption of PDR1has
a  more  pronounced  effect  on  drug  sensitivity  than  disrup-
tion of PDR3. However, sensitivity to a set of drugs, such as
rhodamine 6G or diazaborine8(Kolaczkowska, personal com-
munication) is more affected by the inactivation of the PDR3
gene.This suggests that Pdr3p and Pdr1p recognize and acti-
vate different subset of genes in vivo what has been recently
confirmed  by  DNA  microarray  analysis  (DeRisi  et  al.,
submitted).

THE DNA-BINDING ELEMENTS OF PDR3PAND PDR1P

Pdr1p and Pdr3p, similarly to all Gal4 family members, pos-
sess  modular  structure  (Fig. 3). They  contain  N-terminally
localized  DNA-binding  domain  with  a  zinc  finger  motif
followed by a short linker region and a coiled-coil dimeriza-
tion element.9The zinc finger domain binds to CGG triplets
spaced with different number of base pairs. Pdr1p and Pdr3p
are  unusual  in  that  respect, because  they  bind  to  everted
repeats with no intervening sequence. Absence of interven-
ing sequences between CGG triplets in the PDRE sites could
have  consequences  on  dimer  formation  and/or  on  the
involvement  of  surrounding  sequences  in  DNA  binding
specificity  and  affinity. It  has  been  demonstrated  that

D

Fig. 1 The major target genes of PDR1 and PDR3. Represented are the genes for which published data report control by Pdr1p or
Pdr3p as well as a few targets identified by recent DNA-microarray analysis (DeRisi et al, submitted).

!1999 Harcourt Publishers Ltd Drug Resistance Updates(1999) 2, 403–414

DOI: 10.1054/drup.1999.0113, available online at http://www.idealibrary.com on
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transporters	  such	  as	  LmrCD,	  TAP	  1,	  TAP	  2	  etc.	  different	  genes	  encode	  

for	   the	   respective	   halves	   of	   the	   protein	  (9,	   10).	  The	   discovery	   that	  

certain	   mutations	   in	   the	   transcription	   factor	   Pdr1	   lead	   to	   constitutive	  

over	   expression	   of	   Pdr5	   opened	   new	   doors	   to	   the	   study	   of	   these	  

intriguing	  proteins	  more	  closely	  (5).	  Pdr5	  being	  an	  ABC	  transporter	  has	  

two	   cytoplasmically	   located	   nucleotide	   binding	   domains	   (NBDs)	   and	  

two	  trans-‐membrane	  domains	  (TMDs).	  So	  far	  the	  physiological	  

substrate	  for	  Pdr5	  has	  not	  been	  found,	  although	  it	  has	  been	  predicted	  

to	   play	   a	   role	   in	   phospholipid	   transfer	   from	   the	   inner	   to	   the	   outer	  

leaflet	  of	  the	  plasma	  membrane	  (11).	  Apart	  from	  this	  the	  spectrum	  of	  

compounds	  Pdr5	  can	  transport	  is	  very	  wide	  and	  includes	  hydrophobic	  

substances,	  detergents	  and	  dyes	  among	  others	  (12,	  13).	  Pdr5,	  Snq2	  and	  

Yor1	   are	   part	   of	   the	   response	   proteins	   that	   swing	   into	   action	   when	  

challenged	  with	  xenotoxic	  compounds	  and	  also	  have	  substrate	  overlap.	  

They	  have	  also	  shown	  to	  undergo	  compensatory	  activation	  in	  case	  one	  

of	  these	  proteins	  is	  missing	  (14).	  The	  energy	  source	  for	  the	  activity	  of	  

Pdr5	   is	   mainly	   ATP	   although	   other	   nucleotides	   may	   be	  used	   but	   with	  

less	   efficiency	  (15).	   Figure	   2	   shows	   the	   basic	   architecture	   of	   a	   Pdr5	  

molecule	  in	  the	  membrane.	  ABC	  transporters	  in	  general	  are	  presumed	  

to	  have	  similar	  architectures.	  ATP	  binding	  and	  hydrolysis	  takes	  place	  at	  

the	  cytoplasmically	  located	  NBDs,	  which	  are	  two	  in	  number,	  while	  the	  

substrate	   binding	   pocket	   lies	   in	   the	   TMDs.	   Two	   nucleotides	   are	  

sandwiched	  in	  between	  the	  two	  NBDs.	  Several	  consensus	  residues	  are	  

involved	  in	  this	  binding	  to	  the	  nucleotides	  as	  enlisted	  in	  Table	  1.	  Walker	  

A,	  Walker	  B,	  H	  loop	  of	  one	  NBD	  and	  the	  C	  loop	  from	  the	  other	  NBD	  are	  

always	  involved	  in	  binding	  to	  one	  nucleotide	  (16).	  	  
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	   Walker	  A	   Q	  loop	  C	  loop	  Walker	  B	  D	  loop	  H	  loop	  

Consensus	   GXXGXGKST	   XQX	   LSGGQ	   hhhhDE	   SALD	   H	  

NBD1	   GRPGSGCTT	   AEA	   VSGGE	  FQCWDN	   RGLD	   Y	  

NBD2	   GASGAGKTT	   QQQ	   LNVEQ	   LVFLDE	   SGLD	   H	  

	  

Table	  1.	  Residues	  involved	  in	  ATP	  binding	  and	  hydrolysis	  of	  Pdr5.	  X-‐	  any	  

amino	   acid,	   h-‐	  any	   hydrophobic	   amino	   acid.	  Residues	   in	   red	   deviate	  

from	  the	  consensus	  sequence.	  	  	  

	  

Figure	  2.	  Structural	  model	  of	  the	  

yeast	   ABC	   transporter	   Pdr5.	  (A)	  

Predicted	  topology	  of	  Pdr5.	  Pdr5	  

is	   predicted	   to	   have	   12	   TMHs	  

and	   2	   NBDs,	   organized	   in	  

reverse	  order.	  The	  two	  NBDs	  are	  

shown	   as	   blue	   and	   red	   ovals,	  

respectively.	   Helices	   in	   TMD1	  

(519–795)	  are	  in	  cyan	  and	  those	  

in	   TMD2	   in	   magenta.	  

Extracellular	   loops	   (ECLs),	  

intracellular	   loops	   (ICLs),	   linkers	  

(L1–L3),	  and	  the	  amino	  terminal	  

extension	   (NTE)	   are	   indicated.	  

(B)	   Stereoscopic	   view	   of	   the	  

Pdr5	   model	   based	   on	  the	  

Sav1866	   and	   hemolysin	   B	  
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templates.	   The	   two	   modeled	   TMDs,	   colored	   magenta	   and	   cyan,	   are	  

embedded	   in	   a	   membrane	   bilayer,	   which	   is	   indicated	   by	   the	   two	  

horizontal	   lines.	   Underneath	   the	   TMDs	   are	   the	   NBDs	   (NBD1	   in	   blue,	  

NBD2	  in	  red).	  The	  NBDs	  are	  surrounded	  by	  connecting	  loops	  L1–L3	  in	  

yellow	   and	   orange.	   The	   amino	   terminal	   extension	   (NTE)	   is	   located	  

below	  the	  NBDs	  (black)	  and	  the	  extracellular	  loops	  (ECL3	  and	  ECL6)	  sit	  

above	   the	   TMDs	   (yellow).	   (C)	   Stereoscopic	   view	   of	   the	   Pdr5	  model	  

based	  on	  the	  P-‐gp	  template.	  The	  colors	  are	  the	  same	  as	  above.	  Figure	  

taken	  from	  Rutledge	  et	  al.	  (17).	  

	  

Mechanism	  of	  action	  of	  ABC	  transporters	  

ABC	   transporters	   couple	   ATP	   hydrolysis	   to	   substrate	   transport.	   A	  

number	  of	  studies	  carried	  out	  with	  regards	  to	  this	  coupling	  propose	  a	  

generally	   accepted	   mode	   of	   action	  (18-‐21).	   The	   resting	   state	   of	   the	  

protein	  is	  the	  inward	  facing	  conformation;	  binding	  of	  substrate	  to	  the	  

substrate	  binding	  pocket	  is	  followed	  by	  two	  nucleotides	  binding	  to	  the	  

NBDs.	   This	   leads	   to	   closure	   of	   the	   NBD	   dimer.	   Hydrolysis	   of	   one	  

nucleotide	   is	   the	   power	   stroke	   that	   changes	   the	   protein	   from	   inward	  

facing	   to	   an	   outward	   facing	   conformation	   and	   leads	   to	   the	   substrate	  

being	   released	   in	   the	   extracellular	   space.	   The	   second	   nucleotide	  

hydrolysis	   is	   the	   step	   proposed	   to	   set	   the	   protein	   back	   to	   its	   resting	  

state.	  Nucleotide	  binding	  and	  hydrolysis	  are	  the	  key	  steps	  in	  this	  entire	  

process.	   A	   number	   of	   residues	   in	   the	   NBDs	   are	   key	   to	   achieving	   this	  

goal	  and	  are	  summarized	  in	  Table	  2:	  

	   Consensus	  sequence	  Function	  

Walker	  A	   GXXGXGKST	   Key	   residue	   Lysine	   :	  

binds	  ATP.	  
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C	  loop	   LSGGQ	   Key	  residues	  SGG	  :	  bind	  

ATP.	  

Walker	  B	   hhhhDE	   Key	  residue	  Glutamate	  :	  

forms	   catalytic	   dyad	  

with	  Histidine	  of	  H	  loop.	  

H	  loop	   H	   Important	   for	   ATP	  

hydrolysis.	  

Q	  loop	   XQX	   Communication	  

between	   NBDs	   and	  

TMDs.	  

D	  loop	   SGLD	   Communication	  

between	  the	  two	  NBS.	  

X	  loop	   	   Control	   access	   to	   the	  

substrate-‐binding	  

pocket.	  

	  	  

Table	  2.	  Summary	  of	  key	  residues	  of	  ABC	  transporters	  and	  their	  roles.	  

X-‐	  any	  amino	  acid,	  h-‐	  any	  hydrophobic	  amino	  acid.	  	  

	  

In	  terms	  of	  ABC	  transporters	  having	  all	  the	  consensus	  residues	  in	  place	  

it	   is	   presumed	   that	   at	   least	   one	   nucleotide	   is	   hydrolyzed,	   which	  

switches	  the	  protein	  from	  the	  inward	  to	  outward	  facing	  conformation.	  

While	  the	  second	  nucleotide	  might	  be	  necessary	  to	  reset	  the	  protein	  to	  

its	   resting	   state	   facing	   the	   inward	   conformation	  (22).	   Whether	   the	  

second	  nucleotide	  is	  hydrolyzed	  or	  not	  is	  debatable.	  	  
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Figure	   3.	  NBD	   monomer	   and	   dimer	   showing	   the	   major	   conserved	  

motifs	   and	   residues.	   (A)	   NBD	   monomer	   in	   ribbon	   representation	   with	  

ATP	   in	   stick	   format.	   The	   core	   sub-‐domain	   (CSD)	   is	   coloured	   grey	   and	  

the	   helical	  subdomain	  (HSD)	  is	  green.	  The	  Walker	  A	  (P	  loop)	   motif	   is	  

coloured	  magenta.	  The	  catalytic	  glutamate	  (in	  stick)	  is	  depicted	  at	  the	  

start	  of	  the	  D	  loop	  (red)	  followed	  immediately	  by	  the	  D	  helix	  (orange).	  

The	  Q	  loop	  is	  in	  yellow	  with	  the	  glutamine	  side	  chain	  in	  stick	  form.	  The	  

H	  loop	  (histidine	  side	  chain	  in	  stick)	  is	  in	  dark	  blue;	  and	  the	  Pro	  loop	  is	  

in	   light	   blue	   at	   the	   bottom	   of	   the	  figure	   connecting	   the	   two	  

subdomains	   and	   leading	   into	   the	   signature	   sequence	   (vertical	   green	  

helix	   and	   loop	   adjacent	   to	   the	   orange	   D	  helix).	   The	   C-‐terminus	   is	  

coloured	  cyan.	  The	  short	  orange	  helix	  and	  loop	  in	  the	  centre	  of	  the	  HSD	  

is	  the	  X	  loop.	  (B)	  The	  NBD	  dimer	  with	  the	  ATPs	  ‘‘sandwiched’	  between	  

the	   two	   protomers,	   with	   the	   ATP	   depicted	   on	   the	   left	   residing	   within	  

the	   catalytic	  site	  of	  the	  lower	   monomer	  of	  the	  pair;	  and	  

correspondingly	  for	  the	  right-‐side	  ATP	  in	  the	  catalytic	  site	  of	  the	  upper	  

monomer.	  The	  colour	  coding	  is	  identical	  to	  that	  of	  Fig.	  3A,	  with	  the	  CSD	  

gray,	  HSD	  green,	  D	  loop	  red,	  D	  helix	  orange,	  H	  loop	  blue,	  P	  loop	  purple,	  
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Q	  loop	  yellow,	  C-‐terminal	  helix	  cyan.	  ATP	  and	  residues	  Q422,	  E503,	  and	  

H534	  are	  in	  stick	  form,	  with	  carbon	  yellow,	  nitrogen	  blue,	  and	  oxygen	  

red.	  Figure	  taken	  from	  George	  et	  al.	  (23).	  	  

	  

Basically	  two	  models	  of	  ATP	  hydrolysis	  have	  been	  proposed.	  	  

1. Switch	  model	  where	  it	  is	  proposed	  that	  the	  two	  NBDs	  dissociate	  

completely	  after	  hydrolysis	  of	  the	  two	  nucleotides,	  and	  	  

2. Constant	  contact	  model	  where	  it	  is	  presumed	  that	  the	  NBDs	  are	  

in	   constant	   contact	   with	   each	   other	   at	   all	   times	   during	   ATP	  

hydrolysis,	   which	   takes	   place	   at	   one	   site	   at	   a	   time.	   The	   two	  

models	  are	  diagrammatically	  shown	  in	  Figure	  4.	  

	  

	  	  	  	  	  	   	  

	  	   	   	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  

Switch Model, which is representative of the three and has been

exposited in most detail, is discussed below.

The revised and updated ATP Switch Model (Linton and Higgins,

2007) is based on biochemical and structural studies of several ABC

transporters. Unambiguous evidence that binding of substrate

initiates the transport cycle comes from studies of mutants of the

bacterial histidine and maltose permeases (Davidson et al., 1992;

Petronilli and Ames, 1991). In these mutants, the requirement for

substrate bound to their respective periplasmic binding protein is

lost and ATP is hydrolysed continuously in a futile cycle, indicating

that cross-membrane signaling between the liganded periplasmic

receptor and the cytosolic NBDs initiates the conformational

changes that trigger ATP hydrolysis and substrate translocation.

Thus, in essence, the Switch Model infers that transport is a multi-

faceted and bidirectional process of conformational and commu-

nication changes between the NBDs and TMDs. The‘driver’for

transport is an oneoff‘switch’between two deployments of the

NBDs; namely, a closed dimer with two ATP molecules‘sand-

wiched’at the dimer interface, and a dissociated open dimer that

results from sequential ATP hydrolysis and the release of ADP/Pi.

The NBDs are now separated across a gap of 20e30 Å. The switch

from closed to open induces corresponding changes in the TMDs

that facilitate substrate translocation, and the reverse (open to

closed) resets the transporter for the next cycle. The direction of

substrate movement is aligned with the corresponding NBD tran-

sition status of‘open/closed’for export with outward facing TMDs,

or‘closed/open’for import with inward facing TMDs, which accords

with the alternating access model (Jardetzky, 1966), more or less in

a clothes-peg like fashion. A schematic of the Switch Model for ABC

exporters is depicted inFig. 5A.

Evidence that has both spawned and supported the Switch

Model stems from biochemical studies and crystallographic

‘snapshots’of inward-facing (‘teepee’) ABC structures. The chief

biochemical studies were those proposing that sequential ATP

hydrolysis in the closed NBD dimer and release of products

generates electrostatic and conformational changes that drive the

monomers apart (Moody et al., 2002;Moody and Thomas, 2005;

Smith et al., 2002). One of these studies extended this idea further

by suggesting that occupancy of the NBD catalytic sites by anything

otherthan ATP (viz. ADP or non-hydrolyzable ATP analogues)

weakens electrostatic interactions that are critical for the NBD

association reaction (Moody et al., 2002). In contrast to this ATP

electrostatic‘glue’argument are several nucleotide-free ABC

structures with the NBDs in the closed configuration; and Sav1866

Fig. 4.Geometry of the pre-hydrolytic catalytic site in an ATP-binding cassette, in

which the nucleophilic water is positioned for an in-line attack on the ATPg-phos-
phate. This representation of the hydrolysis-competent active site was captured in

a molecular dynamics simulation in which conformers of the water were observed in

the ATP-bound catalytic site (Jones and George, 2012). The LSGGQ signature and D-

loop motifs from monomer‘B’are depicted in cyan projecting from the top into the

catalytic site. Relevant conserved residues are indicated by their primary sequence

numbers in Sav1866. Oxygen atoms are red, phosphorus green, nitrogen blue, water

hydrogens light grey, and magnesium as a grey sphere. Carbon atoms of monomer‘A’

are yellow, and of monomer‘B’cyan. Hydrogen bonds are depicted as dotted red lines.

[Reproduced with permission; fromJones and George (2012)].

Fig. 5.Models for the catalytic cycle of ATP binding and hydrolysis in the ABC trans-

porter NBD dimer. (A) Switch Model: Step I is the resting state in which the ATP-

binding cassette monomers are separated and nucleotide-free. Progression from Step

I to Step II allows the monomers to become loaded processively with ATP, triggering

the closure of the interface to form the sandwich dimer (Step III). Steps IV, V, and VI

depict processive hydrolysis of ATP in each site followed by sequential release of Pi and

ADP, returning the dimer to the nucleotide-free open state during Step VII, completing

the cycle. (B) Constant Contact Model: For each catalytic site there are two distinct

substates, either occluded (closed) or open (allowing nucleotide exchange); or in the

case of the empty site, high or low affinity for nucleotide. The two active sites function

180 out of phase with respect to this cycle and ATP hydrolysis alternates between the

opposite sites. The NBDs remain in contact throughout the cycle, with opening and

closing of the sites occurring by way of intrasubunit conformational changes within

the NBD monomers. In Step I, the ATP-bound active site is closed and the opposite site

is empty and ATP hydrolysis occurs. In Step II, with hydrolysis products still bound in

the occluded active site, the empty, low-affinity site switches to high affinity, enabling

ATP binding. In Step III, ATP binding to the empty site and Pi release from the occluded

post-hydrolysis site promotes opening of the ADP-bound site, release of ADP and

occlusion of the ATP-bound site. Step IV represents the 180 out of phase stageethe

opposite of Step Ieand cycling across Steps I, II, and III is repeated in the opposite

active site during Steps IV, V, and VI, with ADP release in Step VI completing the cycle.

In summary, each active site cycles in the sequence: ATP-open, ATP-occluded,

ADP(þPi)-occluded, ADP-open, empty-low affinity, empty-high affinity.

A.M. George, P.M. Jones / Progress in Biophysics and Molecular Biology 109 (2012) 95e107100
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Figure	  4.	  Models	  for	  the	  catalytic	  cycle	  of	  ATP	  binding	  and	  hydrolysis	  in	  

the	  ABC	  transporter	  NBD	  dimer.	  (A)	  Switch	  Model:	  Step	  I	  is	  the	  resting	  

state	   in	   which	   the	   ATP-‐binding	  cassette	  monomers	  are	  separated	  and	  

nucleotide-‐free.	   Progression	   from	   Step	   I	   to	   Step	   II	   allows	   the	  

monomers	   to	   become	   loaded	   processively	   with	   ATP,	   triggering	   the	  

closure	  of	  the	  interface	  to	  form	  the	  sandwich	  dimer	  (Step	  III).	  Steps	  IV,	  

V,	   and	   VI	   depict	   processive	   hydrolysis	   of	   ATP	   in	   each	   site	   followed	   by	  

sequential	   release	   of	   Pi	   and	   ADP,	   returning	   the	   dimer	   to	   the	  

nucleotide-‐free	   open	   state	   during	   Step	   VII,	   completing	   the	   cycle.	   (B)	  

Constant	  Contact	  Model:	  For	  each	  catalytic	  site	  there	  are	  two	  distinct	  

substates,	   either	   occluded	   (closed)	   or	   open	   (allowing	   nucleotide	  

exchange);	   or	   in	   the	   case	   of	   the	   empty	   site,	   high	   or	   low	   affinity	   for	  

nucleotide.	  The	  two	  active	  sites	  function	  180o	  out	  of	  phase	  with	  respect	  

to	  this	  cycle	  and	  ATP	  hydrolysis	  alternates	  between	  the	  opposite	  sites.	  

The	   NBDs	   remain	   in	   contact	   throughout	   the	   cycle,	   with	   opening	   and	  

Switch Model, which is representative of the three and has been

exposited in most detail, is discussed below.

The revised and updated ATP Switch Model (Linton and Higgins,

2007) is based on biochemical and structural studies of several ABC

transporters. Unambiguous evidence that binding of substrate

initiates the transport cycle comes from studies of mutants of the

bacterial histidine and maltose permeases (Davidson et al., 1992;

Petronilli and Ames, 1991). In these mutants, the requirement for

substrate bound to their respective periplasmic binding protein is

lost and ATP is hydrolysed continuously in a futile cycle, indicating

that cross-membrane signaling between the liganded periplasmic

receptor and the cytosolic NBDs initiates the conformational

changes that trigger ATP hydrolysis and substrate translocation.

Thus, in essence, the Switch Model infers that transport is a multi-

faceted and bidirectional process of conformational and commu-

nication changes between the NBDs and TMDs. The‘driver’for

transport is an oneoff‘switch’between two deployments of the

NBDs; namely, a closed dimer with two ATP molecules‘sand-

wiched’at the dimer interface, and a dissociated open dimer that

results from sequential ATP hydrolysis and the release of ADP/Pi.

The NBDs are now separated across a gap of 20e30 Å. The switch

from closed to open induces corresponding changes in the TMDs

that facilitate substrate translocation, and the reverse (open to

closed) resets the transporter for the next cycle. The direction of

substrate movement is aligned with the corresponding NBD tran-

sition status of‘open/closed’for export with outward facing TMDs,

or‘closed/open’for import with inward facing TMDs, which accords

with the alternating access model (Jardetzky, 1966), more or less in

a clothes-peg like fashion. A schematic of the Switch Model for ABC

exporters is depicted inFig. 5A.

Evidence that has both spawned and supported the Switch

Model stems from biochemical studies and crystallographic

‘snapshots’of inward-facing (‘teepee’) ABC structures. The chief

biochemical studies were those proposing that sequential ATP

hydrolysis in the closed NBD dimer and release of products

generates electrostatic and conformational changes that drive the

monomers apart (Moody et al., 2002;Moody and Thomas, 2005;

Smith et al., 2002). One of these studies extended this idea further

by suggesting that occupancy of the NBD catalytic sites by anything

otherthan ATP (viz. ADP or non-hydrolyzable ATP analogues)

weakens electrostatic interactions that are critical for the NBD

association reaction (Moody et al., 2002). In contrast to this ATP

electrostatic‘glue’argument are several nucleotide-free ABC

structures with the NBDs in the closed configuration; and Sav1866

Fig. 4.Geometry of the pre-hydrolytic catalytic site in an ATP-binding cassette, in

which the nucleophilic water is positioned for an in-line attack on the ATPg-phos-
phate. This representation of the hydrolysis-competent active site was captured in

a molecular dynamics simulation in which conformers of the water were observed in

the ATP-bound catalytic site (Jones and George, 2012). The LSGGQ signature and D-

loop motifs from monomer‘B’are depicted in cyan projecting from the top into the

catalytic site. Relevant conserved residues are indicated by their primary sequence

numbers in Sav1866. Oxygen atoms are red, phosphorus green, nitrogen blue, water

hydrogens light grey, and magnesium as a grey sphere. Carbon atoms of monomer‘A’

are yellow, and of monomer‘B’cyan. Hydrogen bonds are depicted as dotted red lines.

[Reproduced with permission; fromJones and George (2012)].

Fig. 5.Models for the catalytic cycle of ATP binding and hydrolysis in the ABC trans-

porter NBD dimer. (A) Switch Model: Step I is the resting state in which the ATP-

binding cassette monomers are separated and nucleotide-free. Progression from Step

I to Step II allows the monomers to become loaded processively with ATP, triggering

the closure of the interface to form the sandwich dimer (Step III). Steps IV, V, and VI

depict processive hydrolysis of ATP in each site followed by sequential release of Pi and

ADP, returning the dimer to the nucleotide-free open state during Step VII, completing

the cycle. (B) Constant Contact Model: For each catalytic site there are two distinct

substates, either occluded (closed) or open (allowing nucleotide exchange); or in the

case of the empty site, high or low affinity for nucleotide. The two active sites function

180 out of phase with respect to this cycle and ATP hydrolysis alternates between the

opposite sites. The NBDs remain in contact throughout the cycle, with opening and

closing of the sites occurring by way of intrasubunit conformational changes within

the NBD monomers. In Step I, the ATP-bound active site is closed and the opposite site

is empty and ATP hydrolysis occurs. In Step II, with hydrolysis products still bound in

the occluded active site, the empty, low-affinity site switches to high affinity, enabling

ATP binding. In Step III, ATP binding to the empty site and Pi release from the occluded

post-hydrolysis site promotes opening of the ADP-bound site, release of ADP and

occlusion of the ATP-bound site. Step IV represents the 180 out of phase stageethe

opposite of Step Ieand cycling across Steps I, II, and III is repeated in the opposite

active site during Steps IV, V, and VI, with ADP release in Step VI completing the cycle.

In summary, each active site cycles in the sequence: ATP-open, ATP-occluded,

ADP(þPi)-occluded, ADP-open, empty-low affinity, empty-high affinity.

A.M. George, P.M. Jones / Progress in Biophysics and Molecular Biology 109 (2012) 95e107100
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closing	   of	   the	   sites	   occurring	   by	   way	   of	   intrasubunit	  conformational	  

changes	  within	  the	  NBD	  monomers.	  In	  Step	  I,	  the	  ATP-‐bound	  active	  site	  

is	   closed	   and	   the	   opposite	   site	   is	   empty	   and	   ATP	   hydrolysis	   occurs.	   In	  

Step	  II,	  with	  hydrolysis	  products	  still	  bound	  in	  the	  occluded	  active	  site,	  

the	   empty,	   low-‐affinity	   site	   switches	   to	   high	   affinity,	   enabling	   ATP	  

binding.	  In	  Step	  III,	  ATP	  binding	  to	  the	  empty	  site	  and	  Pi	  release	  from	  

the	  occluded	  post-‐hydrolysis	  site	  promotes	  opening	  of	  the	  ADP-‐bound	  

site,	   release	   of	   ADP	   and	   occlusion	   of	   the	   ATP-‐bound	   site.	   Step	   IV	  

represents	   the	   180o	  out	   of	   phase	   stage	  -‐	  the	   opposite	   of	   Step	   I	  -‐	  and	  

cycling	  across	  Steps	  I,	  II,	  and	  III	  is	  repeated	  in	  the	  opposite	  active	  site	  

during	  Steps	  IV,	  V,	  and	  VI,	  with	  ADP	  release	  in	  Step	  VI	  completing	  the	  

cycle.	   In	   summary,	   each	   active	   site	   cycles	   in	  the	  sequence:	  ATP-‐open,	  

ATP-‐occluded,	   ADP(+Pi)-‐occluded,	   ADP-‐open,	   empty-‐low	   affinity,	  

empty-‐high	  affinity.	  Figure	  taken	  from	  George	  et	  al.	  (23).	  

	  

Our	   theory	   is	   that	   the	   degenerate	   site	  of	   Pdr5	  acts	   as	   a	   structural	  

platform	  and	  supports	  ATP	  hydrolysis	  at	  the	  consensus	  site.	  Nucleotide	  

exchange	  might	  occur	  at	  the	  degenerate	  site	  although	  less	  frequently.	  

In	  order	  to	  better	  understand	  this	  we	  sequentially	  mutated	  each	  non-‐

consensus	   amino	   acid	   in	   the	   degenerate	   site	   with	   its	   consensus	  

counterpart	   and	   studied	   its	   effect	   on	   protein	   function	   and	   drug	  

resistance.	  	  	  

	  

Asymmetric	  ABC	  transporters	  –	  A	  case	  for	  Pdr5	  

On	  careful	  inspection	  it	  is	  noticed	  that	  Pdr5	  has	  a	  number	  of	  mutations	  

in	   very	   important	   conserved	   residues	  (24).	   Essentially	   only	   one	  

nucleotide-‐binding	   site	   has	   all	   the	   residues	   necessary	   for	   proper	  
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binding	   and	   hydrolysis,	   while	   the	   other	   NBS	   is	   lacking	   them.	   This	   is	   a	  

very	   intriguing	   feature	   among	   ABC	   transporters	   of	   yeast	   and	   is	  

markedly	  different	  from	  most	  human	  or	  bacterial	  counterparts.	  This	  is	  

important	   keeping	   in	   mind	   the	   high	   basal	   ATPase	   activity	   of	   Pdr5	   and	  

absence	  of	  any	  substrate	  stimulation	  (24).	  In	  other	  words	  Pdr5	  seems	  

to	   always	   be	   in	   a	  ‘on’	  state	  regardless	  of	   any	   threat	   posed	   by	   toxic	  

compounds,	  and	  is	  ready	  to	  pump	  out	  the	  substrate	  immediately	  upon	  

encountering.	   This	   poses	   a	   question	   upon	   the	   relevance	   of	   the	  

degenerate	  nucleotide-‐binding	  site.	  To	  put	  this	  feature	  into	  perspective	  

figure	   5	   compares	   the	   fungal	   and	   non-‐fungal	   conserved	   motifs	   of	   the	  

NBS.	  

	  

	  	  	  	  	  	  	  	  	  

	  

Figure	   5.	  Comparison	  of	  conserved	  motifs	  of	  ABC	  transporters.	  Non-‐

conserved	  amino	  acids	  are	  highlighted	  in	  red.	  

	  

	   	  	  	  	  	  	  	  	  	  	  	  Walker	  A	  	  	  	  	  	  	  	  	  	  Q	  loop	  	  	  	  	  C	  loop	  	  	  	  	  	  Walker	  B	  	  	  	  	  H	  loop 
Consensus-‐-‐-‐-‐-‐-‐-‐GxxGxGKST-‐-‐-‐-‐-‐-‐-‐xQx-‐-‐-‐-‐-‐-‐LSGGQ-‐-‐-‐-‐-‐xxxxDE-‐-‐-‐-‐-‐-‐-‐-‐H 
Pdr5-‐NBD1-‐-‐-‐-‐-‐-‐GRPGSGCTT-‐-‐-‐-‐-‐-‐-‐AEA-‐-‐-‐-‐-‐-‐VSGGE-‐-‐-‐FQCWDN-‐-‐-‐-‐-‐-‐-‐-‐Y 
Pdr5-‐NBD2-‐-‐-‐-‐-‐-‐GASGAGKTT-‐-‐-‐-‐-‐-‐QQQ-‐-‐-‐-‐-‐LNVEQ-‐-‐-‐-‐-‐-‐LVFLDE-‐-‐-‐-‐-‐-‐-‐-‐H 
Cdr1-‐NBD1-‐-‐-‐-‐-‐-‐GRPGAGCST-‐-‐-‐-‐-‐-‐-‐AET-‐-‐-‐-‐-‐-‐VSGGE-‐-‐-‐-‐IQCWDN-‐-‐-‐-‐-‐-‐-‐-‐Y 
Cdr1-‐NBD2-‐-‐-‐-‐-‐-‐GASGAGKTT-‐-‐-‐-‐-‐-‐QQQ-‐-‐-‐-‐-‐LNVEQ-‐-‐-‐-‐-‐-‐LLFLDE-‐-‐-‐-‐-‐-‐-‐-‐H 
Cdr2-‐NBD1-‐-‐-‐-‐-‐-‐GRPGAGCST-‐-‐-‐-‐-‐-‐-‐AET-‐-‐-‐-‐-‐-‐VSGGE-‐-‐-‐-‐IQCWDN-‐-‐-‐-‐-‐-‐-‐-‐Y 
Cdr2-‐NBD2-‐-‐-‐-‐-‐-‐GASGAGKTT-‐-‐-‐-‐-‐-‐QQQ-‐-‐-‐-‐-‐LNVEQ-‐-‐-‐-‐-‐-‐LVFLDE-‐-‐-‐-‐-‐-‐-‐-‐H 
Snq2-‐NBD1-‐-‐-‐-‐-‐-‐GRPGAGCSS-‐-‐-‐-‐-‐-‐GEL-‐-‐-‐-‐-‐-‐-‐VSGGE-‐-‐-‐-‐IYCWDN-‐-‐-‐-‐-‐-‐-‐-‐Y 
Snq2-‐NBD2-‐-‐-‐-‐-‐-‐GESGAGKTT-‐-‐-‐-‐-‐-‐QQQ-‐-‐-‐-‐-‐LNVEQ-‐-‐-‐-‐-‐-‐LLFLDE-‐-‐-‐-‐-‐-‐-‐-‐H 
Pgp-‐NBD1-‐-‐-‐-‐-‐-‐-‐-‐GNSGCGKST-‐-‐-‐-‐-‐-‐PQH-‐-‐-‐-‐-‐LSGGQ-‐-‐-‐-‐-‐-‐-‐ILLLDE-‐-‐-‐-‐-‐-‐-‐-‐H 
Pgp-‐NBD2-‐-‐-‐-‐-‐-‐-‐-‐GSSGCGKST-‐-‐-‐-‐-‐-‐-‐SQE-‐-‐-‐-‐-‐LSGGQ-‐-‐-‐-‐-‐-‐-‐ILLLDE-‐-‐-‐-‐-‐-‐-‐-‐H 
TAP1-‐NBD-‐-‐-‐-‐-‐-‐-‐-‐GPNGSGKST-‐-‐-‐-‐-‐-‐GQE-‐-‐-‐-‐-‐LSGGQ-‐-‐-‐-‐-‐-‐-‐VLILDD-‐-‐-‐-‐-‐-‐-‐Q 
TAP2-‐NBD-‐-‐-‐-‐-‐-‐-‐-‐GPNGSGKST-‐-‐-‐-‐-‐-‐GQE-‐-‐-‐-‐-‐LAAGQ-‐-‐-‐-‐-‐-‐-‐VLILDE-‐-‐-‐-‐-‐-‐-‐-‐H 
Mrp1-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐GRTGRGKSS-‐-‐-‐-‐-‐-‐PQD-‐-‐-‐-‐-‐LSVGQ-‐-‐-‐-‐-‐-‐-‐-‐ILVLDE-‐-‐-‐-‐-‐-‐-‐-‐H 
HisP-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐GSSGSGKST-‐-‐-‐-‐-‐-‐	  FQH-‐-‐-‐-‐-‐LSGGQ-‐-‐-‐-‐-‐-‐-‐VLLFDE-‐-‐-‐-‐-‐-‐-‐H 
MalK-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐GPSGCCKTT-‐-‐-‐-‐-‐-‐FQS-‐-‐-‐-‐-‐-‐LSGGQ-‐-‐-‐-‐-‐-‐VFLMDE-‐-‐-‐-‐-‐-‐-‐H 
CFTR-‐NBD1-‐-‐-‐-‐-‐-‐-‐GSTGAGKTS-‐-‐-‐-‐-‐-‐SQF-‐-‐-‐-‐-‐LSGGQ-‐-‐-‐-‐-‐-‐-‐LYLLDS-‐-‐-‐-‐-‐-‐-‐-‐-‐S 
CFTR-‐NBD2-‐-‐-‐-‐-‐-‐-‐GRTGSGKST-‐-‐-‐-‐-‐-‐PQK-‐-‐-‐-‐-‐-‐LSHGH-‐-‐-‐-‐-‐-‐-‐ILLLDE-‐-‐-‐-‐-‐-‐-‐-‐H 
BSEP-‐NBD1-‐-‐-‐-‐-‐-‐-‐GPSGSGKST-‐-‐-‐-‐-‐-‐EQE-‐-‐-‐-‐-‐-‐MSGGQ-‐-‐-‐-‐-‐-‐ILLLDM-‐-‐-‐-‐-‐-‐-‐H 
BSEP-‐NBD2-‐-‐-‐-‐-‐-‐-‐GSSGCGKST-‐-‐-‐-‐-‐-‐SQE-‐-‐-‐-‐-‐-‐LSRGE-‐-‐-‐-‐-‐-‐-‐-‐ILLLDE-‐-‐-‐-‐-‐-‐-‐-‐-‐H 
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As	   can	   be	   seen	   from	   the	   figure	   above	   fungal	   ABC	   transporters	  

distinctively	   possess	   degeneration	   in	   one	   NBS	  while	  the	  non-‐fungal	  

transporters	  have	  much	  less	  of	  it.	  

	  

Methods	  to	  study	  Pdr5	  

Liquid	  drug	  assay	  

This	  is	  usually	  the	  first	  biochemical	  assay	  to	  be	  undertaken	  on	  a	  cellular	  

basis.	  It	  is	  a	  cell	  based	  assay	  which	  involves	  growing	  of	  the	  mutants	  in	  

the	   presence	   of	   specific	   concentration	   of	   inhibitory	   drugs	   and	  

evaluating	   the	   differences	   in	   their	   resistance	   patterns.	  Commonly	   we	  

employ	   four	   drugs	  –	  cycloheximide,	  fluconazole,	  ketoconazole	  and	  

rhodamine	  6g.	  The	  assay	  is	  carried	  out	  in	  96-‐well	  microplates	  and	  the	  

cells	   are	   incubated	   with	   the	   drugs	   for	   48	   hours	   at	   30oC.	  OD620	  is	  

measured	  using	  an	  elisa	  reader	  and	  evaluation	  is	  done	  by	  plotting	  the	  

growth	  curves.	  A	  typical	  growth	  curve	  is	  depicted	  in	  figure	  6.	  Here,	  the	  

optical	  density	  at	  620	  nm	  was	  measured	  after	  48	  h	  at	  30°C	  and	  served	  

as	  a	  measure	  for	  cell	  survival.	  
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Figure	   6.	  Representative	   growth	   curve	   displaying	   differences	   in	  

resistance	  of	  various	  Pdr5	  mutants	  in	  a	  typical	  liquid	  drug	  assay	  carried	  

out	  with	  cycloheximide.	  

	  	  	   	  

Oligomycin	  sensitive	  ATPase	  activity	  

Pdr5	   is	   sensitive	   to	   the	   inhibitor	   oligomycin,	   and	   this	   feature	   is	  

exploited	   to	   determine	   Pdr5	   specific	   ATPase	   activity	   in	   crude	  

membrane	   preparations	  (25).	  Yeast	   membrane	   preparations	   usually	  

contain	  a	  number	  of	  ATP	  hydrolyzing	  proteins	  along	  with	  Pdr5	  (26).	  To	  

distinguish	   between	   Pdr5	   specific	   ATPase	   activity	   from	   the	   others	   a	  

number	   of	   inhibitors	   are	   used	   in	   this	   assay.	   We	   employ	   potassium	  

nitrate,	  sodium	  azide	  and	  ammonium	  molybdate	  as	  inhibitors	  of	  other	  

ATPases,	  while	  oligomycin	  acts	  as	  our	  negative	  control	  to	  inhibit	  Pdr5	  

ATPase	  activity.	  The	  difference	  in	  readings	  gives	  us	  the	  amount	  of	  ATP	  

hydrolyzed	   specifically	   by	   Pdr5.	   The	   malachite	   green	   assay	   measures	  

the	   amount	   of	   free	   inorganic	   phosphate	   generated	   by	   ATP	   hydrolysis.	  

The	  assay	  is	  carried	  out	  for	  20	  minutes	  at	  30oC	  and	  the	  absorbance	  is	  

measured	  using	  an	  elisa	  reader	  at	  620nm.	  	  

	  

Rhodamine	  6G	  transport	  assay	  

To	   determine	   the	   functional	   integrity	   of	   Pdr5	   this	   is	   the	   best-‐suited	  

assay	   in	   our	   hands.	  The	  principle	  of	  the	  assay	  is	  based	  on	  Pdr5	  

mediated	   transport	   of	   the	   fluorescent	   substrate	   rhodamine	   6g	   inside	  

the	   vesicle	   in	   the	   presence	   of	   ATP	  (11,	   25).	  Crude	   membrane	  

preparations	   have	   an	   inside-‐out	   orientation	   of	   the	   Pdr5	   molecules	   i.e	  

the	   NBDs	   are	   facing	   the	   extracellular	   side	   and	   the	   substrate	   is	  

transported	  into	  the	  inner	  leaflet	  and	  the	  lumen	  of	  the	  vesicle.	  In	  the	  
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presence	   of	   a	   structurally	   and	   functionally	   active	   transporter	   and	  

energy	  source	  like	  ATP	  the	  substrate	  transport	  can	  be	  monitored	  in	  real	  

time	   using	   a	   fluorescence	   spectrofluorometer.	  A	   typical	  read-‐out	   is	  

depicted	   in	  figure	   7.	   The	   decrease	   in	   fluorescence	   is	   an	   indication	   of	  

active	  transport	  and	  the	  slope	  determines	  the	  rate.	  	  

	  

Figure	  7.	  Representative	  graph	  displaying	  a	  typical	  R6G	  transport	  assay.	  	  

Concentration	  of	  R6G	  in	  transport	  buffer,	  30	  µg/ml	  plasma	  membrane	  

vesicles	   (see	   Materials	   and	   Methods	   section	   for	   details)	   Part	   A:	  

equilibration	   phase	   without	   added	   energy	   source	   (0-‐290s),	   part	   B:	  

phase	   of	   rapid	   decrease	   in	   fluorescence	   upon	   addition	   of	   10mM	   ATP	  

(310-‐2000s)	  and	  part	  C:	  saturation	  phase	  where	  active	  transport	  of	  R6G	  

in	  the	  vesicle	  reaches	  its	  maximum	  (2000-‐3000s).	  The	  arrow	  represents	  

point	  of	  addition	  of	  ATP.	  
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Laser	   scanning	   confocal	   microscopy	   of	   immobilized	   membrane	  

vesicles	  

This	  assay	  was	  developed	  to	  observe	  real	  time	  rhodamine	  6g	  transport	  

inside	  a	  single	  membrane	  vesicle.	  It	  provides	  a	  proof	  of	  principle	  for	  the	  

data	   obtained	   using	   a	   fluorescence	  spectrofluorometer,	   which	   gives	   a	  

read-‐out,	  based	  upon	  average	  thousands	   of	  such	  events	  taking	   place	  

simultaneously.	  The	   cover	   slides	   for	   immobilization	   are	   prepared	  

essentially	   as	   described	   by	   Toptygin	  et	   al.	  (27).	   Figure	   8	  gives	  the	  

summary	  of	  the	  transport	  events	  happening	  in	  600s.	  	  

	  	  	  	  	  	  	  	  	  	   	  

	  
Figure	   8.	  Trace	  of	  fluorescence	  intensity	  over	  time	  during	  observation	  

of	   R6G	   transport	   in	   a	   single	   membrane	   vesicle.	   Phase	   1	   is	   the	  

equilibration	   phase	   without	   ATP	   addition.	   An	   arrow	   represents	   the	  

addition	   of	   20mM	   ATP.	   Phase	   2	   displays	   rise	   in	   fluorescence	   intensity	  

due	  to	  Pdr5	  mediated	  active	  transport.	  
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Aims	  

	  

The	  aims	  of	  the	  dissertation	  work	  is	  enlisted	  as	  follows:	  

• To	  exchange	   non-‐consensus	   residues	   in	   the	   nucleotide	   binding	  

site	   of	   Pdr5	   with	   their	   consensus	   counterparts,	   and	   study	   the	  

effect	  on	  protein	  function.	  

• To	  determine	  stoichiometry	  of	  rhodamine	  6g	  transport	  mediated	  

by	  Pdr5	  in	  crude	  membrane	  vesicle	  preparations.	  

• To	   study	   alternate	   mechanisms	   of	   overcoming	   drug	   resistance	  

with	  specific	  NBD	  mutants	  of	  Pdr5	  using	  proteome	  analysis.	  	  
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Abstract 

 

Pdr5  is  a plasma membrane  bound  ABC  transporter  from Saccharomyces 

cerevisiae and involved in the phenomenon of resistance against xenobiotics, 

which is clinically relevant in bacteria, fungi and humans. Many fungal ABC 

transporters such as Pdr5 display an inherent asymmetry in at least one of 

their nucleotide-binding site (NBS) unlike most of their human counterparts. 

This  degeneracy  of  the  NBSs  is  very  intriguing  and  needs  explanation in 

terms  of  structural  and  functional  relevance.  In  this  study  we  mutated  non-

consensus  amino  acid  residues  in  the  NBSs  to  its  consensus  counterpart 

and studied its effect on the function of the protein and effect on yeast cells. 

The  completely  ‘re-generated’  Pdr5  protein  was  severely  impaired  in  its 

function  of  ATP  hydrolysis  and  of  Rhodamine  6G  transport.  Moreover,  we 

observe  alternate  compensatory  mechanisms  to counteract  drug  toxicity  in 

some  of  the  mutants.  In  essence,  we  here  describe  the  first  attempts  in 

restoring complete symmetry in an asymmetric ABC transporter and to study 

its  effects,  which  might  be  relevant  to  the  entire  class  of  asymmetric  ABC 

transporters.  

 

 

 

Keywords:  ATPase  activity /  ATP  binding  cassette  transporters /  coupling 

mechanism / multidrug resistance / substrate transport. 
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Introduction 

 

ABC  transporters  are  found  in  all kingdoms  of  life,  in  prokaryotes  they 

function  as  importers (Erkens  et  al,  2012)  and  exporters  while they mainly 

act  as  exporters  in  eukaryotes (Hinz  &  Tampe,  2012;  Klein  et  al,  2011). 

Multidrug resistance (MDR) during chemotherapy in the treatment of cancer 

or  in  immuno-compromised  individuals  has  made  the  biochemical  and 

structural  study  of  these  proteins  essential. In  fungi,  many ATP  binding 

cassette  (ABC)  transporters  have  been  at  the  center  of  scientific 

investigation  for  example  for  their  involvement  in  the  phenomenon  of 

pleiotropic drug  resistance (Prasad  &  Goffeau,  2012)  a  phenomena  similar 

to MDR. 

 

Pdr5 is an ABC transporter localized in the plasma membrane of the baker’s 

yeast Saccharomyces  cerevisiae.  It  is  a  functional  homologue  of  P-gp 

(MDR1  or  ABCB1),  which  is  the  most  widely  studied  ABC  transporter  from 

humans (Sharom, 2011). Pdr5 is involved in the extrusion of a wide variety 

of  xenotoxic  compounds  from  the  cell (Ernst  et  al,  2005;  Golin  et  al,  2007; 

Kolaczkowski et al, 1996). It is a full-size transporter having two nucleotide-

binding  domains  (NBDs)  and  two  transmembrane  domains  (TMDs) 

displaying  a  NBD-TMD-NBD-TMD  membrane  topology.  This  is  inverse  to 

that  of  the  classic  topology  of  ABC  transporters  (TMD-NBD-TMD-NBD). 

Since the discovery that a mutation in the transcription factor, which controls 

the  expression  of  this  membrane  protein  leads  to  over-expression  of  Pdr5 

(Goffeau  &  Dufour,  1988),  it  has  turned  out  to  be  an  important  model  for 

studying multidrug resistance (MDR) or to be more precise pleiotropic drug 

resistance (PDR) as it is called in yeast. 

 

Pdr5  displays  a  high  basal  ATPase  activity,  which  unlike  its  other  human 

counterparts such as P-gp does not seem to be stimulated in the presence 

of substrates (Ernst et al, 2005; Ernst et al, 2008). Such an uncoupling has 

important mechanistic consequences, because ATP hydrolysis is supposed 

to  be  the  crucial  step,  which triggers  the  transport  of  substrates  across  the 

membrane  and  in  the  proper  environment  is  strictly  coupled  to  substrate 
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translocation (Shapiro & Ling, 1998). The NBDs play the role of harnessing 

chemical  energy  from  ATP  and  converting  it  to  mechanical  energy  by 

inducing  structural  changes  in  the  TMDs  to extrude  the  substrate  to  the 

exterior of the cell (Hanekop et al, 2006; Zaitseva et al, 2005b). The amino 

acid residues involved in binding and hydrolysis of ATP are essential for the 

proper  functionality  of  the  protein.  A  number  of  previous  studies  have 

investigated  the  roles  of  individual  and  groups  of  amino  acids  in  the  NBDs 

and shed light on their roles during ATP binding and hydrolysis. As per the 

generally accepted model, an ABC transporter binds two nucleotides in the 

two  NBDs.  This  binding  occurs  in  a  head-to-tail  fashion,  i.  e.  consensus 

residues from the Walker A (GXGXXGKST, where X can be any amino acid) 

and  Walker  B  (ΦΦΦΦDE,  where Φ  can  be  any  hydrophobic  amino  acid) 

motifs as well as the H-loop (XHX) from one NBD and the C-loop (LSGGQ) 

from  the  other  NBD  sandwich  one  ATP  molecule  in-between  them  thereby 

forming the nucleotide-binding site (NBS) (Zaitseva et al, 2005b). Once both 

nucleotides  are  bound  at  the  two  NBSs,  the  transporter  is  supposed  to 

switch  from  the  so-called  inward  to  the  so-called  outward  facing 

conformation  and  as  a  consequence  of  this  conformational  change  the 

substrate  is  extruded (Linton,  2007).  Moreover,  ATP  hydrolysis  has  been 

suggested to be the step that sets the transporter back to the inward facing 

conformation ready to accept new substrate molecules for the next cycle of 

substrate  translocation (Linton,  2007).  However,  there  is  debate  about  the 

number  of  ATP  molecules  that  are  hydrolyzed  for  one  cycle  of  transport  to 

be  completed.  But  the  pre-requisite  for  both  bound ATP  molecules  to  be 

hydrolyzed  is  the  presence  of  key  consensus  residues  in  both  NBSs.  As 

seen in Figure 1, Pdr5 lacks key residues in one of the two NBSs. Although, 

this  degenerate  site  could  bind  ATP,  hydrolysis  should  be  impossible  or 

severely  impaired due  to  the  absence  of  these  key  residues. Some  initial 

mutational studies supported this view (Ernst et al, 2008). This observation 

of a degenerate and a consensus site is common in yeast ABC transporters, 

but uncommon in ABC transporters of archaea and bacteria. In the case of 

human  counterparts,  only  TAP1/2  (ABC  B2  /  B3)  and  many  transporters  of 

the  subfamily  C  display  this  sort  of  degeneration (Lamping  et  al,  2010). A 

well-studied example of a eukaryotic protein possessing a degenerate NBS 
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is CFTR. Here, site 1 (degenerate) is proposed to be bound to ATP through 

many cycles of ATP hydrolysis occurring at site 2 (canonical) and thus play a 

supporting  role (Csanady  et  al,  2013). This  leads  us  to  question  the 

functional  relevance  for  the  protein  and  on  a  broader  scale  to  the  cell  for 

maintaining  a  degenerate  NBS,  because  such  evolutionary  conservation  of 

this trait in yeast ABC transporters does need an explanation. 

 

In this study, we systematically interchanged each degenerated amino acid 

residue in the NBSs and studied its effect on the functionality of the protein 

and in turn on the cellular consequences.  
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Results 
 

A classic or canonical NBS of an ABC transporter is composed of residues 

of  the  Walker  A  and  Walker  B  motifs,  the  Q-loop,  D-loop  and  H-loop  from 

one NBD and the C-loop of the opposing NBD forming a so-called composite 

ATP-binding site (Figure 1A). Based on structural studies of P-loop NTPases 

(Vetter  &  Wittinghofer,  1999),  the  lysine  of  the  Walker  A  motif  co-ordinates 

the β- and γ-phosphate moiety of ATP, the aspartate residue of the Walker B 

motif  interacts  with  the  cofactor  Mg2+ (Chen  et  al,  2001;  Smith  et  al,  2002; 

Zaitseva  et  al,  2005b),  which  is  essential  for  hydrolytic  activity.  The 

glutamate residue of the Walker B motif and the histidine residue of the H-

loop  are  essential  for  ATPase  activity  and  were  shown  to  form  a  catalytic 

dyad (Oldham & Chen, 2011; Zaitseva et al, 2005a). However, in the case of 

Pdr5,  mutation  of  the  histidine  in  NBS2  did  not  reduce  or  even  abolish 

ATPase activity as shown for many other ABC systems (for references see 

Zaitseva  et  al.,  2005),  rather  it  selectively  influenced  the  spectrum  of 

transported  substrates (Ernst  et  al,  2008).  The  serine  and  second  glycine 

residue  of  the  C-loop  of  the  opposing  NBD  interact  with  the γ-phosphate 

moiety of ATP and complete the NBS. Furthermore, the glutamine residue of 

the Q-loop also coordinates directly or indirectly the cofactor Mg2+, while the 

D-loop  is  thought  to  be  involved  in  NBD-NBD  communication  in  the 

composite  dimer.  Here,  we  excluded  the  D-loop  and  the  Q-loop  from  our 

experiments. An elegant study already investigated the role of the Q-loop in 

NBD-TMD  crosstalk  of  Pdr5 where it  was  seen  that  the  mutation  of  Q  loop 

residues  from  deviant  and  consensus  part  of  NBDs  led  to  drug 

hypersensitivity  and  displayed  functional  redundancy,  while  maintaining 

significant ATPase activity (Ananthaswamy et al, 2010). Hence, we focused 

only on the important residues of the Walker A and B motifs, the H-loop and 

the C-loop for this study. 

 

Mutagenesis in Pdr5 

Mutations  to  replace  degenerate  amino  acid  residues  with  their  consensus 

counterparts  were  done  in  a step-wise  fashion.  The  complete  list  of 

mutations  is  summarized  in  Table  I.  Site-directed  mutagenesis  was 
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performed  in  pRE5  plasmid  after  which  the pdr5 gene  was  subsequently 

excised  and  transformed  into  the Saccharomyces  strain ∆pdr5∆pdr5prom 

where  through  homologous  recombination  the pdr5 gene  is  chromosomally 

integrated (Ernst  et  al,  2008).  In  this  background,  this  leads  to  constitutive 

expression  of  Pdr5  under  the  strong  Pdr5  promoter. In the following, 

restoration  of  the  consensus  sequence  in  the  Walker  A  motif  (C199K) 

located  in  NBD1  and  forming NBS1  is  called  the  ‘Walker  A’  mutant, 

restoration of the consensus sequence in the Walker B motif (N334E; NBD1) 

in  NBS1  is  called  the  ‘Walker  B’  mutant,  restoration  of  the  consensus 

sequence  of  the  H-loop  (Y367H,  NBD1)  in  NBS1  is  called  the  ‘H-loop’ 

mutant and restoration of the consensus sequence of the C-loop (N1011S / 

V1012G  /  E1013G,  NBD2)  in  NBS1  is  called  the  ‘C-loop’  mutant.  The 

corresponding combinations are called ‘HC-loop’ (H- and C-loop mutations), 

AHC (H- and C-loop as well as Walker A mutations) and ABHC (H- and C-

loop as well as Walker A and Walker B mutations). Please note that in the 

context of the combined mutations affecting the Walker A motif of NBS1, we 

also exchanged the proline residue at position 195 to a serine residue. We 

speculated  that  proline  within  the  Walker  A  motif  might  hamper  its 

functionality  in  wrapping  around  the  phosphate  moiety  of  the  bound 

nucleotide. However, on the level of the single mutation no difference to the 

single C199K mutant was detected. Nevertheless, we kept this exchange in 

the combined mutations.  

 

Liquid drug resistance assay 

To  determine  the  effects  of  mutations  in  key  residues  of  the  NBDs  we 

investigated  the  changes  in  resistance  towards  specific  drugs  belonging  to 

different  classes.  As  an  internal  control  and  reference  for  the  absence  of 

resistance  the Δpdr5  strain  was  employed.  The  response  of  the  mutants 

towards  these  drugs  was  interestingly  not  uniform.  For  cycloheximide 

(Figure  2A),  the  H-loop  and  HC-loop  mutants  displayed  a  stronger 

resistance as compared to wild type, while for the azole drugs, ketoconazole 

and  fluconazole  (Figures  2B  and  2C),  the  Walker  A,  Walker  B,  H-loop  and 

HC-loop  mutants  displayed  stronger  resistance  as  compared  to  wild  type. 

Finally, for R6G (Figure 2D), the Walker A, H-loop, C-loop, HC-loop and the 
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ABHC  mutants  were  displaying  higher  resistance. Noticeably,  the  ABHC 

mutant,  which contained all conserved  residues  and  thereby restored  a 

symmetrical  architecture  of  the  two  NBSs,  was  severely  impaired  in 

providing better resistance towards all drugs except R6G. 

 

In vitro oligomycin (OM)-sensitive ATPase assay 

ATPase  activity  tests  were  carried  out,  in  order  to  investigate  the 

biochemical  basis  for  such  altered  drug  resistance  of  the  mutants.  For  this 

purpose, Pdr5-enriched plasma membranes were isolated using the Serrano 

protocol (Serrano,  1988).  Figure  3  demonstrated  that  the  expression  levels 

in  the  plasma  membrane of  all  mutants  were very  similar  if  not identical  to 

wild type levels. Therefore, the differences in resistance patterns observed in 

the  liquid  drug  assay  cannot  be  attributed  to  differences  in  the  amounts  of 

protein being expressed. 

 

OM-sensitive ATPase activity was measured colorimetrically by determining 

the  amount  of  inorganic  phosphate  released  over  time  by the  malachite 

green  assay.  The  results  are  summarized  in  Figure  4.  As  seen  clearly  all 

mutants  except  the  AHC  and  ABHC  mutants  displayed  ATPase  activity 

comparable  to  wild  type with a 2-fold  increase  in  apparent  affinity  at 

maximum  for  the  H-loop  mutant.  Moreover,  a  quantitative  analysis  of  the 

kinetic  parameters  of  ATP  hydrolysis  revealed  that  the  apparent  affinity  of 

these mutants towards ATP has not drastically changed (Table II). Only the 

AHC  and  ABHC  mutants  were  severely  impaired  in their  maximal  reaction 

velocity, Vmax,  of  ATP  hydrolysis  displayed  values  comparable  to  the 

negative control (Δpdr5 containing strains). 

 

In vitro R6G transport assay 

An in  vitro  R6G  transport  assay  presents  an  elegant  read  out  of  the 

functional  integrity  of  Pdr5  in  inside-out  membrane  vesicles.  The  assay  is 

based on the principle of transport of R6G molecules to the inner leaflet or 

the  lumen  of  the  vesicle  in  presence  of  an  energy  source,  i.e.  ATP  in  our 

case.  The  decrease  in  fluorescence  intensity  is a  result  of the  formation of 

non-fluorescent  excimers  of  R6G  once  transported  inside  the  vesicle.  As 
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summarized  in  Figure  5,  all  mutants  except  the  HC-loop,  AHC  and  ABHC 

mutants  were  able  to  efficiently  transport  R6G,  although  at  different  rates 

inside  the  vesicle.  The  affinities  of  these  mutants  towards  R6G  are 

summarized  in  Table  III.  As  seen,  the  Km  values  are  identical  within 

experimental error for all mutants except for those that are impaired in R6G 

transport, but  vmax  values  display  considerable  variation  representing 

differential effects of the point mutations on the rate of substrate transport.  

 

Visualization of R6G accumulation in whole cells 

When  compared  to  the  liquid  drug  resistance  results  of  R6G,  one  has  to 

stress  that  some  mutants  displayed  better  resistance  than  wild  type  Pdr5, 

but  did  not  transport  R6G  in  the in  vitro transport  assay.  In  order  to 

investigate this disparity, we visualized R6G accumulations in yeast cells in 

the  presence  of  R6G  using  fluorescence  microscopy.  As  demonstrated  in 

Figures  6a  and  6b  cells  lacking  Pdr5  (Δpdr5)  clearly  displayed  an 

accumulation  of  the  dye  within  the  cells,  while wild  type  cells  efficiently 

transported R6G out of the cells as no R6G fluorescence could be detected 

within the cells (Figures 6c and 6d). Cells expressing the C199K mutation of 

Pdr5  (Walker  A  mutant) that  are  comparatively  less  efficient  than  the  wild 

type cells in transporting R6G (Figure 5) displayed accumulation of the dye, 

but to a reduced extent as compared to the knockout strain (Figures 6e and 

6f). In contrast, the HC-loop and the ABHC mutants, which displayed higher 

resistance  towards  R6G  in  the  liquid  drug  assays  (Figure  2),  demonstrated 

accumulation  of  the  drug  within  the  cells  while  maintaining  cell  viability 

(Figures 6g-l). This strongly suggests that compensatory mechanisms apart 

from transport of the substrate outside the cell plays a significant role in the 

resistance  towards  the  drug  in  these specific mutants and explain the 

disparity between the transport and liquid-drug assays.. 
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Discussion 

Asymmetry  in  NBS  is  a  feature  not  exclusively observed  in  fungal  ABC 

transporters. Rather a  number  of  human  ABC  transporters  display this 

degeneration as  well.  Our  observations  with  Pdr5  after  exchange  of 

degenerate residues with consensus ones provides strong evidence that the 

degenerated site is indeed optimized to structurally and functionally support 

ATP  hydrolysis  occurring  at  the opposite  end. It has  been  proposed  for  a 

number  of  asymmetric  transporters  such  as  CFTR  along  with  fungal  ABC 

transporters that  the  degenerated  site  might  act  as  a  platform  for  ATP 

hydrolysis at the consensus site (Basso et al, 2003; Ernst et al, 2008). This 

theory  gains  more  support  from  our  observations  where, in an attempt  of 

making  the  degenerate  site  capable  of  ATP  hydrolysis,  renders  the  protein 

completely  non-functional  in  terms  of  ATP  hydrolysis  as  well  as  substrate 

transport. 

 

These  observations  also  point  in  the  direction  of  subtle  inter  and  intra-

domain communication necessary for the protein to fuel substrate transport 

with  the  energy  of  ATP  hydrolysis.  For  an  ABC  transporter  to  function 

properly  a number  of  structural  elements  have  been  proposed  to  play  key 

roles  in  the  ‘chain  of  communication’  necessary  for  optimal  activity.  Among 

these  the  D-loops  are  involved  in trans interactions  within  the  NBDs, 

especially the Asp residue from the consensus sequence has been shown to 

interact with the Ser residue of the Walker A in the opposite NBD (Zaitseva 

et  al,  2005a).  D-loops  are  also  proposed  to  be  the  sensors  and 

communicators  in  between  the  NBSs  where  they  can  communicate  ATP 

binding and hydrolysis at one site to the other (Jones & George, 2012). The 

Q-loops Gln residue has been proposed to be important in coordinating the 

water molecule in the active site during ATP hydrolysis (Smith et al, 2002). 

The  Q-loops  have  also  been  proposed  to  be  essential  for  conformational 

coupling of movements in NBDs to the TMDs in Pgp (Urbatsch et al, 2000), 

interestingly  in  Mrp1  it  was  observed  that  the  Q-loops  did  not  play  an 

essential  role  in  inter  domain  communication (Yang  et  al,  2011).  As  seen 

from the homology model of Pdr5 (Rutledge et al, 2011) based on the crystal 

structures of Sav1866 (Dawson & Locher, 2006) and mouse Pgp (Aller et al, 
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2009),  it  is  plausible  that  the  Q  loops  in  Pdr5  might  play  a  role  in  inter 

domain communication (Ananthaswamy et al, 2010). In addition to these are 

the coupling helices that are one of the most structurally distinct elements in 

this  communication  pathway.  They  are  like  the  gatekeepers  guarding  the 

substrate  binding  pocket  as  well  as  the  anchors  of  the  TMDs  fitting  in  the 

sockets  of  NBDs (Locher,  2009).  The  X-loops  Glu  residues  are  also 

potentially important in the communication pathway owing to their placement 

right near the substrate binding pocket as was first observed in the Sav1866 

structure (Dawson  &  Locher,  2006),  but  not  enough  studies  have  been 

carried out on its precise role so far. 

We believe that in our ‘regenerated’ Pdr5 it is this very communication within 

the NBDs and in turn from the NBDs to the TMDs, which is disrupted by vast 

changes  in  the  degenerate  NBS. This  hypothesis  is  also  supported  by  the 

recent study carried out on the D loops of Pdr5 by Furman et al. (Furman et 

al, 2013) where its role in intradomain signaling was studied. As seen from 

the observations individual mutations viz. Walker A, Walker B, H loop and C 

loop  are  tolerated.  ATP  hydrolysis  is  not  greatly  affected  in  these  mutants 

and R6G transport is also evident, although with varying degrees compared 

to  the  wild  type.  But  as  these  mutations  are  combined  viz.  HC  loop,  AHC 

loop and ABHC loop, it leads to firstly lack of R6G transport (HC loop) (Table 

III)  and  later  drastic  decrease  in  ATP  hydrolysis  (AHC  and  ABHC  loops) 

(Table  II  and  III).  The  HC  loop  mutant  is  particularly  interesting  because  it 

displays lack of substrate transport for R6G despite near wild type levels of 

ATPase  activity.  This  indicates  that  the  two  events  of  ATP  hydrolysis  and 

substrate transport are indeed uncoupled at least for R6G in this mutant. In 

our opinion the major effect of changes in the degenerate site due to amino 

acid alterations is the breakdown of communication between the two NBSs 

and the NBS(s) and TMD(s). This is much severe in the case of AHC loop 

and  ABHC  loop  mutants  and  hence,  hampers  ATP  hydrolysis  even  at  the 

consensus NBS which was untouched in this study. 

In our view Pdr5 like other yeast ABC transporters has evolved a structural 

architecture  comprising  of  a  degenerate  NBS  and  the  entire  intra  and  inter 

domain  communication  involving  D,  Q  and  X  loops  are  in  place  and 

optimized taking into account one consensus and one degenerate NBS. Our 
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study  of  mutating  the  residues  involved  in  the  degenerate  site  altered  the 

communication  between  the  two  NBS  and  hence  affected  the  ATP 

hydrolysis  occurring  at  the  consensus  NBS. Taking  into  consideration 

biochemical  evidence  from  asymmetric  transporters  does  imply  the 

necessity  of  a  ‘quiet’  platform  at  the  degenerate  NBS  where  nucleotide 

exchange  might  occur,  but  much  less  frequently  as  compared  to  the 

consensus  NBS.  When  we  make  this  ‘quiet’  site  more  flexible  by  careful 

exchange of key residues, it seems to be tolerated up to an extent, in case 

of  Pdr5  up  to  the  C-loop.  But further changes  disrupt  ATP  hydrolysis 

completely. 

 

In  the  liquid  resistance  assays  (Fig.  2)  it  was  observed  that  the  completely 

regenerated  Pdr5  was  clearly  at  a  disadvantage  in  providing  resistance  to 

the yeast cells when challenged with different drugs. The big exception was 

R6G  where  resistance  was  slightly  better  as  compared  to  WT.  This 

observation although primary, tells us that restoring all residues back to the 

consensus sequence does  more  harm  to  the  protein  than  being  beneficial. 

When  compared  to  the  liquid  resistance  assay  results  for R6G  the  AHC 

mutant  is  indeed  worse  than  WT  in  imparting  resistance.  But  the  HC  loop 

and ABHC loop mutants do display increased resistance towards R6G in the 

liquid  resistance  assay.  This  is  contradictory  to  our  observation  in  the R6G 

transport  assays  where  these  two  mutants  do  not  display  any  transport  of 

rhodamine  in  membrane  vesicles.  To  investigate  this  contradiction  we 

employed  microscopic  techniques  to  directly  observe R6G  in  whole  cells. 

The Pdr5WT (Fig. 6c & 6d) and ∆Pdr5 (Fig. 6a & 6b) were our positive and 

negative  controls,  respectively.  As  can  be  clearly  observed  the  WT  cells 

which can actively transport R6G outside show no accumulation of the dye 

within  the  cells, while  the  knock-out  strain  accumulates  the  dye  in  the 

absence  of  the  transporter.  The  Walker  A  mutant,  C199K  (Fig.  6e  &  6f), 

which is deficient in R6G transport, displays few cells, which accumulate the 

dye, while the HC (Fig. 6g & 6h) and ABHC  (Fig. 6i & 6j) mutants show a 

large number of cells, which have accumulation of the dye inside the cells. 

DIC images of these cells also confirmed that these cells were alive. These 

observations  point  towards  compensatory  mechanisms,  which  come  into 
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play  only  when  a  transport  inefficient  protein  is  present  in  the  cell,  as  the 

knock-out  and  the  WT  strains  do  not  display  such  behavior.  We  therefore 

can  rule  out  the  possibility  of  additional  transporters  being up-regulated  in 

the  HC  and  ABHC  mutants  to  pump  out  the  substrate  that  might  lead  to 

increased resistance towards R6G as seen in the liquid drug tests. However, 

further investigations, which are beyond the scope of this study are required 

to explain this observation at a protein level. 

Here  we have presented  the  first  comprehensive  study  of  systematically 

replacing each degenerate amino acid residue involved in ATP binding and 

hydrolysis  in  Pdr5  with  its  consensus  counterpart.  The  completely 

regenerated  Pdr5  protein  was  functionally  severely  impaired  as  seen  with 

ATP hydrolysis and in-vitro transport experiments. This leads us to conclude 

that  maintaining  a  degenerate  ATP  hydrolysis  site  seems  essential  for  the 

optimal functioning of Pdr5 from an energetic and also evolutionary point of 

view.  It  is  also  plausible  that  for  ABC  transporters  harboring  a  degenerate 

NBS that is incapable of hydrolyzing ATP could lead to high basal ATPase 

activity occurring at the consensus site. This in turn is a possible explanation 

as  to  why  some  ABC  transporters  have  and  continue  to  maintain  a 

degenerate site. The trade-off between constant ATP hydrolysis at only one 

site instead of two leads to the protein being ready at all times to protect the 

cell against xenotoxic compounds without delay. This to our knowledge is a 

significant deviation from ABC transporters having both NBS capable of ATP 

hydrolysis  and  displaying  substrate  stimulation  and  validates  further 

investigation. 
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Materials and Methods 
 
 

Liquid drug assay 

Ketoconazole, fluconazole  and rhodamine  6g  (R6G)  were  obtained  from 

Sigma-Aldrich  and cycloheximide  was  obtained  from  Fluka.  All  drug  stock 

solutions were prepared in dimethyl sulfoxide (DMSO, Acros Organics) and 

further  dilutions  were  carried  out  in  sterile  water.  Assay  was  carried  out  in 

sterile 96 well microtiter plates (Falcon) with 20 µl drug, 180 µl YPD medium 

and 50 µl of OD600 0.2 yeast culture. Plates were incubated at 30 
oC for 48 

hours and OD600 was measured with an elisa plate reader (Fluostar-Optima). 

 

Yeast Strains and Plasmid Mutagenesis 

Yeast  strains  were  cultured  in  YPD  medium  containing  10g/l  yeast  extract, 

20g/l  peptone  and  2%  glucose.  The  following S.  cerevisiae  strains  were 

used in this study: YALF-A1 (MATa; ura3-52 trp 1-1 leu 2-3, his 3-11, 15 ade 

2-1 PDR 1-3), YHW-A5 (MATa; ura3-52 trp 1-1 leu 2-3, his 3-11, 15 ade 2-1 

PDR 1-3 pdr5Δ::TRP1), and YRE1001 (MATa; ura3-52 trp 1-1 leu 2-3, his 3-

11, 15 ade 2-1 PDR 1-3 pdr5pdr5promΔ::TRP1). Details about plasmid and 

strain  construction  can  be  found  in (Ernst  et  al,  2008) and supplementary 

table S1. Site-directed mutagenesis of pdr5 was performed on plasmid pRE5 

with the QuickChange II XL site-directed mutagenesis kit (Stratagene). 

 

Isolation of Plasma Membranes 

Cells  were  grown  in  YPD  medium  at  30 oC.  At  OD600  of  1.5,  the  nitrogen 

source  was  replenished  by  addition  of  a  10th volume of 5x  YP  (50  g/liter 

yeast extract; 100 g/liter tryptone/peptone). Cells were harvested at OD600 of 

3.5.  The  isolation  of  plasma  membranes  was  performed  as  described 

elsewhere (Ernst et al, 2008; Kolaczkowski et al, 1996).  

 

Rhodamine 6G Transport Assay 

Active R6G transport was recorded according to the protocol developed by 

Kolaczkowski et al., using a Fluorolog III fluorescence spectrometer (Horiba) 
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(Decottignies et al, 1994). Isolated plasma membranes (30 µg of total protein 

content) were re-suspended in 1 ml of transport buffer (50 mM Hepes pH 7.0, 

10  mM  MgCl2,  150  nM  R6G  and  10  mM  azide)  and  incubated  at  35 
oC. 

Transport was initiated by addition of 10 mM ATP.  

 

ATPase activity Assays 

Oligomycin  (OM)  sensitive  ATPase  activity  of  plasma  membrane  fractions 

was measured by a colorimetric assay performed in 96-well microtiter plates 

(Decottignies  et  al,  1994;  Goffeau  &  Dufour,  1988;  Wada  et  al,  2002). 

Isolated plasma membranes (0.1 or 0.2 µg per well) were incubated with 4 

mM  ATP,  5  mM  MgCl2  in  300  mM  Tris-glycine  buffer  (pH  9.0)  in  a  final 

volume of 25 µl. To reduce background, 0.2 mM ammonium molybdate, 50 

mM KNO3, and 10 mM NaN3, respectively were added (Dufour et al, 1988; 

Goffeau & Dufour, 1988). In a control reaction, OM (20 µg/ml) was added to 

the assay to determine the OM-sensitive ATPase activity. After incubation at 

30 oC for 20 minutes, the reaction was stopped by addition of 175 µl of ice-

cold  40  mM  H2SO4.  The  amount  of  released  inorganic  phosphate  was 

determined by a colorimetric assay, using Na2HPO4 as standard (Zaitseva et 

al, 2004). 
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Table legends 

 

Table I List of mutations generated and used in this study. 

 

Table  II Kinetics  of  ATPase activity  of  Pdr5  mutants. KM and Vmax  values 

derived from Michaelis-Menten analysis of the OM-sensitive ATPase data for 

wild type Pdr5 and the different mutants. 

 

Table III Kinetics of in-vitro R6G transport activity of Pdr5 mutants. 

KM  values  calculated  from  Michaelis-Menten  analysis  of  the  transport  rates 

with varying R6G concentration for wild type Pdr5 and the different mutants. 

Vmax  values  were  calculated  by  measuring  the  relative  percent  of  R6G 

transported at the end of 700s. 
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Figure legends 

 

Figure 1 Schematic architecture of NBS 

(A) Canonical NBS of ABC transporters. (B) NBS1 and NBS2 of Pdr5.  

 

Figure 2 Liquid drug resistance assay 

Growth curves of Pdr5 mutants were analyzed after 48 hours of incubation 

at 30oC with (A) Cycloheximide (CHX), (B) Fluconazole (FA)  (C) 

Ketoconazole (KA) and (D) Rhodamine 6G (R6G). Color coding is as 

follows: red- Pdr5WT, black- ΔPdr5, orange- Walker A, green- Walker B, 

purple- H loop, blue- C loop, brown- HC loop, asparagus- AHC loop and 

magenta- ABHC loop. 

 
Figure 3 Expression levels of Pdr5 mutants 

(Upper  panel)  Coomassie  Blue  stained  SDS  Page  of  plasma  membrane 

preparations of S. cerevisiae cells expressing wild type Pdr5 (Pdr5), no Pdr5 

(Δ), or the different NBD mutations. 15 µg total protein amount were applied 

per  lane.  Molecular  masses  of  marker  proteins  are  indicated  at  the  left. 

Bands corresponding to Pdr5 and the plasma membrane ATPase Pma1 are 

indicated. (Lower panel) Detection of Pdr5 variants by Western blot analysis 

employing a polyclonal α-Pdr5 antibody. 

 

Figure 4 OM-sensitive ATPase activity of Pdr5 mutants.  

The assay was performed with 0.1 or 0.2 µg protein and incubation at 30oC 

for 20 min. The released inorganic phosphate was detected by the malachite 

green  assay  for  Pi  determination.  (See  Materials  and  Methods  for  assay 

details) 

 

Figure 5 In vitro R6G transport activity of Pdr5 mutants 

Reaction  mixture  contained  20  µg  protein,  300  nM  R6G,  10mM  MgCl2,  10 

mM  NaN3  and  10  mM  ATP.  Reaction  was  initiated  by  addition  of  ATP  and 

decrease  in  fluorescence  intensity  monitored  using  a  Spectrofluorometer 

(Horiba – Fluorolog III). Color-coding of mutants is the same as in figure 2. 



	   49	  

 

Figure 6 In vivo accumulation of R6G within selective Pdr5 mutants. 

Saccharomyces cerevisiae cells from the liquid drug assay microtiter plates 

after  48  hours  of  incubation  at  30oC  were  observed  for  R6G  accumulation 

using a Zeiss LSM 780 microscope. Upper panel (a, c, e, g, i) displays DIC 

images while lower panel (b, d, f, h, j) display the corresponding fluorescent 

images.  Bright  fluorescence  indicates  rhodamine  accumulation  within  cells. 

The  final  R6G  concentration  in  the  cells  was  10.6  µg/ml.  Bar  represents 

length of 10 µm. 
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Table 1. 

Mutation Abbreviation Alteration Motif Domain 

P195S  Pro in Walker A Walker A NBD 1 

C199K Walker A Cys in Walker A Walker A NBD 1 

N334E Walker B Asn in Walker B Walker B NBD 1 

Y367H H-loop Tyr in H-loop H-loop NBD 1 

N1011S, V1012G, 

E1013G 

C-loop Asn, Val and Glu in C-

loop 

C-loop NBD 2 

Y367H, N1011S, 

V1012G, E1013G 

HC-loop Tyr in H-loop 

Asn, Val and Glu in C-

loop 

H-loop 

C-loop 

NBD1/2 

C199K 

Y367H 

N1011S, V1012G, 

E1013G 

AHC Cys in Walker A 

Tyr in H-loop 

Asn, Val and Glu in C-

loop 

Walker A 

H-loop 

C-loop 

NBD 1/2 

P195S 

C199K 

N334E 

Y367H 

N1011S, V1012G, 

E1013G 

ABHC Pro in Walker A 

Cys in Walker A 

Asn in Walker B 

Tyr in H-loop 

Asn, Val and Glu in C-

loop 

 

Walker A 

Walker B 

H-loop 

C-loop 

 

NBD 1/2 
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Table 2. 

  

Mutant Km [mM] Vmax 

[µmol/min*mg] 

Pdr5 WT 1.71 ± 0.71 1.33 ± 0.23 

Walker A 1.06 ± 0.27 1.50 ± 0.13 

Walker B 1.97 ± 0.50 1.15 ± 0.13 

H-loop 4.08 ± 1.49 2.09 ± 0.46 

C-loop 1.36 ± 0.46 1.33 ± 0.17 

HC-loop 1.04 ± 0.23 1.37 ± 0.10 

AHC 1.19 ± 0.75 0.48 ± 0.97 

ABHC 1.80 ± 0.50 0.20 ± 0.03 

	  



	   52	  

	  
Table 3. 

  

Mutant Km [nM] Vmax [Relative transport of 

R6G %] 

Pdr5 WT 20.1 ± 2.9 83.52 ± 5.7 

Walker A 25.3 ± 6.6 23.62 ± 2.7 

Walker B 21.4 ± 3.3 61.44 ± 5.8 

H-loop 18.7 ± 3.4 71.52 ± 9.7 

C-loop 20.2 ± 7.5 36.40 ± 5.6 

HC-loop No transport 3.74 ± 0.80 

AHC No transport 2.33 ± 0.67 

ABHC No transport 0.68 ± 0.13 
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Figures 

 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Supplementary Data 

 

Table S1. 

List of primers used for introducing point mutations in Pdr5 gene on pRE5 

plasmid 

Mutation Direction Sequence, 5’ to 3’ 

P195S S 

AS 

GCTAGTCGTTTTAGGTAGATCAGGCTCTGGCAAAAC 

GTTTTGCCAGAGCCTGATCTACCTAAAACGACTAGC 

C199K S 

AS 

CGTTTTAGGTAGACCAGGCTCTGGCAAAACTACTTTATTAAAATCCATCTCTTC 

GAAGAGATGGATTTTAATAAAGTAGTTTTGCCAGAGC CTGGTCTACCTAAAACG 

N334E S 

AS 

GATCCAAATTTCAATGCTGGGATGAAGCTACAAGGG GTTTGGATTC 

GAATCCAAACCCCTTGTAGCTTCATCCCAGCATTGAA ATTTGGATC 

Y367H S 

AS 

CTGCCACAGTGGCCATCCATCAATGTTCTCAAGATG 

CATCTTGAGAACATTGATGGATGGCCACTGTGGCAG 

N1011S S 

AS 

GTTGTTGGTGTTGCTGGTGAAGGTTTATCTGTTGAAC AAAGAAAAAGATTAACCATTG 

CAATGGTTAATCTTTTTCTTTGTTCAACAGATAAACCT TCACCAGCAACACCAACAAC 

V1012G S 

AS 

GTTGCTGGTGAAGGTTTAAACGGTGAACAAAGAAAA AGATTAACC 

GGTTAATCTTTTTCTTTGTTCACCGTTTAAACCTTCAC CAGCAAC 

E1013G S 

AS 

GTTGCTGGTGAAGGTTTAAACGTTGGTCAAAGAAAAA GATTAACCATTGGTG 

CACCAATGGTTAATCTTTTTCTTTGACCAACGTTTAAA CCTTCACCAGCAAC 
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Abstract	  

Saccharomyces	  cerevisiae	  is	  an	  organism	  well	  known	  for	  its	  ability	  to	  adapt	  to	  

various	  kinds	  of	  stress.	  Stress	  posed	  by	  toxic	  compounds	  is	  dealt	  by	  extruding	  it	  

to	  the	  extracellular	  surface	  using	  multidrug	  efflux	  pumps	  as	  one	  of	  the	  means	  of	  

survival.	  Pdr5	  is	  one	  such	  membrane	  protein	  that	  protects	  the	  yeast	  cells	  from	  

xenotoxic	  compounds.	  In	  a	  previous	  study	  we	  observed	  increased	  resistance	  of	  

certain	   mutants	   of	   Pdr5	   that	   exhibited	   increased	   tolerance	   towards	   the	   dye	  

rhodamine	  6g,	  although	  these	  mutants	  were	  incapable	  of	  transporting	  the	  drug	  

due	  to	  non-‐functional	  Pdr5.	  In	  this	  study	  we	  subjected	  the	  mutant	  and	  wildtype	  

cells	  to	  complete	  quantitative	  proteome	  analysis	  to	  better	  understand	  the	  basis	  

for	   the	  increased	  resistance.	  Our	  initial	  observations	  hint	  at	  alternate	  

mechanisms	   of	   drug	   tolerance	   by	   increased	   glycolytic	   flux	   in	   the	   mutant	   as	  

compared	   to	   wildtype	   in	   the	   presence	   of	   rhodamine	   6g.	   This	   pathway	   is	   also	  

dependent	   on	   the	   presence	   or	   absence	   of	  a	   functional	   Pdr5	   protein	   in	   the	  

membrane	   possibly	   due	   to	   Pdr5	   interactions	   with	   hexose	   transporters.	   This	  

interaction	   seems	   to	   be	   different	   in	   the	   wildtype	   and	   mutant	   proteins	   due	   to	  

differences	  in	  post-‐translational	  modifications.	  In	  essence	  this	  is	  one	  of	  the	  first	  

studies	   revealing	   possible	   interaction	   of	   Pdr5	   in	   activating	   an	   alternate	   drug	  

resistance	  pathway	  in	  yeast.	  	  	  	  

	  

	  

	  

	  

	  

Keywords	  

Pleiotropic	   drug	   resistance,	   mass	   spectrometry,	   ATP	   binding	   cassette	  

transporter	  
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Introduction	  

Multidrug	   resistance	   is	   a	   phenomenon	   commonly	   encountered	   during	  

chemotherapy	   of	   cancer	   patients	   and	   poses	   a	   major	   hurdle	   in	   treatment.	   It	   is	  

also	   relevant	   in	   treatment	   of	   fungal	   infections	   among	   immunocompromised	  

individuals	  (1).	   Pleiotropic	   drug	   resistance	   (PDR)	   is	   the	   same	   phenomena	  

observed	  in	  fungi	  and	  comprises	  of	  the	  PDR	  network	  including	  multidrug	  efflux	  

proteins,	  major	  facilitator	  superfamily	  proteins	  (MFS)	  and	  their	  transcriptional	  

regulators	  (2,	   3).	   Pdr5	   is	   one	   such	   ATP	   binding	   cassette	   transporter	   from	  

Saccharomyces	  cerevisiae.	  It	  is	  a	  full	  size	  transporter	  of	  170	  kDa	  and	  is	  localized	  

in	   the	   plasma	   membrane	   of	   yeast.	   Although	   its	   physiological	   substrate	   is	   still	  

unknown,	  it	  is	  responsible	  for	  extrusion	  of	  a	  variety	  of	  compounds	  from	  the	  cell	  

to	  the	  extracellular	  surface	  up	  on	  encountering	  (4).	  	  

	  

The	   full	   size	   transporter	   possesses	   two	   cytoplasmically	  located	   nucleotide	  

binding	  domains	  (NBDs)	  that	  bind	  and	  hydrolyze	  nucleotides	  (mainly	  ATP)	  and	  

use	  it	  as	  an	  energy	  source	  to	  transport	  substrates	  across	  the	  membrane	  bilayer.	  

In	   addition	   there	   are	   two	   transmembrane	   domains	   (TMDs)	   that	   span	   the	  

bilayer	   and	  possess	   the	   substrate	   binding	   pocket(s).	   Pdr5	   belongs	   to	   the	  

category	   of	   uncoupled	   ABC	   transporters,	   which	   hydrolyze	   ATP	   constantly	  

regardless	  of	  any	  substrate	  being	  present	  and	  display	  no	  substrate	  stimulated	  

increase	  in	  ATPase	  activity	  (5,	  6).	  In	  addition	  Pdr5	  along	  with	  other	  fungal	  ABC	  

transporters	   displays	   a	   degenerate	   nucleotide	   binding	   site	   (NBS)	   that	  

characterizes	  the	  ability	  to	  hydrolyze	  ATP	  at	  only	  one	  canonical	  site	  out	  of	  the	  

two	  due	  to	  absence	  of	  key	  residues	  at	  the	  degenerate	  site	  (6,	  7).	  In	  a	  previous	  

study	   we	   exchanged	   all	   the	   degenerate	   amino	   acid	   residues	   with	   their	  

consensus	  counterparts	  and	  studied	  its	  effects	  on	  protein	  function	  and	  in	  vivo	  

drug	   resistance	   (manuscript	   submitted	   for	   publication).	   Our	   observations	  

revealed	   that	   a	   number	   of	   mutants	   displayed	   increased	   resistance	   towards	  

rhodamine	  6g	  as	  compared	  to	  the	  wild	  type	  cells,	  although	  these	  mutants	  were	  

unable	   to	   transport	   rhodamine	   6g	   and	   possessed	   low	  if	   any	   Pdr5	   specific	  

ATPase	   activity	   (manuscript	   submitted	   for	   publication).	   Chiefly	   among	   these	  

mutants	  was	  the	  ABHC	  mutant	  that	  has	  a	  completely	  restored	  degenerate	  NBS	  

comprising	  of	  the	  mutations	  in	  Walker	  A	  -‐	  P195S,	  C199K;	  Walker	  B	  –	  N334E,	  H	  
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loop	  –	  Y367H	  and	  C	  loop	  –	  N1011S,	  V1012G,	  E1013G.	  This	  mutant	  was	  named	  

‘ABHC’	   mutant	   and	   shall	   be	   referred	   as	   such	   henceforth.	   Microscopic	  

examination	   of	   these	   cells	   showed	   accumulation	   of	   rhodamine	   6g	   within	   the	  

cells	  in	  addition	  to	  them	  being	  viable.	  Mechanisms	  to	  overcome	  drug	  resistance	  

in	   yeast	   have	   been	   studied	   in	   the	   past.	   Vacuolar	   accumulation	   or	  

biotransformation	   of	   the	   toxic	   compound	   are	   some	   of	   the	   methods	   that	   the	  

yeast	   cell	   employs	   to	   counteract	   drug	   toxicity	  (8-11).	   We	   on	   the	   other	   hand	  

observed	   an	   accumulation	   of	   the	   drug	   throughout	   the	   cytoplasm	   and	   the	  

emission	  spectra	  of	  the	  dye	  remained	  the	  same.	  Hence	  we	  subjected	  the	  cells	  to	  

complete	   quantitative	   proteome	   analysis	   using	   mass	   spectrometry	   to	  

understand	   the	   molecular	   basis	   of	   this	   increased	   drug	   tolerance.	   Our	   initial	  

observations	   point	   in	   a	   direction	   of	   the	   involvement	   of	   Pdr5	   interaction	   with	  

other	   membrane	   proteins	   including	   hexose	   transporters	   residing	   in	   the	  

membrane	   that	   leads	   to	   increased	   import	   and	   accumulation	   of	   glucose	   in	   the	  

ABHC	   mutant	   as	   compared	   to	   wild	   type.	   This	   interaction	   seems	   to	   be	  

dependent	   up	   on	   post-‐translational	   modifications	   of	   Pdr5,	   which	   are	  

presumably	  different	  in	  the	  wild	  type	  and	  ABHC	  mutant.	  

	  

This	   is	   the	   first	   study	   suggesting	   a	   direct	   role	   of	   the	   interaction	   of	   an	   ABC	  

transporter	   with	   other	   membrane	   proteins	   in	   initiating	   alternate	   mechanisms	  

of	  drug	  resistance	  in	  yeast.	  
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Materials	  and	  Methods	  

	  

Yeast	  Strains	  and	  Plasmid	  Mutagenesis	  

Yeast	   strains	   were	   cultured	   in	   YPD	   medium	   containing	   10g/l	   yeast	   extract,	  

20g/l	  peptone	  and	  2%	  glucose.	  The	  following	  S.	  cerevisiae	  strains	  were	  used	  in	  

this	  study:	  YALF-‐A1	  (MATa;	  ura3-52	  trp	  1-1	  leu	  2-3,	  his	  3-11,	  15	  ade	  2-1	  PDR	  1-

3),	   YHW-‐A5	   (MATa;	   ura3-52	   trp	   1-1	   leu	   2-3,	   his	   3-11,	   15	   ade	   2-1	   PDR	   1-3	  

pdr5Δ::TRP1),	  and	  YRE1001	  (MATa;	  ura3-52	  trp	  1-1	  leu	  2-3,	  his	  3-11,	  15	  ade	  2-1	  

PDR	  1-3	  pdr5pdr5promΔ::TRP1).	  Details	  about	  plasmid	  and	  strain	  construction	  

can	   be	   found	   in	  (6)	   and	   supplementary	   table	   S1.	   Site-‐directed	   mutagenesis	   of	  

pdr5	  was	  performed	  on	  plasmid	  pRE5	  with	  the	  QuickChange	  II	  XL	  site-‐directed	  

mutagenesis	  kit	  (Stratagene).	  	  

	  

Liquid	  drug	  assay	  

Rhodamine	  6g	  (R6G)	  was	  obtained	  from	  Sigma-‐Aldrich.	  All	  drug	  stock	  solutions	  

were	   prepared	   in	   dimethyl	   sulfoxide	   (DMSO,	   Acros	   Organics)	   and	   further	  

dilutions	  were	  carried	  out	  in	  sterile	  water.	  Assay	  was	  carried	  out	  in	  sterile	  96	  

well	  microtiter	  plates	  (Falcon)	  with	  20	  µl	  drug,	  180	  µl	  YPD	  medium	  and	  50	  µl	  of	  

OD600	  0.2	  yeast	  culture.	  Plates	  were	  incubated	  at	  30oC	  for	  48	  hours	  and	  OD600	  

was	  measured	  with	  an	  elisa	  plate	  reader	  (Fluostar-‐Optima).	  

	  

Quantitative	  Proteome	  analysis	  using	  Mass	  spectrometry	  

Mass	   spectrometric	   analyses	   of	   whole	   cell	   lysates	   were	   carried	   out	   using	   a	  

label-‐free	   MS	   approach	   for	   quantification.	   Extracted	   peptides	   were	   analyzed	  

with	   a	   nano-‐HPLC/ESI-‐MS	   system	   (RSLCnanoTM	   U3000	   HPLC,	   Thermo	   Fisher	  

Scientific,	   Bremen,	   Germany)	   online	   coupled	   with	   a	   LTQ	   Orbitrap	   EliteTM	  

(Thermo	   Fisher	   Scientific,	   Bremen,	   Germany)	   mass	   spectrometer	   equipped	  

with	   a	   nano-‐electrospray	   ion	   source	   (nano-‐ESI).	   300	  ng	   of	   each	   sample	   were	  

loaded	  onto	  a	  C18	  trapping	  column	  (Acclaim	  PepMap	  C18,	  2cm	  ×	  100µm	  ×	  5µm,	  

100Å,	   Thermo	   Fisher	   Scientific)	  and	  desalted	  with	  0.1%	  trifluoroacetic	  acid	  

(TFA)	   for	   10	   minutes.	   Peptides	   were	   eluted	   from	   the	   trap	   column	   and	  

subsequently	  separated	  using	  an	  analytical	  column	  (Acclaim	  PepMap	  RSLC	  C18;	  

25cm	  ×	  75µm	  ×	  2µm,	  100Å,	  Thermo	  Fisher	  Scientific)	  for	  120	  minutes	  with	  a	  
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flow	   rate	   of	   300	   nL/min	   before	   spraying	   into	   the	   MS.	   The	   mobile	   phase	   for	  

chromatography	   consisted	   of	   0.1%	   formic	   acid	   in	   water	   (solvent	   A)	   and	   84%	  

acetonitrile,	   0.1%	   formic	   acid	   in	   water	   (solvent	   B).	   The	   gradient	   started	   with	  

4%	  B,	  ramped	  to	  10%	  B	  in	  5	  min,	  20%	  B	  in	  62	  min,	  30%	  B	  in	  35	  min,	  40%	  B	  in	  

15	  min	  and	  95%	  B	  in	  2	  min.	  System	  parameters	  were	  as	  follows:	  spray	  voltage,	  

1.4	  kV;	  ion	  transfer	  tube	  temperature,	  275	  °C;	  collision	  gas,	  helium;	  collision	  gas	  

pressure,	   1.3	   mTorr;	   normalized	   collision	   energy	   for	   MS/MS,	   35%.	   The	  

Orbitrap	  Elite	  was	  operated	  in	  a	  TOP20	  data-‐dependent	  mode	  to	  automatically	  

switch	   between	   MS	   and	   MS/MS	   acquisition.	   MS-‐spectra	   were	   acquired	   in	   the	  

Orbitrap	   with	   a	   mass	   range	   of	   350-‐1700	   m/z	   and	   a	   resolution	   of	  60,000.	  

Polysiloxane	   (445.120030	  Th)	   was	   used	   as	   lock	   mass.	   For	   MS/MS,	   ions	   were	  

isolated	   with	   an	   isolation	   width	   of	   2	   m/z	   and	   fragmented	   using	   collision-‐

induced	  dissociation	  (CID).	  MS/MS-‐spectra	  were	  acquired	  in	  the	  linear	  ion	  trap	  

in	   centroid	   mode.	   Target	   ions	   selected	   for	   MS/MS	   were	   dynamically	   excluded	  

for	  45	  sec.	  The	  ion	  selection	  threshold	  for	  MS/MS	  was	  500	  counts.	  For	  protein	  

identification	   Proteome	   DiscovererTM	   (version	   1.3,	   Thermo	   Fisher	   Scientific)	  

and	  MASCOTTM	  search	  engine	  (version	  2.4.1,	  Matrix	  Science,	  London,	  UK)	  were	  

used.	   MS/MS-‐spectra	   were	   searched	   against	   the	   UniProtKB/Swiss-‐Prot	  

database	   (7799	   yeast	   sequences;	   date	   25/09/2013).	   Search	   parameters	   were	  

as	   follows:	   enzyme:	   trypsin;	   2	   maximum	   missed	   cleavage	   sites;	   taxonomy:	  

Saccharomyces	  cerevisiae;	   10	   ppm	   precursor	   mass	   tolerance;	   0.4	   Da	   fragment	  

mass	   tolerance;	   oxidation	   of	   methionine	   as	   dynamic	   modification;	  

carbamidomethylation	   of	   cysteine	   as	   fixed	   modification.	   The	   false	   discovery	  

rate	  (FDR)	  was	  set	  to	  1%	  (p	  ≤	  0.01).	  If	  identified	  peptides	  are	  shared	  between	  

two	  proteins,	  these	  are	  combined	  and	  reported	  as	  one	  protein	  group.	  Label-‐free	  

quantification	  was	  carried	  out	  using	  ProgenesisTM	  LC-‐MS	  (Nonlinear	  Dynamics,	  

Newcastle	  upon	  Tyne,	  UK).	  A	  minimum	  of	  2	  unique	  peptides	  were	  required	  for	  

quantification.	   Proteins	   with	   a	   significant	   (anova	   <0.01)	   abundance	   change	   of	  

2.0	   were	   considered	   as	   differentially	   regulated.	   Proteins	   with	   less	   than	   2	  

quantifiable	  peptides	  were	  excluded.	  
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Results	  

Proteome	  analysis	  reveals	  significant	  differences	  between	  WT	  and	  ABHC	  

mutant	  

Initial	  observations	  during	  the	  liquid	  drug	  assay	  with	  rhodamine	  6g	  displayed	  

increase	  of	  resistance	  in	  the	  ABHC	  mutant	  as	  compared	  to	  Pdr5WT	  (Figure	  1).	  

Concentration	  of	  more	  than	  7.5µg/ml	  dye	  was	  detrimental	  to	  the	  wildtype	  cells	  

while	   the	   ABHC	   mutant	   could	   withstand	   15µg/ml	   rhodamine	   6g.	   Although	  

biochemical	   data	   suggested	   that	   the	   ABHC	   mutant	   was	   unable	   to	   transport	  

rhodamine	   6g	   and	   that	   the	   Pdr5	   specific	   ATPase	   activity	   was	   also	   very	   low	  

(Table	   1)(data	   taken	   from	   the	   submitted	   manuscript).	  This	   raised	   questions	  

about	  the	  reasons	  for	  the	  increased	  drug	  tolerance	  in	  this	  particular	  mutant.	  To	  

check	   whether	   any	   other	   transporters	   are	   counterbalacing	   the	   transport	  

deficient	  Pdr5	  mutant	  and	  in	  fact	  transporting	  rhodamine	  6g,	  we	  analysed	  the	  

cells	  from	  the	  liquid	  drug	  assay	  using	  confocal	  microscopy.	  Here,	  it	  was	  evident	  

that	  there	  is	  accumulation	  of	  rhodamine	  6g	  within	  the	  ABHC	  mutant	  cells	  and	  

strikingly	   that	   these	   cells	   are	   alive	   as	   well	   as	   could	   tolerate	   twice	   as	   much	  

rhodamine	   6g	   when	   compared	   to	   the	   wildtype	   cells	   (data	   from	   submitted	  

manuscript).	  In	  order	  to	  understand	  the	  underlying	  molecular	  mechanisms	  we	  

subjected	  the	  wildtype	  and	  ABHC	  mutant	  cells	  with	  and	  without	  rhodamine	  6g	  

to	  a	  complete	  quantitative	  proteome	  analysis.	  The	  data	  obtained	  is	  summarized	  

in	   Tables	   2	   and	   3.	   As	   can	   clearly	   be	   observed	   there	   is	   significantly	   increased	  

levels	   of	   glycolytic	   enzymes	   in	   the	   ABHC	   mutant	   cells	   after	   exposure	   to	  

rhodamine	   6g	   as	   compared	   to	   wildtype.	   This	   observation	   holds	   true	   for	  both	  

concentrations	  of	   rhodamine	   6g	   tested	   i.e	   6	  µg/ml	   for	   both	   WT	   and	   ABHC	  

(Table	   2)	   and	   7.5	  µg/ml	   for	   WT	   and	   15	  µg/ml	   for	   ABHC	   (Table	   3).	   Also	  

surprisingly	   it	   was	   noted	   that	   the	   fold	   increase	   in	   the	   levels	   of	   glycolytic	  

enzymes	  was	  greater	  when	  the	  concentration	  of	  rhodamine	  6g	  was	  higher.	  This	  

observation	   also	   revealed	   significant	   down	   regulation	   of	   mitochondrial	  

enzymes	   involved	   in	   ATP	   synthesis.	   Alcohol	   dehydrogenase	   levels	   were	   also	  

significantly	   up	   regulated	   in	   the	   ABHC	   mutant	   with	   15	  µg/ml	   rhodamine	   6g.	  

Interestingly	  the	  TCA	  cycle	  enzymes	  for	  the	  ABHC	  mutants	  relatively	  recovered	  

in	  the	  presence	  of	  higher	  concentration	  of	  the	  drug,	  this	  could	  possibly	  be	  due	  

to	   increase	   in	   expression	   levels	   following	   an	   initial	   down	   regulation	   due	   to	  
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increased	   cellular	   energy	   levels.	  The	   most	   significant	   changes	   in	   the	   protein	  

levels	   obtained	   for	   wildtype	   and	   ABHC	   mutants	   in	   the	   presence	   of	   6	  µg/ml	  

rhodamine	  6g	  are	  graphically	  represented	  in	  Figure	  2	  A-‐D.	  The	  proteins	  being	  

down	   regulated	   in	   the	   presence	   of	   the	   dye	   although	   similar	   in	   proportion	   but	  

are	   significantly	   different	   in	   terms	   of	   numbers	   between	   wildtype	   and	   ABHC	  

(Figure	   2A	   and	   2B).	   Notably	  the	   TCA	   cycle	   enzymes	   and	   electron	   transport	  

chain	   enzymes	   are	   down	   regulated	   only	   in	   the	   ABHC	   mutant	   (Figure	   2B).	   In	  

addition	  the	  protein	  level	  up	  regulation	  in	  both	  the	  wildtype	  and	  ABHC	  mutant	  

in	  the	  presence	  of	  rhodamine	  6g	  is	  displayed	  in	  Figure	  2C	  and	  2D.	  Notably	  here	  

too	   the	   number	   of	   proteins	   up	   regulated	   in	   the	   ABHC	   mutant	   is	   significantly	  

higher.	   Also	   the	   presence	   of	   glycolytic	   enzymes	   is	   seen	   clearly	   for	   the	   mutant	  

(Figure	  2D)	  where	  it	  is	  up	  regulated.	  	  	  

	  

	  Effect	  of	  glucose	  on	  growth	  rates	  	  

The	  analysis	  of	  the	  proteome	  analysis	  revealed	  differences	  in	  glycolytic	  rates	  of	  

the	  ABHC	  and	  wildtype	  cells.	  In	  order	  to	  investigate	  this	  we	  carried	  out	  liquid	  

drug	   assays	   with	   varying	   glucose	   concentrations	   (1%-‐4%)	   with	   the	   mutants	  

and	   included	   two	   additional	   controls	   i.e.	  ΔPdr5,	   which	   is	   a	   knock-‐out	   strain	  

lacking	   Pdr5	   and	   the	   Pdr5	   K911A	   mutant,	   which	   is	   a	   mutant	   of	   Pdr5	   that	   is	  

phenotypically	   similar	   to	   ABHC	   in	   terms	   of	   low	   ATPase	   activity	   and	   no	  

rhodamine	   6g	   transport.	   The	   results	   of	   this	   experiment	   are	   summarized	   in	  

Figure	  3.	   As	   can	   be	   noted,	   the	   wildtype	   cells	   are	   the	   slowest	   to	   adapt	   to	   low	  

concentrations	  of	  glucose	  (1%)	  (Figure	  3A),	  while	  the	  ABHC,	  ΔPdr5	  and	  K911A	  

cells	  are	  much	  faster	  adapting	  and	  consequently	  are	  capable	  in	  glucose	  uptake	  

at	   low	   as	   well	   as	   high	   concentrations	   of	   glucose	   (Figure	  3	  B-‐D).	   This	   is	   an	  

important	   observation	   considering	   that	   the	   mitochondrial	   energy	   generating	  

machinery	  is	  down	  regulated	  (Table	  2	  and	  3),	  and	  glycolysis	  is	  the	  only	  source	  

of	   energy	   for	   these	   cells	   (although	   less	   efficient).	   The	   wildtype	   cells	   which	  

possess	  a	  functionally	  active	  Pdr5	  that	  is	  capable	  of	  transporting	  rhodamine	  6g	  

also	  has	  a	  high	  level	  basal	  ATPase	  activity.	  This	  in	  turn	  seems	  to	  take	  a	  toll	  on	  

the	  wildtype	  cells	  in	  a	  situation	  where	  rhodamine	  6g	  affects	  mitochondria	  and	  

the	  energy	  reserves	  in	  the	  cell	  are	  depleted.	  On	  the	  other	  hand	  the	  ABHC,	  ΔPdr5	  

and	   K911A	   mutant	   cells	   that	   have	   considerably	   low	   energy	   demands	   due	   to	  
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inactive	  or	  complete	  absence	  of	  Pdr5	  are	  able	  to	  cope	  with	  the	  challenge	  posed	  

by	  rhodamine	  6g	  in	  a	  much	  better	  way.	  It	  is	  also	  seen	  that	  the	  levels	  of	  a	  low	  

affinity	   glucose	   transporter	   Hxt3	   was	   being	   differentially	   regulated	   in	   the	  

wildtype	   and	   ABHC	   mutant	   (Table	   3).	   On	   exposure	   to	   rhodamine	   6g	   this	  

transporter	  was	  being	  down	  regulated	  to	  about	  2	  fold	  in	  wildtype	  while	  in	  the	  

ABHC	   mutant	   there	   was	   	   6	   fold	   up	  regulation	   in	   its	   levels.	   Also	   one	   of	   the	  

necessities	  for	  maintenance	  of	  high	  rates	  of	  glycolytic	  flux	  is	  the	  replenishment	  

of	   NAD+	   pools,	   this	   was	   indeed	   observed	   by	   the	   significant	   up	  regulation	   of	  

alcohol	   dehydrogenase	   enzyme	   upon	   addition	   of	   rhodamine	   6g	   to	   the	   ABHC	  

mutant	  cells.	  
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Discussion	  

Yeast	  cells	  possess	  multiple	  and	  redundant	  biochemical	  pathways	  that	  allow	  it	  

to	   adapt	   and	   survive	   under	   stress	   from	   various	  internal	   and	   external	   sources	  

(12,	  13).	  The	  response	  of	  yeast	  cells	  under	  carbon,	  nitrogen	  and	  oxygen	  limiting	  

conditions	   has	   been	   well	   studied	  (14,	   15).	   Also	   the	   adaptation	   of	   these	   cells	  

during	   fermentation	   with	   various	   carbon	   sources	   has	   been	   well	   documented	  

(12,	  16).	  

	  

Our	  observation	  with	  the	  ABHC	  mutant	  being	  able	  to	  withstand	  elevated	  levels	  

of	   rhodamine	   6g	   as	   compared	   to	   wildtype	   without	   transporting	   it	   was	  

extremely	   surprising	   and	   obviously	   counterintuitive.	  One	  needs	  to	  note	  that	  

rhodamine	  6g	  is	  not	  an	  extremely	  toxic	  compound	  unlike	  some	  others	  and	  cells	  

possibly	  have	  time	  to	  adapt	  and	  respond	  to	  this	  source	  of	  stress.	  Pdr5	  being	  a	  

membrane	   protein	   has	   been	   shown	   to	   interact	   with	   a	   number	   of	   other	  

membrane	  and	   cytosolic	   proteins	  (17,	   18).	   Notably	   among	   this	   inventory	   are	  

hexose	   transporters	   that	   reside	   in	   the	   membrane	   bilayer	   and	   are	   responsible	  

for	  import	  of	  glucose	  inside	  the	  cell	  (19,	  20).	  The	  interaction	  between	  Pdr5	  and	  

hexose	   transporters	   is	   a	   very	   likely	   scenario,	   although	   the	   effect	   of	   this	  

interaction	  on	  the	  functioning	  of	  one	  or	  both	  partners	  is	  unknown.	  According	  to	  

our	   observations	   with	   respect	   to	   the	   wildtype	   and	   ABHC	   mutant	   we	   detect	  

important	  differences	  in	  the	  response	  of	  these	  two	  cell	  types	  to	  the	  presence	  of	  

rhodamine	  6g.	  The	  down	  regulation	  of	  mitochondrial	  ATP	  synthesis	  machinery	  

clearly	   indicates	   low	   energy	   levels	   in	   the	   cells,	   while	   elevated	   glycolytic	  

enzymes	   indicate	   presence	   of	   sufficient	   glucose	   and	   a	   response	   to	   generate	  

more	   ATP.	   It	   seems	   the	   ABHC,	  ΔPdr5	   and	   K911A	   cells	   are	   better	   in	   their	  

response	  than	  the	  wildtype	  cells,	  although	  the	  ΔPdr5	  and	  K911A	  cells	  are	  much	  

more	  sensitive	  towards	  rhodamine	  6g	  than	  ABHC	  or	  wildtype.	  This	  observation	  

indicates	   that	   although	   ABHC,	  ΔPdr5	   and	   K911A	   are	   phenotypically	   similar	  

their	  response	  towards	  rhodamine	  6g	  resistances	  is	  very	  different.	  This	  is	  likely	  

a	   result	   of	   protein-‐protein	   interaction	   between	   Pdr5	   and	   other	  (membrane)	  

proteins.	   The	   response	   of	   the	   cell	   to	   up	   regulate	   glycolytic	   enzymes	   in	   the	  

presence	  of	  rhodamine	  6g	  occurs	  at	  a	  much	  earlier	  stage	  in	  the	  ABHC	  mutant	  as	  

compared	  to	  wildtype.	  This	  is	  possible	  because	  the	  wildtype	  cells	  can	  actually	  
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transport	  rhodamine	  6g	  and	  the	  intracellular	  concentrations	  are	  fairly	  low	  until	  

a	  certain	  threshold	  is	  reached	  (Figure	  2A-‐D	  and	  Table	  2,	  Table	  3).	  The	  alternate	  

mechanism	   of	   increased	   glucose	   metabolism	   as	   we	   believe	   is	   a	   result	   of	   Pdr5	  

interaction	   with	   hexose	   transporters	   residing	   in	   the	   membrane.	   This	  

interaction	   in	   turn	   is	   different	   between	   wildtype	   and	   ABHC	   mutant	   owing	   to	  

differences	   in	   post-‐translational	   modifications	   of	   these	   two	   proteins.	   This	  

hypothesis	  also	  holds	  true	  for	  K911A,	  which	  is	  functionally	  deficient	  and	  ΔPdr5	  

that	   completely	   lacks	   Pdr5	   and	   hence	   the	   alternate	   pathway	   is	   not	   activated	  

and	   as	   a	   result	   the	   cells	   are	   hypersensitive	   towards	   rhodamine	   6g.	   Our	  

hypothesis	  is	  supported	  by	  observations	  where	  the	  transcriptional	  regulators,	  

Pdr1	   and	   Pdr3,	   controlling	   Pdr5	   among	   other	   MDR	   transporters	   also	   regulate	  

expression	   of	   hexose	   transporters	  (20,	  21).	   Moreover	   glucose	   accumulation	   in	  

anticipation	   of	   stress	   has	   also	   been	   shown	   with	   yeast	   cells	  (22).	   Retrograde	  

phenomenon	   involving	   direct	   communication	   between	   mitochondria	   and	  

nucleus	  via	  transcriptional	  factors	  has	  also	  been	  well	  studied	  (23-25).	  Although	  

in	   our	   studies	   we	   could	   not	   detect	   and	   quantify	   these	   transcription	   factors	  

possibly	  due	  to	  their	  low	  level	  of	  cellular	  expression,	  it	  cannot	  be	  ruled	  out	  that	  

they	  indeed	  play	  a	  crucial	  role	  in	  our	  observation	  of	  increased	  drug	  resistance.	  

The	  involvement	  of	  a	  multidrug	  efflux	  pump	  in	  such	  phenomena	  has	  not	  been	  

seen	  prior	  to	  this	  study,	  moreover	  further	  details	  could	  reveal	  a	  much	  greater	  

role	  for	  multidrug	  pumps	  in	  other	  physiological	  processes	  in	  the	  cell.	  
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Table	  Legends	  

	  

Table	  1.	  

Biochemical	  data	  on	  ATPase	  activity	  and	  rhodamine	  6g	  transport	  for	  Pdr5	  WT	  

and	  ABHC	  mutant.	  Mean	  values	  of	  at	  least	  three	  independent	  experiments	  are	  

shown	  and	  the	  error	  bars	  represent	  the	  SD.	  

	  

Table	  2.	  	  

Quantitative	  proteome	  analysis	  data	  depicting	  fold	  change	  in	  expression	  levels	  

of	  respective	  enzymes	  in	  the	  presence	  of	  6µg/ml	  rhodamine	  6g	  as	  compared	  to	  

without	  the	  drug	  for	  WT	  and	  ABHC	  mutant.	  An	  up	  regulation	  is	  highlighted	  in	  

green,	  while	  down	  regulation	  is	  shown	  in	  red.	  

	  

	  Table	  3.	  	  

Quantitative	  proteome	  analysis	  data	  depicting	  fold	  change	  in	  expression	  levels	  

of	  respective	  enzymes	  in	  the	  presence	  of	  7.5µg/ml	  rhodamine	  6g	  as	  compared	  

to	  without	  the	  drug	  for	  WT	  and	  15µg/ml	  rhodamine	  6g	  for	  the	  ABHC	  mutant	  as	  

compared	  to	  without	  the	  drug.	  Color	  coding	  is	  identical	  to	  Table	  2	  
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Figure	  Legends	  

	  

Figure	  1.	  

Graph	  representing	  resistance	  of	  different	  Pdr5	  mutants	  towards	  rhodamine	  6g.	  

	  

Figure	  2.	  

Graphical	   representation	  of	   the	   proteome	   data	   for	   Pdr5WT	   and	   ABHC	   mutant	  

in	  the	  presence	  of	  6	  µg/ml	  rhodamine	  6g.	  The	  cut-‐off	  threshold	  for	  fold	  change	  

after	  exposure	  to	  rhodamine	  6g	  v/s	  without	  rhodamine	  6g	  was	  set	  at	  1.25	  for	  

both	   data	   sets.	   The	   graphs	   represent	   number	   of	   proteins	   being	   down	   or	   up	  

regulated.	   A.	   Pdr5WT	   down	   regulation,	   B.	   ABHC	   down	   regulation,	   C.	   Pdr5WT	  

up	   regulation	   and	   D.	   ABHC	   up	   regulation.	   The	   data	   was	   analyzed	   using	   the	  

GeneCodis3	  analysis	  software	  (26-28).	  

	  

Figure	  3.	  

Growth	   curves	   of	   different	   mutants	   of	   Pdr5	   in	   the	   presence	   of	   varying	  

concentrations	   of	   rhodamine	   6g	   and	   glucose.	   A.	   Pdr5WT,	   B.	   ABHC	   mutant,	   C.	  

Delta	  Pdr5	  and	  D.	  K911A.	  
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Table	  1.	  
	  
	   ATPase	  activity	   R6G	  transport	  

Mutant	  Km	  [mM]	   Vmax	  
[µµmol/mg*min]	  

Km	  [nM]	   Vmax	  (Relative	  
decrease	  in	  
fluorescence	  
intensity	  in	  700s)	  

Pdr5WT	  1.71	  ±	  0.71	   1.33	  ±	  0.23	   20.1	  ±	  2.9	   83.52	  ±	  5.7	  

ABHC	   1.80	  ±	  0.50	   0.20	  ±	  0.03	   No	  

transport	  

0.68	  ±	  0.13	  
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Table	  2.	  
	  

	  

Enzymes	   Fold	  change	  –	  
with	  R6G/without	  R6G	  

	   	  
WT	   ABHC	  

	  
Glycolysis	  

	   	  
1.	   Hexokinase	   1	   1.8	  
2.	   Phosphohexose	  isomerase	  	   1.3	   2	  
3.	   Phosphofructokinase-‐1	   No	  change	   1.6	  
4.	   Aldolase	   No	  change	   1.3	  
5.	  	  Triosephosphate	  isomerase	   No	  change	   2.4	  
6.	   Glyceraldehyde	  3-‐phosphate	  

dehydrogenase	  
No	  change	   2	  

7.	   Phosphoglycerate	  kinase	   No	  change	   1.4	  
8.	   Phosphoglycerate	  mutase	   No	  change	   1.3	  
9.	   Enolase	   No	  change	   1.6	  
10.	  Pyruvate	  kinase	   1	   1.8	  

	   	   	   	  

	  
Fermentation	  

	   	  
11.	  Pyruvate	  decarboxylase	   1.3	   No	  change	  
12.	  Alcohol	  dehydrogenase	   1.1	   2	  

	   	  
	   	  

	  
TCA	  cycle	   	   	  

13.	  Pyruvate	  dehydrogenase	  complex	  No	  change	   No	  change	  
14.	  Citrate	  synthase	   1.4	   3.4	  
15.	  Isocitrate	  dehydrogenase	   1.2	   1.3	  
16.	  α-‐ketoglutarate	  dehydrogenase	  

complex	  
No	  change	   2.7	  

17.	  Succinate	  dehydrogenase	   No	  change	   3.9	  
18.	  Fumarase	   No	  change	   2.3	  
19.	  Malate	  dehydrogenase	   No	  change	   2.3	  

	  
Oxidative	  phosphorylation	  

	   	  
20.	  NADH	  dehydrogenase	   No	  change	   2.6	  
21.	  Succinate	  dehydrogenase	   No	  change	   3.9	  
22.	  Complex	  Q:	  cytochrome	  c	  oxido-‐

reductase	  
1.3	   3.3	  

23.	  Cytochrome	  oxidase	   1.4	   2	  
24.	  ATP	  synthase	   No	  change	   2	  
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Table	  3.	  

	  
Enzymes	   Fold	  change	  –	  

with	  R6G/without	  R6G	  

	   	  
WT	   ABHC	  

	  
Glycolysis	  

	   	  
1.	   Hexokinase	   2	   5.5	  
2.	   Phosphohexose	  isomerase	  	   2	   6	  
3.	   Phosphofructokinase-‐1	   0.7	   2.7	  
4.	   Aldolase	   1.4	   7	  
5.	  	  Triosephosphate	  isomerase	   1.6	   6.4	  
6.	   Glyceraldehyde	  3-‐phosphate	  

dehydrogenase	  
1.6	   7	  

7.	   Phosphoglycerate	  kinase	   1.7	   6.4	  
8.	   Phosphoglycerate	  mutase	   2.1	   6.6	  
9.	   Enolase	   1.9	   6	  
10.	  Pyruvate	  kinase	   1.7	   5	  

	   	   	   	  

	  
Fermentation	  

	   	  
11.	  Pyruvate	  decarboxylase	   1.5	   8.3	  
12.	  Alcohol	  dehydrogenase	   1.4	   5	  

	   	  
	   	  

	  
TCA	  cycle	   	   	  

13.	  Pyruvate	  dehydrogenase	  complex	  1.3	   2.3	  
14.	  Citrate	  synthase	   1.6	   No	  change	  
15.	  Isocitrate	  dehydrogenase	   1.6	   3	  
16.	  α-‐ketoglutarate	  dehydrogenase	  

complex	  
1.3	   2	  

17.	  Succinate	  dehydrogenase	   1.2	   1.8	  
18.	  Fumarase	   1.4	   1.2	  
19.	  Malate	  dehydrogenase	   1.3	   No	  change	  

	   	  
	   	  

	  
Oxidative	  phosphorylation	  

	   	  
13.	  NADH	  dehydrogenase	   1.9	   1.3	  
14.	  Succinate	  dehydrogenase	   1.2	   1.8	  
15.	  Complex	  Q:	  cytochrome	  c	  oxido-‐

reductase	  
1.6	   1.6	  

16.	  Cytochrome	  oxidase	   1	   4	  
17.	  ATP	  synthase	   1	   4	  
	   	   	   	  
	   Other	  Protein	   	   	  
18.	  Hxt3,	  low	  affinity	  glucose	  

transporter	  
2	   6	  
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Figure	  1.	  
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Figure	  2.	  
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Figure	  3.	  
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Discussion	  

Structural	   and	   functional	   role	   of	   the	   degenerate	   nucleotide	   binding	  

site	  

Our	  work	  concerning	  replacement	  of	  non-‐consensus	  amino	  acids	  in	  the	  

degenerate	   nucleotide	   binding	   site	   by	   consensus	   ones	   led	   to	   several	  

important	   findings.	   The	   details	   are	   elaborated	   in	   Paper	   I.	   It	   was	  

observed	   that	   single	   point	   mutations	   did	   not	   severely	   impact	   ATP	  

hydrolysis	   rates	   while	   affecting	   rhodamine	   6g	   transport	   to	   varying	  

levels.	   Liquid	   drug	   assays	   with	   rhodamine	   6g,	   cycloheximide,	  

fluconazole	   and	   ketoconazole	   revealed	   similar	   patterns	   of	   drug	  

resistance.	   Interestingly,	   the	   combination	   of	   mutations	   viz.	   AHC	   loop	  

(Walker	  A,	  H	  loop	  and	  C	  loop)	  and	  ABHC	  loop	  (Walker	  A,	  Walker	  B,	  H	  

loop,	  and	  C	  loop)	  displayed	  significantly	  reduced	  ATPase	  activities	  and	  

no	   rhodamine	   6g	   transport.	   Liquid	   drug	   assays	   also	   showed	  

significantly	  reduced	  resistance	  towards	  all	  drugs	  except	  rhodamine	  6g	  

for	   these	   mutants	   (investigations	   regarding	   this	   contradicting	   result	   is	  

discussed	   later).	   These	   results	   lead	   us	   to	   believe	   that	   artificially	  

engineering	  a	  second	  functional	  NBS	  in	  Pdr5	  actually	  disrupts	  the	  ATP	  

hydrolysis	   occurring	   at	   the	   consensus	   NBS	   in	   addition	   to	   not	  

contributing	   fruitfully	   to	   the	   new	   NBS.	   It	   also	   means	   that	   there	   are	  

probably	  significant	  architectural	  alterations	  in	  the	  NBDs	  following	  the	  

mutations	  that	  lead	  to	  a	  complete	  breakdown	  of	  the	  function.	  The	  co-‐

ordination	  as	  well	  as	  communication	  between	  the	  two	  NBS	  as	  well	  as	  

the	   TMDs	   and	   NBDs	   is	   crucial	   for	   proper	   ABC	   transporter	   function.	   In	  

this	   regard	   the	   D	   loops	   have	   been	   proposed	   to	   play	   a	   very	   important	  

role	  in	  communication	  between	  the	  two	  NBS	  (28,	  29).	  The	  Q	  loops	  are	  

the	  ones	  proposed	  to	  co-‐ordinate	  movements	  between	  the	  NBDs	  and	  
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TMDs	  (29),	   this	   goes	   together	   with	   the	   proposed	   X	   loops	   right	   at	   the	  

junction	   between	   the	   NBDs	   and	   TMDs	   which	   are	   thought	   to	   act	   as	  

gatekeepers	  controlling	  the	  substrate	  binding	  pocket	  (30).	  In	  our	  study	  

we	  think	  that	  it	  is	  the	  essential	  inter-‐domain	  NBS	  communication	  that	  

has	  been	  broken	  down	  due	  to	  the	  introduced	  mutations	  and	  hence	  ATP	  

binding	   and	   hydrolysis	   at	   one	   NBS	   is	   not	   ‘sensed’	   by	   the	   other.	   This	  

ultimately	   leads	   to	   complete	   non-‐functionality	   of	   the	   transporter.	  

Figure	   9	  displays	  the	  predicted	  change	  in	  the	  degenerate	  NBS	  after	  

introducing	  the	  mutations.	  

	  	  	  

	  	  	  	  

Figure	   9.	  Comparison	   of	   the	   degenerate	   NBS	   before	   and	   after	  

introducing	   the	   mutations.	   Based	   on	   the	   Pdr5	   model	   proposed	   by	  

Rutledge	  et	  al.	  (17).	  	  	  
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To	   get	   a	  complete	   view	   of	   the	   NBDs	   with	   all	   the	   vital	   sequences	  

necessary	   for	   nucleotide	   binding	   and	   hydrolysis	   as	   well	   as	   the	  

communication	   machinery	   we	  introduced	   the	   mutations	  in	   silico	  and	  

observed	  the	  changes	  in	  structure	  as	  shown	  in	  figure	  10.	  

	  

Figure	   10.	  Pdr5	  model	   with	   the	   altered	   bases	   and	   the	   predicted	  

structural	  changes.	  Based	  on	  Rutledge	  et	  al.	  (17).	  	  

	  

Substrate	   dependent	   stochastic	   stoichiometry	   of	   rhodamine	   6g	  

transport	  	  

Coupling	  of	  ATP	  hydrolysis	  to	  substrate	  transport	  is	  a	  basic	  feature	  of	  

ABC	   transporters	   and	  has	  been	  extensively	  studied	  (22,	   31).	   Pgp	   for	  

instance	  is	  a	  strictly	  coupled	  ABC	  transporter	  in	  the	  sense	  that	  presence	  

of	  a	  substrate	  increases	  the	  ATP	  hydrolysis	  rate	  and	  vice	  versa	  (32).	  It	  

also	   makes	   sense	   from	   the	   cell’s	   point	   of	   view	   to	   possess	   such	   a	  
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regulatory	  handle	  on	  the	  protein	  to	  avoid	  futile	  ATP	  hydrolysis.	  On	  the	  

other	   hand	   lies	   Pdr5,	   which	   so	   far	   has	   not	   displayed	   any	   substrate	  

stimulated	   ATPase	   activity	   and	   maintains	   a	   relatively	   high	   level	   basal	  

activity.	  This	  goes	  hand-‐in-‐hand	  with	  the	  presence	  of	  a	  degenerate	  NBS,	  

which	  practically	  cannot	  hydrolyze	  ATP.	  Such	  a	  feature	  is	  seen	  in	  yeast	  

ABC	  transporters	  and	  is	  remarkably	  different	  than	  the	  ones	  from	  higher	  

eukaryotes.	  	  

We	   study	   Pdr5	   functionality	   in	   crude	   membrane	   preparations	   using	  

mainly	  two	  assays:	  Oligomycin	  sensitive	  ATPase	  activity	  determination	  

and	  rhodamine	   6g	  transport	   assay.	   Although	   the	   ATPase	   activity	   can	  

also	   take	   place	   in	   a	   protein	   molecule	   that	   can	   no	   longer	   transport	   a	  

substrate,	   the	   rhodamine	   6g	   assay	   essentially	   requires	   structural	  

integrity	  and	  functionally	  active	  protein	  to	  get	  a	  positive	  read-‐out.	  This	  

is	  the	  basis	  of	  our	  work	  concerning	  the	  selection	  of	  the	  rhodamine	  6g	  

transport	   assay	   for	   stoichiometry	   determination.	   Our	   approach	   was	   a	  

rather	   simple	   one	   of	   attempting	   to	   measure	   the	   amount	   of	   ATP	  

hydrolyzed	   while	   monitoring	   active	   rhodamine	   6g	   transport.	  

Rhodamine	   6G	   is	   a	   fluorescent	   substrate	   and	   it	   fluoresces	   in	   its	  

monomeric	   state	   while	   dimers	   and	   higher	   oligomers	   are	   non-‐

fluorescent	  (27).	  Our	  crude	  membrane	  preparations	  of	  highly	  enriched	  

Pdr5	   are	   oriented	   inside-‐out	   i.e	  the	   NBDs	   face	   the	   outside	   while	   the	  

substrate	  is	  transported	  to	  the	  lumen	  of	  the	  vesicle.	  In	  the	  presence	  of	  

ATP	   the	   transport	   activity	   takes	   place,	   which	   leads	   to	   a	   drop	   in	  

fluorescence	   intensity	   and	   can	   be	   monitored	   in	   real	   time	   using	   a	  

spectrofluorometer.	  Our	  results	  are	  elaborated	  in	  Paper	  II.	  Basically	  our	  

findings	  report	  stoichiometric	  ratios	  of	  0.3	  i.e	  about	  3	  molecules	  of	  ATP	  

are	   hydrolyzed	   per	   molecule	   of	   substrate	   transported.	   But	   in	   our	  
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observation	  this	  ratio	  is	  stochastic	  due	  to	  its	  dependence	  on	  substrate	  

concentration.	   As	   mentioned	   earlier	   Pdr5	   constantly	   hydrolyzes	   ATP	  

regardless	  of	  any	  substrate	  being	  present,	  hence	  it	  turns	  out	  it	  is	  only	  a	  

matter	   of	   chance	   that	   Pdr5	   encounters	   a	   substrate	   and	   pumps	   it	   out.	  

This	   is	   completely	   dependent	   and	   directly	   proportional	   to	   the	  

concentration	   of	   the	   substrate	   present.	   This	   relation	   holds	   true	   until	  

the	   substrate	   itself	   becomes	   inhibitory	   to	   the	   protein	   and	   locks	   the	  

possibly	   locks	   the	   protein	   in	   the	   outward	   facing	   conformation	   at	   high	  

concentration.	   This	   in	   turn	   affects	   ATP	   hydrolysis	   and	   the	  

stoichiometric	  coupling	  goes	  down.	  In	  our	  case	  the	  optimum	  substrate	  

concentration	  was	  determined	  as	  600nM	  rhodamine	  6g	  beyond	  which	  

we	  observed	  a	  decrease	  in	  the	  coupling	  ratios.	  	  	  	  	  	  	  	  

	  

Possible	  alternate	  mechanisms	  of	  overcoming	  drug	  resistance	  

Our	   mutagenesis	   study	   concerning	   the	   degenerate	   NBS	   led	   to	   some	  

very	   interesting	   observations.	   Among	   these	   was	   an	   increased	  

resistance	  towards	  rhodamine	  6g	  of	  two	  mutants	  AHC	  loop	  and	  ABHC	  

compared	  to	  WT.	  This	  was	  contradictory	  to	  our	  biochemical	  data	  that	  

displayed	   very	   low	   ATPase	   activity	   and	   no	   active	   transport	   of	  

rhodamine	   6g	   by	   these	   mutants.	   As	   a	   result	   we	   tried	   to	   take	   a	   new	  

approach	   to	   better	   understand	   the	   reasons	   behind	   this.	   Direct	  

fluorescence	  microscopy	  of	  the	  mutant	  cells	  exposed	  to	  rhodamine	  6g	  

during	   the	   liquid	   drug	   assay	   showed	   that	   while	   WT	   cells	   have	   no	  

intracellular	  rhodamine	  6g,	  the	  mutants	  have	  huge	  accumulation	  of	  the	  

dye	   in	   the	   cells.	   This	   is	   intriguing	   because	   the	   mutants	   can	   withstand	  

almost	   twice	   as	  much	  rhodamine	  6g	  than	  the	   WT	  cells	  while	  

maintaining	  cell	  viability.	  	  
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These	   observations	   pointed	   in	   the	   direction	   of	   possible	   alternate	  

mechanisms	  of	  drug	  resistance	  in	  action	  in	  the	  mutants.	  To	  investigate	  

this	   we	   subjected	   the	   WT	   and	   mutants	   exposed	   to	  rhodamine	  6g	  to	  

complete	   proteome	   analysis	   by	   LC-‐MS.	   The	   results	   are	   elaborated	   in	  

Paper	  VI.	   In	   essence	   what	   we	   discovered	   is	   that	   in	   the	   presence	   of	  

rhodamine	   6g	   the	   mutant	   cells	   up-‐regulate	   the	   glycolytic	   enzymes	  

significantly	   more	   than	   the	   WT	   cells.	   This	   is	   crucial	   for	   cell	   survival	   in	  

the	   absence	   of	   functional	   ATP	   generation	   from	   the	   mitochondria.	   It	  

was	   also	   observed	   from	   growth	   assays	   that	   the	   mutants	   were	   much	  

better	   adept	   at	   utilizing	   glucose	   at	   low	   concentrations	   than	   the	   WT.	  

Protein	  interactome	  studies	  indicate	  that	  Pdr5	  can	  interact	  with	  hexose	  

transporters	  present	  in	  the	  membrane	  (33,	  34).	  It	  is	  plausible	  that	  such	  

an	   event	   does	   take	   place	   and	   the	   interaction	   between	   hexose	  

transporters	  and	  Pdr5	  does	  alter	  the	  amount	  of	  glucose	  import	  within	  

the	  cell.	  This	  interaction	  between	  the	  two	  proteins	  might	  be	  different	  

between	   the	   WT	   and	   the	   mutants	   due	   to	   alterations	   in	   the	   post-‐

translational	   modifications	   of	   the	   proteins.	   Preliminary	   results	   with	  γ-‐

P32	  ATP	  comparing	   WT	   and	   ABHC	   mutants	   did	   display	   higher	  

phophorylation	   of	   the	   mutant.	   It	   is	   quite	   possible	   that	   other	   post-‐

translational	   modifications	   are	   involved	   as	   well.	   This	   hypothesis	   is	   in	  

agreement	  with	  the	  data	  because	  the	  cells	  lacking	  Pdr5	  show	  no	  such	  

behaviour	   and	   are	   way	   more	   sensitive	   to	   rhodamine	   6g	   than	   the	  

mutant.	   Real	   time	   measurements	   of	   vital	   parameters	   such	   as	   glucose	  

and	  oxygen	  consumption,	  pH	  measurement	  and	  biomass	  increase	  will	  

shed	  more	  light	  on	  the	  mechanisms	  in	  action.	  A	  recent	  study	  does	  point	  

towards	   accumulation	   of	   glucose	   within	   the	   yeast	   cells	   as	   an	  

anticipatory	  measure	  to	  counteract	  stress	  (35).	   This	   clearly	   supports	  
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our	   hypothesis	   that	   when	   yeast	   cells	   are	   exposed	   to	   a	   substrate	   like	  

rhodamine	   6g,	   which	   is	   not	   very	   toxic,	   the	   cells	   have	   time	   to	   respond	  

and	   put	   in	   action	   alternate	  mechanisms	  of	  cell	  survival.	  We	  also	  

suspect	  the	  retrograde	  phenomenon	  to	  play	  a	  role	  in	  this	  that	  involves	  

communication	   between	   mitochondria	   and	   nucleus	   through	  

transcription	   factors	   that	   lead	   to	   metabolic	   flux	   changes	   during	   stress	  

(36).	  	  
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