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Abstract 

Candida albicans Cdr1 is a plasma membrane ATP-binding cassette transporter encoded by CDR1 that was first cloned 30 years ago 
in Sacchar om yces cer evisiae . Incr eased expr ession of Cdr1 in C. albicans clinical isolates r esults in r esistance to azole antifungals due 
to drug efflux from the cells. Knowledge of Cdr1 structure and function could ena b le the design of Cdr1 inhibitors that overcome 
efflux-mediated drug resistance. This article re vie ws the use of expression systems to stud y Cdr1. Since the disco v er y of CDR1 in 

1995, 123 studies have investigated Cdr1 using either heterologous or homologous expression systems. The majority of studies have 
employ ed inte gr ati v e transformation and expression in S . cer evisiae . We describe a suite of plasmids with a range of useful protein 

tags for inte gr ative tr ansformation that ena b le the cr eation of tandem-gene arrays sta b l y inte gr ated into the S . cer evisiae genome , 
and a model for Cdr1 transport function. While expression in S . cer evisiae gener ates a strong phenotype and high yields of Cdr1, it 
is a nonnati v e envir onment and may r esult in alter ed structur e and function. Membrane lipid composition and ar c hitecture affects 
membrane protein function and a focus on homologous expression in C. albicans may permit a more accurate understanding of Cdr1 
structure and function. 

Ke yw ords: Candida albicans CDR1 ; Cdr1p; Saccharomyces cerevisiae expr ession system; ABC pr otein; N- and C-terminal pr otein ta gs; 
NanoBRET; NanoLuc; HaloTag; pABC3XL; re vie w 
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Introduction 

Fungal infections affect over 1 billion people globally and al- 
though many infections are superficial, invasive fungal infections 
(IFIs) kill more than 1.5 million people each year (Bongomin et al.
2017 ). The majority of IFIs are caused by Candida species and Can- 
dida blood stream infections have a high attributable mortality 
of ∼28% (Mazi et al. 2022 , Lass-Florl et al. 2024 ). Although se v er al 
fungal species can cause disseminated infections, Candida albicans 
is the species that causes inv asiv e candidiasis most fr equentl y 
(Pfaller et al. 2019 ). IFIs caused by C. albicans are difficult to treat 
because there are few classes of antifungal drugs a vailable , and 

the de v elopment of drug r esistance. Azole antifungals ar e widel y 
prescribed for fungal infections but C. albicans can de v elop r esis- 
tance to azoles through a number of mechanisms (Lee et al. 2021 ).
These include ov er expr ession of the drug tar get Er g11 (also called 

Cyp51) (Rosana et al. 2015 ), mutations in Erg11 (Xiang et al. 2013 ),
and ov er expr ession of efflux pumps including the Major Facilita- 
tor Superfamil y tr ansporter Mdr1 (originall y r eferr ed to as Ben 

r ) 
and ATP-binding cassette (ABC) transporters Cdr1 and Cdr2 (Perea 
et al. 2001 , Cannon et al. 2009 ). 

ABC transporters comprise a very important family of mem- 
br ane pr oteins (MPs). They ar e pr esent in all kingdoms of life and 

carry out critical cellular functions including nutrient uptake, cell 
signaling, and export of toxic compounds and xenobiotics. ABC 

transporters can confer resistance to anticancer drugs (Fletcher et 
al. 2016 ) and ar e r esponsible for antimicrobial resistance in bac- 
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Commons Attribution-NonCommercial License ( https://cr eati v ecommons.org/licen
r e pr oduction in any medium, provided the original work is properly cited. For com
eria (Orelle et al. 2019 ) and fungi (Cannon et al. 2009 ). In 1995,
 C. albicans gene encoding an ABC transporter, Cdr1, was cloned
n Sacc harom yces cerevisiae by Pr asad et al. ( 1995 ), thr ough its abil-
ty to confer resistance to cycloheximide. Expression of Cdr1 was
lso found to confer resistance to the imidazole miconazole. Sub-
equent analysis of fluconazole resistance mechanisms in C. albi- 
ans isolates from HIV/AIDS patients revealed that overexpression 

f Cdr1 conferred high levels of drug resistance (Lopez-Ribot et al.
998 , Perea et al. 2001 ). Although C. albicans contains six genes
 CDR1 , CDR2 , CDR3 , CDR4 , CDR11 , and SNQ2 ) in the pleiotropic
rug resistance (PDR and ABCG) subfamily of ABC transporters 

Lamping et al. 2010 ), Cdr1 is thought to contribute more than
ther ABC proteins to fluconazole resistance (Holmes et al. 2008 ,
sao et al. 2009 ). 

Due to the role of Cdr1 in the antifungal resistance of clin-
cal C. albicans isolates, m uc h r esearc h has been focused on
e v eloping inhibitors of Cdr1 pump function in order to over-
ome efflux-mediated resistance and restore fluconazole sensitiv- 
ty (Schuetzer-Muehlbauer et al. 2003a , Sharma and Prasad 2011 ,
olmes et al. 2016 ). Inhibitors of Cdr1 can be sought by screen-

ng compounds or by rational structure-based design. Both ap- 
r oac hes r equir e the expr ession of Cdr1. A v ariety of both het-
rologous and homologous expression systems have been used to 
tudy and purify Cdr1, despite the fact that the membrane en-
ironment is a critical determinant of MP function (Neumann et
l. 2017 , Renard and Byrne 2021 ). This article r e vie ws the systems
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hat have been used to express and study Cdr1, noting their ad-
 anta ges and disadv anta ges, and identifies futur e dir ections for
he analysis of Cdr1 structure and function that are also relevant
o the study of other important ABC transporters. 

loning of C. albicans CDR1 by heterologous 

xpression in S. cerevisiae 

andida albicans CDR1 was identified and isolated by screening li-
raries of C. albicans genomic DNA in S. cerevisiae JG436 (Mat a ,
dr5::Tn5 , leu2 , met5 , ura3-52 , mak71 , KRBI ) (Prasad et al. 1995 ). Sac-
 harom yces cerevisiae JG436 has a transposon disruption of PDR5—
 gene involved in pleiotropic drug resistance (Balzi and Goffeau
991 ). Disruption of PDR5 makes S. cerevisiae sensitive to cyclo-
eximide, and other xenobiotics (Leppert et al. 1990 , Meyers et al.
992 ). Genomic DNA from C. albicans 1001 containing the CDR1
ene was isolated from a centromeric plasmid (pYEURA3) that
onferred cycloheximide resistance on S. cerevisiae JG436 (Prasad
t al. 1995 ). The open r eading fr ame in the cloned C. albicans ge-
omic DNA encoded a protein of 1501 amino acids with a pre-
icted molecular mass of 169.9 kDa. The protein was named ‘ Can-
ida drug resistance 1’ (Cdr1) and has 56% identity and 73% simi-
arity to S. cerevisiae Pdr5 (Prasad et al. 1995 ). 

Fusion of a C-terminal yeast-enhanced green fluorescent pro-
ein (GFP) to Cdr1 and expression in S. cerevisiae revealed that the
rotein is predominantly located in the plasma membrane (Lamp-

ng et al. 2007 ). A phylogenetic analysis of the Cdr1 sequence in-
icated that it aligned with cluster A of fungal PDR ABC trans-
orters, along with S. cerevisiae Pdr5 (Lamping et al. 2010 ). A fea-
ure of PDR transporters is that they transport a variety of com-
ounds including xenobiotics and antifungal drugs. Indeed, when
dr1 was expressed in S. cerevisiae it conferred resistance to flu-
onazole , itraconazole , miconazole , ketoconazole , rhodamine 6G
R6G), cycloheximide, cerulenin, and triton X-100 (Lamping et al.
007 ). 

omologous and heterologous expression 

f Cdr1 

n order to investigate the systems that have been used to express
nd study Cdr1, we conducted a search of r esearc h articles in-
exed in the PubMed database from the discovery of Cdr1 in 1995
o November 2024, using the following k e yw or d combination: C.
lbicans AND (CaCdr1p OR CaCdr1 OR Cdr1p OR Cdr1). It is impor-
ant to note that some studies related to Cdr1 may not have been
 etrie v ed due to the search terms not being present in the title,
bstract or k e yw or ds of the papers. F rom an initial retrieval of 490
rticles , we remo ved reviews (these are listed in Table S1 ), non-
nglish publications, and studies unrelated to C. albicans Cdr1, re-
ulting in a pool of 366 articles for further screening ( Table S2 ).
ighteen of these focused solely on the CDR1 promoter function,
48 investigated the effects of various compounds, growth phases,
nd environmental factors on native CDR1 expression levels, 47
xamined the drug r esistance pr ofiles of clinical isolates over-
xpressing CDR1 and CDR1 deletion strains, and 18 investigated
ther drug resistance mechanisms (Fig. 1 A and Table S2 ). The re-
aining 135 studies examined Cdr1 function and structure; 12 pa-

ers inv estigated expr ession in C. albicans clinical isolates and 123
apers utilized laboratory strains to express Cdr1 (Fig. 1 A). Over
5% (95) of the 123 articles emplo y ed heter ologous expr ession in
. cerevisiae , a summary of the species , strains , and expression sys-
ems used to express Cdr1 is provided in Table 1 (further details
an be found in Tables S3 and S4 ). Homologous expression in C.
lbicans was utilized in 25 studies (20%), with one study employing
nsect cells and thr ee, Esc heric hia coli . Integr ation of the CDR1 gene
nto the S. cerevisiae (70 studies) or C. albicans (23 studies) genomes
as been far more widely utilized than plasmid-based systems (25
nd 2 studies, r espectiv el y) for CDR1 expression (Fig. 1 A). The plas-
ids used to express Cdr1 are listed in Table 2 (additional details

r e pr ovided in Table S5 ). Publication of Cdr1 r esearc h peaked in
004 and has remained at a r elativ el y constant le v el since 2005
Fig. 1 B). 

uitability of S. cerevisiae as an expression 

ost 
acc harom yces cerevisiae has been used in 95 studies to express
nd investigate C. albicans Cdr1 (Fig. 1 A). Sacc harom yces cerevisiae
as se v er al adv anta ges for the expr ession of heter ologous pr o-
eins, as well as some significant limitations. It is one of the most
tudied and well-c har acterized eukaryotic model organisms that
s v ery r ar el y pathogenic for humans (Aucott et al. 1990 ). It has
oth diploid and haploid growth cycles facilitating classical ge-
etic studies as well as gene deletion and manipulation. 

An important consideration in heterologous gene expression is
he presence of homologous genes in the host organism. Some
enes are members of gene families with ov erla pping activities
nd functional redundancy. Cdr1 is an example of such a pro-
ein. It is an ABC transporter, and S. cerevisiae has nine genes
hat are in the PDR transporter subfamily to which Cdr1 belongs
Lamping et al. 2010 ). Se v er al of these S. cerevisiae PDR tr ans-
orters can efflux a range of drugs and xenobiotics resulting in
 low susceptibility to antifungal drugs that masks the activity
f heter ologousl y expr essed PDR tr ansporters . T his dra wback has
een over come b y the deletion of se v er al PDR tr ansporter genes

n S. cerevisiae . Many studies of Cdr1 have been carried out in
eri vati ves of S. cerevisiae AD12345678 ( MAT a , PDR1–3 , ura3 , his1 ,
yor1::hisG , �snq2::hisG , �pdr5::hisG , �pdr10::hisG , �pdr11::hisG ,
ycf1::hisG , �pdr3::hisG , �pdr15::hisG ) constructed in André Gof-

eau’s laboratory (Decottignies et al. 1998 ). This strain is deleted
n se v en ABC tr ansporters, whic h makes it highl y susceptible to
ligomycin and cycloheximide, and expression of PDR5 in the
tr ain incr eased r esistance to cycloheximide 200-fold (Decottig-
ies et al. 1998 ). AD12345678, also r eferr ed to as AD1-8u 

−, was fur-
her modified by completely deleting URA3 to form AD � (Lamp-
ng et al. 2007 ) and deleting HIS1 in AD � to form AD �� (Saga-
ova et al. 2015 ), enabling the completely reliable ( ∼100% accu-
ate) construction of ‘correct’ uracil or histidine positive transfor-

ants using URA3 or HIS1 , r espectiv el y, as auxotr ophic selection
arkers. 
In addition to AD1-8u 

− and its deri vati ves, various other S. cere-
isiae strains have been used to express and study Cdr1 (Table 1
nd Table S3 ). The JG436 str ain, initiall y emplo y ed to clone and

solate C. albicans Cdr1, was also used for functional and structural
nalyses of Cdr1 prior to the widespread adoption of AD1-8u 

−.
olaczkowski et al. ( 2009 ) developed a strain, designated AK100
 MAT a , ura3-52 , trp1 �63 , leu2 �1 , his3 �200 , GAL2 + , PDR1-3 , pdr5-
4::rep500 , snq2- �1::hisG , yor1-1::hisG ), which was used for Cdr1
xpression at the PDR5 locus under the control of the constitu-
iv el y activ e PDR5 promoter due to the hyperactive mutant tran-
cription factor, Pdr1-3. This strain has also been used to screen
or novel antifungal agents (Kolaczkowski et al. 2009 , Belofsky et
l. 2013 ). Other str ains lac king Pdr5 alone, or Pdr5 and Snq2, or a
otal of eight plasma membr ane ABC tr ansporters hav e also been

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf012#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf012#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf012#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf012#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf012#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf012#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf012#supplementary-data
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F igure 1. Categorization of resear ch articles related to C. albicans Cdr1, indexed in the PubMed database from 1995 to November 2024. (A) A total of 366 
studies on Cdr1 were categorized into seven groups based on the main purpose of the study and on the molecular techniques emplo y ed to investigate 
Cdr1 structure and/or function. There were 123 studies that used laboratory strains to study the structure and function of Cdr1 or to screen for novel 
Cdr1 efflux pump inhibitors . T hese studies were further subdivided into the types of homologous and heterologous expression technologies used. (B) 
The number of Cdr1 articles published each year from 1995 to November 2024 categorized into three main groups derived from the seven study 
categories presented in (A). 
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used to study Cdr1 (Sanglard et al. 1995 , Schuetzer-Muehlbauer 
et al. 2003a , b ). Another strain, TY310, with PDR1 , PDR3 , and PDR5 
m utated or knoc ked out, has been emplo y ed to investigate the 
similarities and differences between C. albicans Cdr1 and Cdr2 us- 
ing the p425GPD plasmid to express CDR1 (Gauthier et al. 2003 ). In 

order to study the effects of membrane fluidity and lipid compo- 
sition on Cdr1 function, Cdr1 was expressed using the pYEURA3 
plasmid in a series of S. cerevisiae mutants deleted in either erg2 ,
er g3 , er g4 , or er g6 (Smriti et al. 1999 ). The authors reported that 
the er g2 , er g3 , and er g6 m utants had incr eased membr ane fluidity,
and that all erg m utants wer e mor e susceptible to cycloheximide,
4-NQO and o -phenanthroline when they expr essed CDR1 . Expr es- 
sion of CDR1 in the erg mutants caused a decrease in susceptibility 
to fluconazole, ho w e v er, whic h the authors postulated was due 
to alter ed membr ane permeability (Smriti et al. 1999 ). Recently,
the first cryo-EM structure of Cdr1 was r esolv ed after expressing 
the protein in the diploid yeast strain INVSc1, using the p416GAL1 
ector (Peng et al. 2024 ). It is clear that the main approach for het-
r ologous expr ession and anal ysis of Cdr1 focuses on r educing en-
ogenous ABC transporter expression while achieving high-level 
dr1 expression. 

Expression of Cdr1 in S. cerevisiae can be from a plasmid or from
 copy of the gene integrated into the genome. Multicopy plasmids
an result in high levels of expression of the heterologous gene
resent on the plasmids, but the expression can vary depend-

ng on the plasmid copy number, and due to some of the copies
eing lost during cell replication. In addition, expression of MPs
r om m ulticopy plasmids can result in too m uc h pr otein being
xpr essed, whic h can overload the secretory system and prevent
roper localization of the MPs. Integrating heterologous genes in 

he genome ensures a consistent gene copy number and stable in-
eritance of the gene. Although only present in one copy per hap-

oid cell, pr otein expr ession can be contr olled with a suitable pr o-
oter. Inducible/r epr essible pr omoters used to express episomal
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Table 1. Species, strains, and transformation methods used to express Cdr1. 

Expression host Strain Vector/integr a tion 
Number of 

studies References (PMID 

a ) 

C. albicans DSY1050 pYM70 ( ACT1 promoter), pYM71 
( GAL1 promoter) 

1 20348384 

CAI-4/ �CDR1 pRC2312 ( HEX1 promoter) 2 15486081, 22205973 
C AF2-1, C AF4-2, C AI-4 Integration ( CDR1 locus) 12 11967831 and b 

SC5314 Integration ( CDR1 locus) 1 23979757 
DSY3040, DSY3041 Integration ( CDR1 locus) 1 20818920 
GU4, GU5, DSY294, DSY296 Integration ( CDR1 locus) 1 18268086 
DSY4684 Integration ( CDR1 locus allele A) 1 26973635 
STY31 Integration ( CDR1 locus allele A) 1 27402010 
DSY449, DSY653, DSY465 Integration ( CDR1 locus) 2 22205973, 33669913 
RM1000 Integration ( CDR1 locus) 1 9605502 
CAI-4/ �CDR1 Integration ( RP10 locus; ACT1 

promoter) 
2 11967831, 25009090 

SC5314 Integration ( RPS1 locus; Tet 
promoter) 

1 20700541 

SN152 Integration ( LEU2 locus one 
allele; ADH1 promoter/ CDR1 
other allele) 

1 36618949 

S. cerevisiae TY310 p425GPD ( GPD promoter) 1 12709320 
DSY566, YKKB-13, 
YMM-ABC8, YYM4 

YEp24 (pDS243, native 
promoter) 

7 8585712 and c 

JG436 pYEURA3 (native promoter) 6 7614555 and d 

BY4741 pYEURA3 (native promoter) 1 20608983 
AD1234568 pYEURA3 (native promoter) 1 14665469 
AD1-8u − pYEURA3 (native promoter) 8 9453158 and e 

ABC287, ABC271, ABC261, 
ABC283, ABC265 (a series of 
erg mutants) 

pYEURA3 (native promoter) 2 10227177, 12435664 

BY4741 �Pdr5, INVSc1 p416GAL1 ( GAL1 promoter) 1 39242571 
SY1 pVT101-U ( ADH1 promoter) 1 9580031 
AD1-8u − Integration ( PDR5 locus; PDR5 

promoter) 
58 11709310 and f 

AD � Integration ( PDR5 locus; PDR5 
promoter) 

5 16185821 and g 

AD �� Integration ( PDR5 locus; PDR5 
promoter) 

2 33568458, 34180894 

AK100 Integration ( PDR5 locus; PDR5 
promoter) 

5 19188399 and h 

YEM139 Not mentioned 2 15380213, 15380214 
Spodopter a frugiper da Sf9 pBacPAK8 (AcMNPV polyhedrin 

promoter) 
1 9605504 

E. coli BL21(DE)pLysS pGex2T (Tac promoter) 3 12962507 and i 

a PubMed identifier. 
b 15 845783, 16 048959, 16246085, 26696990, 28602766, 31546699, 31826306, 33669913, 33753842, 34069257, and 36077373. 
c 10052898, 12657057, 13678837, 14695809, 16643022, and 26482310. 
d 9453158, 9605504, 10029989, 11120970, and 12054050. 
e 10029989, 11870854, 14665469, 16782311, 17305773, 18794383, and 26300857. 
f 14665469, 15047528, 15105135, 15190023, 15325261, 15381123, 15850398, 15937063, 16475832, 16569823, 16622073, 16942600, 17126815, 17144665, 17513564, 
17924650, 17967417, 18056285, 18710914, 19393219, 19470507, 19577533, 19615977, 20546701, 20739103, 21768514, 21895791, 22166216, 22203607, 22788839, 
24628911, 25437914, 26048893, 26053667, 26349561, 27145238, 27251950, 27431223, 27569110, 27821447, 28106996, 28479022, 28559186, 29410026, 30043631, 
30157240, 30348662, 30639597, 31093957, 31734312, 32344123, 33394279, 34780272, 35496110, 35773582, 36224581, and 38959728. 
g 17513564, 34180894, 38158037, and 38813525. 
h 19460101, 19549107, 23122779, and 23631483. 
i 14550284 and 18498759. 
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r integrated CDR1 include the promoters of the C. albicans GAL1
nd HEX1 genes (Niimi et al. 2004 , Basso et al. 2010 ), the promoters
f the S. cerevisiae GAL1 and PDR5 genes (Peng et al. 2024 ), and the
et and tac promoter from E. coli (Jha et al. 2003 , Lettner et al. 2010 )
Table 2 ). Constitutiv e pr omoters hav e also been used, namel y the
. albicans ACT1 and S. cerevisiae GPD promoters (Gauthier et al.
003 , Basso et al. 2010 ), the ADH1 promoters from C. albicans and
. cerevisiae , and the polyhedrin promoter from Autographa califor-
ica m ultiple nucleopol yhedr ovirus (AcMNPV) (Krishnam urthy et
l. 1998 ) (Table 2 and Table S5 ). 

The S. cerevisiae PDR5 promoter has been widely used in strains
uch as AD1-8u 

− to express Cdr1 (Table 1 ). Saccharomyces cerevisiae
D1-8u 

− and its deri vati ves contain PDR1-3, a form of PDR1 with a
ain-of-function mutation that increases expression of genes con-
aining pleiotropic drug response element motifs in their promot-
rs (Katzmann et al. 1996 ). Tr anscriptional anal ysis has shown

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf012#supplementary-data
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Table 2. Plasmids and promoters used to express Cdr1. 

Plasmid 
Promoter used for CDR1 

expression GenBank ATCC Description References (PMID) 

p425GPD Sc a GPD 

(gl ycer aldehyde-3-phosphate 
dehydrogenase) 

87359 High copy episomal S. cerevisiae 
and E. coli shuttle and S. 
cerevisiae expression vector 

12709320 

YEp24 Native ( Ca b CDR1 ) L09156.1 37051 High copy episomal S. cerevisiae 
and E. coli shuttle vector 

8585712 and c 

pYM70 CaACT1 (actin) GU937092.1 High copy episomal S. cerevisiae 
and E. coli shuttle and yeast 
expr ession v ector 

20348384 

pYM71 CaGAL1 (galactokinase) High copy episomal S. cerevisiae 
and E. coli shuttle and yeast 
expr ession v ector 

20348384 

pBacPAK8 AcMNPV polyhedrin promoter U02446 High copy episomal E. coli 
cloning vector for transfection 
of and expression in Sf9 insect 
cells 

9605504 

pGex2T Tac High copy episomal E. coli vector 
for expressing GST fusion 
proteins 

12962507 and d 

pYEURA3 Native ( CaCDR1 ) U02457.1 Lo w cop y episomal centromeric 
S. cerevisiae and E. coli shuttle 
vector 

7614555 and e 

pRC2312 CaHEX1 (hexosaminidase) 77411 High copy episomal S. cerevisiae , 
C. albicans and E. coli shuttle 
vector 

15486081 

p416GAL1 ScGAL1 (galactokinase) 87332 Lo w cop y episomal S. cerevisiae 
and E. coli shuttle and S. 
cerevisiae expression vector 

39242571 

pVT101-U ScADH1 (alcohol dehydrogenase) High copy episomal S. cerevisiae 
and E. coli shuttle vector 

9580031 

a Sacc harom yces cerevisiae. 
b Candida albicans . 
c 10052898, 12657057, 13678837, 14695809, 16643022, and 26482310. 
d 14550284 and 18498759. 
e 9453158, 9605504, 10029989, 10227177, 11120970, 11870854, 12054050, 12435664, 14665469, 16782311, 17305773, 18794383, 20608983, and 26300857. 
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that the pdr1-3 mutation results in the induction of a range of 
genes including those involved in sphingolipid biosynthesis as 
well as ABC transporters (DeRisi et al. 2000 , Kolaczkowski et al.
2004 ). The pleiotropic network of genes upregulated by Pdr1-3 
may explain the high le v el of Cdr1 expression in the plasma mem- 
brane of S. cerevisiae cells containing CDR1 integrated under the 
control of the PDR5 promoter (Lamping et al. 2007 ). It is notewor- 
thy that AD1-8u 

−, AD �, and AD �� are all deleted in PDR3 , which 

is a homologue of PDR1 and which also controls genes involved in 

pleiotr opic drug r esistance (Delav eau et al. 1994 ). Another way of 
contr olling the expr ession of Cdr1 integr ated in S. cerevisiae at the 
PDR5 locus is by intr oducing hair pins in the 5 ′ untranslated region 

just upstream of the AUG start codon (Lamping et al. 2013 ). By in- 
serting hairpins with different lengths of GC-paired stems or sizes 
of loops, the hyper expr ession of Cdr1 in S. cerevisiae AD � could be 
pr edictabl y downr egulated up to 125-fold by blocking AUG-start 
codon scanning of the ribosomal 43S pr einitiation complex. Ev ery 
additional GC-pair in the GC-rich stem loop upstream of the AUG 

start codon caused an additional 2.8-fold reduction in Cdr1 ex- 
pression with an equally strongly reduced resistance to the Cdr1 
efflux pump substrate , fluconazole . T his study confirmed that de- 
spite the exceptionally high expression level, all Cdr1 molecules 
are functional and contribute to the fluconazole resistance of cells 
ov er expr essing Cdr1 (Lamping et al. 2013 ). 

A disadv anta ge of using S. cerevisiae as a heterologous host for 
the expression of C. albicans proteins is that S. cerevisiae , unlike 
C. albicans , is not a CTG-clade yeast. CTG-clade fungal species,
ncluding C. albicans , translate CUG codons as serine instead
f leucine (Santos and Tuite 1995 ). This difference can lead to
tructural or functional changes when C. albicans proteins are 
xpressed in S. cerevisiae . Candida albicans CDR1, ho w ever, does
ot contain any CTG codons, and so its expression in S. cere-
isiae is unaffected in this r espect. Ther e ar e other potential
r awbac ks of heter ologous expr ession of Cdr1 in S. cerevisiae , as
ith other heterologous expression systems, that include non- 
ativ e posttr anslational modification, and differences in mem- 
rane composition and thickness (Kaur and Bachhawat 1999 ,
asrija et al. 2008 ). 

 suite of plasmids and protein tags for 
iological assays and purification of Cdr1 

here is a vast array of protein tags available for myriads of po-
ential biological or medical applications (Vandemoortele et al.
019 ). Over the past two decades, we hav e cr eated a number of
ABC3 (containing the URA3 selection marker) and pABC5 ′ (con- 
aining the HIS1 selection marker) (Lamping et al. 2007 ) deriv ativ e
lasmids that direct the stable integration of a heterologous ex- 
ression cassette at the chromosomal PDR5 locus of the S. cere-
isiae AD �� host (Fig. 2 ). All these plasmids are used in the same
ashion by: (i) cloning CDR1 or any other ORF into the unique
nd r ar e 8 bp Pac I/ Not I r estriction enzyme cutting sites; (ii) di-
esting the resulting plasmids with Asc I; and (iii) transforming
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Figure 2. A suite of plasmids for the ov er expr ession of heterologous ORFs such as Cdr1 with a versatile range of N- and C-terminal tags. All plasmids 
ar e deriv ativ es of pABC3 and pABC5 ′ (Lamping et al. 2007 ) and can be used by ligating the ORF of interest (eg CDR1 ) into the unique 8-bp Pac I and Not I 
restriction enzyme sites. To ensure in-frame fusions of the N- (upper box) and C-terminal (lo w er box) tags with the ORF, an ad ditional n ucleotide (bold) 
needs to be attached to the ‘ Pac I’ ( TT AA TT AA A ) and ‘ Not I’ ( G GCGGCCGC ) primers for PCR amplification of the desired ORF. All N- and C-terminal tags 
ar e av ailable upon r equest as pABC3 and pABC5 ′ deriv ativ es containing either the URA3 or the HIS1 auxotrophic selection marker, r espectiv el y. The 
amino acid sequences introduced between the N- and C-terminal tags and the ORF are listed in the left and right tables at the bottom of the Figure, 
r espectiv el y: L = linker, X = HRV 3C protease cleavage site for the removal of N- or C-terminal tags. See text for further details. 
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he AD �� host with the linear Asc I transformation cassette and
electing for uracil prototrophic transformants that have the en-
ir e tr ansformation cassette stabl y integr ated at the c hr omoso-

al PDR5 locus via two homologous cr oss-ov er e v ents (Fig. 3 C).
he original pABC3 and pABC5 ′ deri vati ve plasmids only offered
-terminal affinity or fluorescence tags that were separated from

he tagged protein by a short GGR-linker (Fig. 2 ). None of the C-
erminal tags affected the expression or function of Cdr1 in the
D � host (Lamping et al. 2007 ). Tag options included hexahisti-
ine (His), tetracysteine (Cys) (Griffin et al. 1998 , Thorn et al. 2000 )
r double FLAG/His (Kaneko et al. 2004 ) or His/Cys affinity tags for
he purification and chemical- or immuno-detection of the pro-
ein of interest, and a yeast enhanced green fluorescence protein
EGFP3 (GFP) (Cormack et al. 1997 ) or a monomeric red fluorescent
r otein mRFP1 (mRFP) ta g (Campbell et al. 2002 ) for the visualiza-
ion and study of one or two heterologous proteins coexpressed in
he same AD � host (Lamping et al. 2005 ). 

Since then, the pABC3 and pABC5 ′ transformation cassettes
av e been significantl y impr ov ed. The extension of the GGR-linker
ith a five amino acid GSGGS-linker (L; Fig. 2 ) was necessary to
r e v ent the inactiv ation of the Candida utilis Cdr1 transporter by
he C-terminal GFP tag (Watanasrisin et al. 2016 ). Further im-
r ov ements saw the creation of a versatile C-terminal mGFP/His
ouble tag with an eight amino acid HRV 3C pr otease cleav a ge site

X) between the tag and the ORF to enable the r emov al of the mGF-
His tag (Fig. 2 ) (Madani et al. 2021 ). The monomeric GFP-A206K
mGFP) v ariant pr e v ents potential GFP-dimerization at high pr o-
ein concentrations (von Stetten et al. 2012 ), and the additional
hree amino acid GGS-linker between mGFP and the His tag en-
ur es pr oper surface exposur e of the His tag to maximize the bind-
ng efficiency of the ta gged pr otein to nickel affinity purification
 esins. N-terminal ta g v ersions of these plasmids wer e also cr e-
ted. The N-terminal mGFPHis double tag is, ho w e v er, a mirr or
mage (i.e. HismGFP) of the C-terminal mGFPHis double tag (Fig. 2 ).
 C-terminal mCitrineHis double tag in pABC3 has also been gen-
rated. mCitrine is a much improved version of y ello w fluores-
ent protein (Griesbeck et al. 2001 , Sheff and Thorn 2004 ) and of-
ers an additional fluor ophor e for m ulticolor fluor escence ta gging
nd pr otein–pr otein inter action (PPI) studies . T hese no vel N- or
-terminal mGFPHis double tags did not alter the plasma mem-
rane localization nor the efflux pump function of Cdr1 or Pdr5

Fig. 3 B). In addition, in-gel fluorescence of the mGFP tag (Madani
t al. 2021 ) enables the efficient and reliable quantification of pro-
ein expression levels (Fig. 3 B). 

The bioluminescence resonance electron transfer (BRET) tech-
ology is a widely used technique to study PPIs. Its general appli-
ability, ho w e v er, is diminished by a limited sensitivity and small
ynamic range (Machleidt et al. 2015 ). The NanoBRET technology
as addressed these issues by combining an extremely bright lu-
iferase NanoLuc (Hall et al. 2012 ) with a long-wavelength flu-
r ophor e, HaloTa g (Los et al. 2008 , Machleidt et al. 2015 ), that
nsures almost complete separation of the donor and accep-
or spectra. NanoLuc, a luciferase from Oplophorus gracilirostris is
100 times brighter than the commonly used firefly or Renilla

uciferases (Hall et al. 2012 ). NanoLuc is an ideal luciferase for
iomedical r esearc h for se v er al r easons. It is v ery small ( ∼19 kDa),
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Figure 3. Gr a phical illustr ation of pABC3XL and the cr eation of tandem-gene arr a ys in the S. cerevisiae AD �� genome for the o v er expr ession of CDR1 
and/or PDR5 with N- and C-terminal mGFPHis double tags. (A) Map of pABC3XL derived from pABC3-XLmGFPHis (James et al. 2021 ). Individual DNA 

elements within the Asc I transformation cassette of pABC3XL can be excised and easily replaced using the unique restriction enzyme cutting sites 
(bold) between each element. pABC3XL also has a ‘recyclable’ URA3 ‘blaster cassette’ between the 196 bp PDR5 terminator repeats ( PDR5ter ) and a 
unique 8-bp Pme I site for the directed integration of Pme I-digested linear ORF-containing plasmids into the genomic PDR5 promoter region of S. 
cerevisiae AD �� cells [see (D) below and text for further details]. (B) SDS-PAGE analysis and in-gel fluorescence of 20 μg plasma membrane proteins of 
S. cerevisiae AD �� cells transformed with empty pABC3 cassette (lane 1) or the pABC3-Cdr1-XLmGFPHis cassette (lane 2) showing high levels of Cdr1 
expression (upper arrow). The lower arrow indicates Pma1. To the right are confocal microscopy images of S. cerevisiae AD �� cells expressing C. 
albicans Cdr1 (top) or S. cerevisiae Pdr5 (bottom) each with either an N-terminal (left) or C-terminal (right) mGFPHis double tag. (C) Cloning strategy for 
the construction of S. cerevisiae AD �� cells ov er expr essing CDR1- mGFPHis. Tr ansformation with the linear Asc I-digested and a gar ose gel-purified 
transformation cassette and the selection of uracil prototrophic transformants leads to the generation of AD ��-CaCDR1-mGFPHis (top three lines). 
Corr ect tr ansformants ar e v erified b y PCR amplification with primers PDR5-up and PDR5-do wn and sequencing the entir e ORF. Cells able to gr ow on 
5-FOA plates have lost the URA3 marker through recombination of the repeated PDR5 terminator (Ter) and retain the heterologous ORF, in this case 
CDR1 -mGFPHis (bottom line). These cells can be transformed again with another DNA cassette using the same URA3 auxotrophic selection marker for 
transformation. (D) Construction of a tandem array of two ORFs, ORF1 with an N-terminal NanoLuc and ORF2 with a C-terminal HaloTa g, stabl y 
integrated at the genomic PDR5 locus with both ORFs regulated by their respective PDR5 promoters (Pro). This strain was generated by two successive 
transformations of the AD �� host using HIS1 and URA3 as auxotrophic selection markers. In the first step, the AD �� host was transformed with the 
Asc I-digested and HIS1 -containing cassette of pABC5 ′ -ORF2-HaloTag resulting in integration at the genomic PDR5 locus (top line). In the second step, 
this strain was transformed with the linear plasmid pABC3-NanoLuc-ORF1 using URA3 to select for Ura + transformants that had the two ORFs stably 
integrated in tandem at the genomic PDR5 locus of the AD �� host (bottom line). Integration of pABC3-NanoLuc-ORF1 into the genomic PDR5 promoter 
of AD ��-ORF2-HaloTag was achieved at high frequency by linearizing the plasmid by PCR before transformation (see text for further details). 
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as no posttranslational modification, no apparent subcellular
artitioning bias, it is very stable up to 55 ◦C, active over a broad
H range (pH 5–9), a monomer with no propensity for oligomeriza-
ion, it has no disulfide bonds and, unlike GFP tags, it can also be
sed to tag extracellular domains, and is used extensively to study
-terminall y ta gged G-pr otein coupled r eceptor pr oteins (Hall et
l. 2012 ). 

HaloTag is a 33-kDa mutant bacterial haloalkane dehaloge-
ase from Rhodococcus rhodochrous (Los et al. 2008 ) that cova-

ently binds alkyl–enzyme intermediates at aspartic acid D106.
he haloalkane ligand can be a small fluorescent ligand, a solid
hase c hr omatogr a phy r esin, or an y other kind of r eactiv e ligand.
he HaloTag provides a very versatile system for many biomedi-
al applications (England et al. 2015 ). The HaloTag can be used as
 fluor escent ta g for in vivo and in vitro studies of protein local-
zation, protein function, ligand-binding, and PPIs. Ho w e v er, it can
lso be used for one-step purification of lar ge pr otein complexes
r the purification of proteins of interest for 2D or 3D crystallogra-
hy without the need for multiple purification steps as is usually
he case when using other affinity purification tags (Kaneko et al.
004 ). 

The creation of pABC3 and pABC5 ′ deri vati ves enables the tag-
ing of the N- or C-termini of proteins with NanoLuc, HaloTag, or
anoBRET [the ‘positive PPI control’ tag with the bioluminescent
onor (NanoLuc) attached to the HaloTa g fluor ophor e acceptor by
 six amino acid GSSGGS-link er], se parated by an eight amino acid
inker from the protein of interest (Fig. 2 ). The plasmids also allow
he option to release the protein of interest from its HaloTag ex-
ension that is cov alentl y bound to the solid phase HaloTag chro-

atogr a phy r esin by HRV 3C pr otease cleav a ge. Pr eliminary ex-
eriments have confirmed that none of these N- or C-terminal
anoBRET tags alter the expression or function of Cdr1, and both
anoLuc and HaloTag, including the positiv e NanoBRET contr ol

ag, all of which were developed for PPI studies in mammalian
ells, can also be used for PPI studies in S. cerevisiae AD ��. Al-
hough we have not yet detected any positive PPIs in S. cerevisiae ,
e are currently using the NanoBRET technology to investigate
hether Cdr1 forms functional homodimers or multimers in na-

iv e yeast membr anes. Plasmid pABC3XL (Fig. 3 A) was designed
o enable PPI studies as illustrated in Fig. 3 (C) and (D). pABC3XL
as unique restriction enzyme cutting sites placed between each

ndividual DNA element within the Asc I transformation cassette
Fig. 3 A) that enable the excision and replacement of any of these
lements . In PPI studies , two proteins of interest can be expressed
t equimolar amounts from their respective PDR5 promoters of
andem-ORF arr ays integr ated at the genomic PDR5 locus, as in-
icated in Fig. 3 (D). This is ac hie v ed by tr ansforming the His + S.
erevisiae AD �� strain containing ORF2 with, for instance, a C-
erminal HaloTag stably integrated at the genomic PDR5 locus
i.e. AD ��-ORF2-HaloTa g cr eated with pABC5 ′ -ORF2-HaloTa g; top
ine Fig. 3 D) with a second ORF-containing pABC3 deri vati ve plas-

id that has been linearized at the PDR5 promoter by pol ymer ase
 hain r eaction (PCR) amplifying the entir e pABC3-NanoLuc-ORF1
lasmid with primers p1 and p2 (Fig. 3 D) and selecting for Ura + 

ransformants. Linearizing plasmid pABC3-NanoLuc-ORF1 at the
DR5 promoter ensures that the second ORF-containing plasmid
ntegrates at high frequency via a single homologous recombina-
ion e v ent into the genomic PDR5 pr omoter r egion just upstr eam
f the first ORF. Future pABC3 deri vati ve plasmids containing the
arious N- and C-terminal tags, a unique Pme I restriction site in
he PDR5 promoter and a recyclable URA3 blaster cassette will im-
r ov e the creation of tandem gene arrays stably integrated at the
enomic PDR5 locus . T his will negate the need for multiple se-
ection markers or for the PCR amplification of linear plasmids.
uc h tandem arr ays of two genes of interest expressed at equimo-
ar amounts have many additional applications apart from the
PI studies mentioned abo ve . All the plasmids presented in Figs 2
nd 3 are available upon request. 

ther heterologous expression systems 

or structural and functional analysis of MPs using X-ray crystal-
ogr a phy or cryo-EM, it is essential to produce sufficient quantities
f the MP, ensure proper folding within the membrane, and ac-
ur ate posttr anslational modifications (suc h as gl ycosylation and
hosphorylation) that affect functionality and stability (Evans et
l. 1995 ). Se v er al heter ologous expr ession systems, other than S.
erevisiae have been used to study Cdr1. 

sc heric hia coli 
sc heric hia coli expression systems offer several advantages, in-
luding r a pid gr owth, cost-effectiv e nutrient r equir ements, a
uick and simple transformation process, and inducible protein
xpression. E. coli , ho w ever, also has notable limitations. Impor-
antly, the E. coli membrane composition is different to those for
uman and yeast cells, including the absence of sterols. Often,
xpr essed pr oteins accum ulate in inclusion bodies, ther e can be
hallenges in maintaining the expression plasmid due to the tox-
city of the heterologous protein, and there can be degradation of
he expr essed pr otein by bacterial pr oteases. In addition, differ-
nces in codon usage betw een prokary otic E. coli and eukaryotic
ells can affect the expression and folding of fungal MPs (Evans et
l. 1995 ). 

Pr asad’s gr oup cloned a 512-amino acid fr a gment of Cdr1
ontaining the N-terminal nucleotide-binding domain (NBD),
BD512, as a GST fusion protein in E. coli BL21(DE3)pLysS (Jha et
l. 2003 ). Expression of NBD512 was induced with isopropyl β-D-1-
hiogalactopyranoside (IPTG), the cells were lysed, and the 58-kDa
BD512 protein fraction was affinity purified. Due to its moderate

olubility, NBD512 was easily purified and accounted for ∼25% of
he total cellular protein. NBD512 exhibited ATPase activity with
 Km of 0.8–1.0 mM and a Vmax of 147–160 nmol/min/mg protein.
his demonstrated that the NBD1 of Cdr1 when expressed in E. coli
as ATPase activity (Jha et al. 2003 ) although it is important to note
hat in its native state adenosine triphosphate (ATP) hydr ol ysis by
dr1 occurs in a composite nucleotide-binding site (CNBS) con-

aining elements of NBD1 and NBD2 (Prasad et al. 2019 ). Two fur-
her studies from the same labor atory inv estigated the nucleotide
inding and catalytic mechanism of ATP hydrolysis by expressing
 utated v ersions of NBD1 in E. coli BL21(DE3)pLysS, purifying the

r oteins, measuring their ATP ase activity and undertaking fluo-
 escence r esonance ener gy tr ansfer anal ysis (Rai et al. 2005 , 2008 ).
o our knowledge, the entir e Cdr1 pr otein has not been expressed
n E. coli . 

aculovirus/insect cell lines 

 he baculo virus/insect cell system offers significant adv anta ges
or the expression of heterologous proteins, including the ability
o perform posttranslational modifications characteristic of eu-
aryotic proteins and to express large heterologous proteins in
orr ectl y folded forms. When insect cells (Sf9) are infected with
 baculovirus containing the target gene under the control of the
trong late polyhedrin promoter, the amount of heterologous pro-
ein produced by Sf9 cells accounts for ∼3% of the total membrane
 esicle pr oteins (Tsai et al. 2020 ). This system has been reported
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to enable large-scale production of heterologous proteins from in- 
fected Sf9 cells while preserving the native multimeric structure 
of the proteins, making it suitable for purification, reconstitution,
and structural studies (Tsai et al. 2020 ). 

In early studies by Prasad’s group, a truncated version of CDR1 ,
r eferr ed to as �CDR1 , was generated by deleting 79 amino acids 
fr om the C-terminus, r esulting in the r emov al of the 12th tr ans- 
membrane helix (TMH12) (Krishnamurthy et al. 1998 ). �CDR1 was 
expressed in both S. cerevisiae and the baculovirus/insect cell sys- 
tem. In S. cerevisiae , �Cdr1 exhibited no changes in ATPase activity 
in response to drug stimulation and lost efflux activity for cyclo- 
heximide and anisomycin, indicating that TMH12 is essential for 
maintaining the structural integrity required for drug recognition 

and/or tr ansport (Krishnam urthy et al. 1998 ). In contrast, �Cdr1 
expressed in the baculovirus/insect cell system sho w ed a 1.8-fold 

incr ease in ATP ase activity upon stim ulation with rhodamine 123,
demonstr ating differ ences in ATP ase activity behaviour across ex- 
pression systems . T hese differences ma y r eflect v ariations in the 
lipid composition and properties of the host cell membranes, or 
differ ences in posttr anslational modifications in the two expr es- 
sion systems. 

Pichia pastoris 
Although ther e ar e no r eports of using Pic hia pastoris for heter olo- 
gous expression of Cdr1, this yeast expression system offers sev- 
er al adv anta ges . T hese include straightforw ar d genetic manip- 
ulation, simple and cost-effective nutrient r equir ements, r a pid 

growth, high yield, and efficient secr etion of soluble pr oteins. In P.
pastoris , recombinant gene expression involves cloning the target 
gene into an expr ession v ector under the control of the alcohol 
oxidase (AO X) promoter, follo w ed b y integration into the P. pas- 
toris host genome. Pichia pastoris is a methylotrophic yeast capa- 
ble of using methanol as its sole carbon source. In the presence of 
methanol, transcription of AOX is induced, allowing for growth on 

methanol. In S. cerevisiae , expressed proteins are often excessively 
N- and O-gl ycosylated, whic h can influence the immunogenicity 
of the proteins. In contrast, P. pastoris often performs appropriate 
glycosylation and enables the production of recombinant proteins 
with high yields (Karbalaei et al. 2020 ). Perhaps it is the high le v el 
of expression of correctly localized Cdr1 achieved in S. cerevisiae 
that explains why P. pastoris has not been used to study Cdr1. 

Homologous expression in C. albicans 

Homologous expression in C. albicans offers the adv anta ge 
of maintaining the native lipid environment and membrane 
composition of Cdr1, thereby minimizing potential experi- 
mental artifacts . T he widel y used r efer ence str ain SC5314,
along with its URA3 -deleted deri vati ves , including C AF2-1 
( �ur a3::imm434/URA3 ), CAF4-2 ( �ur a3::imm434/ �ur a3::imm434 ),
and CAI-4 ( �ur a3::imm434/ �ur a3::imm434 ) (F onzi and Irwin 1993 ) 
hav e commonl y been emplo y ed for homologous expression stud- 
ies, in which Cdr1 expression and localization has been visualized 

thr ough GFP-ta gging. An earl y study utilizing GFP-tagged Cdr1 
for expression and localization purposes was conducted in strain 

RM1000, a deri vati ve of CAI-4, where CDR1-GFP was inserted at 
the native CDR1 locus via homologous recombination (Hernaez 
et al. 1998 ). In addition, to explore how membrane composition 

influences Cdr1 function, CDR1-GFP was introduced into a C. al- 
bicans erg11 mutant, allowing insights into the relationship be- 
tween alter ed ster ol composition and Cdr1 activity (Suc hodolski 
et al. 2019 ). The lac k of er goster ol, and abnormal ster ol deposi- 
ion, in the erg11 m utant r esulted in reduced plasma membrane
ermeability. Cdr1 was expressed at the same level in the erg11
utant as in the wild type strain, but R6G efflux was lower and

dr1was mislocalized to the vacuole (Suchodolski et al. 2019 ). The
xpr ession le v el of CDR1 in C. albicans is influenced by various en-
ir onmental factors, including temper atur e, ener gy sources, and
xposure to a range of chemical compounds . T hese elements can
odulate the transcriptional activity of the gene, reflecting the 

da ptiv e mec hanisms of C. albicans to envir onmental c hanges
nd stress conditions (Krishnamurthy et al. 1998 ). Doxorubicin 

adriamycin) was found to upregulate CDR1 expression in C. albi- 
ans , as evidenced by increased CDR1 mRNA levels and enhanced
uor escence fr om a Cdr1–GFP fusion pr otein (Kofla et al. 2011 ).
uman steroid hormones including oestradiol and pr ogester one,
uphenazine (de Micheli et al. 2002 ) and the r ecentl y de v eloped
uphenazine deri vati ve CWHM-974 (Miron-Ocampo et al. 2023 )
re also strong inducers of CDR1 expression. A detailed list of
nown and potential inducers of Cdr1 expression, and whether 
hese compounds are potential or known efflux pump substrates 
r inhibitors of Cdr1, is provided in Table S6 . 

Candida albicans is diploid meaning it contains two copies of
ost genes, and for Cdr1 the alleles have been referred to as

DR1A and CDR1B (Holmes et al. 2006 ) . Genetic manipulation of C.
lbicans often involves genomic integration of auxotrophic mark- 
rs such as URA3 via homologous recombination for the selec-
ion of transformants . T he use of 5-fluor oor otic acid (5-FOA) for
RA3 marker recycling, dominant selection markers like SAT1 
r NAT1 recycled with the site-specific recombinase FLP, or the
or e r ecentl y de v eloped CRISPR-Cas9 systems ar e widel y em-

lo y ed for the efficient generation of homozygous C. albicans dele-
ion strains (Reuss et al. 2004 , Shen et al. 2005 , Min et al. 2016 ). The
omozygous disruption of Cdr1 was first ac hie v ed in the CAF4-2
tr ain bac kgr ound, r esulting in DSY449 ( �cdr1::hisG/ �cdr1::hisG )
Sanglard et al. 1996 ). This strain was subsequently used to rein-
roduce one CDR1 allele at the CDR1 locus that, as expected, re-
tor ed fluphenazine r esistance (Zhu et al. 2011 ). Later studies de-
eloped a CAI-4/ �CDR1 strain with a FLAG-tagged Cdr1 under the
ontrol of three different promoters ( ACT1 , MAL2 , and MET3 ) inte-
rated at the RP10 locus—a reliable site for stable gene expression
n C. albicans . Another construct involved directly FLAG-tagging 
ne allele of CDR1 in the CAI-4 bac kgr ound (Umeyama et al. 2002 ).
trains containing the ACT1 or ADH1 promoter to drive the con-
titutiv e expr ession of CDR1 hav e pr ov ed useful to study the syn-
rgistic effects of new antifungals with existing drugs, since they
voided the influence of drug-induced up- or downregulation of 
DR1 expression (Urai et al. 2014 , Wang et al. 2022 ). To reduce
ac kgr ound m ultidrug r esistance, str ains suc h as STY31 lacking
DR1 and CDR2 , and DSY1050 lacking CDR1 , CDR2 , and MDR1 were
sed as host strains to express CDR1 through genomic integration
r on a multicopy plasmid, respectively (Basso et al. 2010 , Tsao
t al. 2016 ). It is worth noting that C. albicans STY31 was derived
r om an azole-r esistant clinical isolate, 5674, that ov er expr essed
DR1 due to a homozygous N972D mutation in TAC1 , a zinc clus-
er transcription factor acting on CDR genes (Znaidi et al. 2007 ).
 homologous ov er expr ession system taking adv anta ge of this
ain-of-function mutation in Tac1 was constructed by the dele- 
ion of MDR1 in the STY31 str ain, r esulting in the lack of three

ajor m ultidrug tr ansporters Cdr1, Cdr2, and Mdr1 (Banerjee et
l. 2016 ). The system was validated by the increased resistance
o pump substrates when CDR1 was r eintr oduced at the CDR1A
ocus, and demonstrating the efficient efflux of R6G and Nile Red,
he effectiveness of pump inhibitors and the proper localization of
dr1 to the cell surface . T he Cdr1 variants Cdr1-L529A and Cdr1-

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf012#supplementary-data
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532A (located in TMH1) and Cdr1-C1294A (located in TMH9)
hic h, when expr essed in S. cerevisiae , wer e pr e viousl y shown to
e critical for substrate binding (Rawal et al. 2013 ), were also con-
tructed in C. albicans to validate the homologous expression sys-
em (Banerjee et al. 2016 ). The Cdr1-L529A and Cdr1-V532A vari-
nts conferred phenotypes on the C. albicans host consistent with
hose conferred on S. cerevisiae . The Cdr1-C1294A variant, how-
 v er, demonstr ated contr asting phenotypes in the two expression
ystems, suggesting potential differences in the functional impact
f the mutation depending on the different host membrane en-
ironments . T his homologous expression system may provide a
o w erful platform for functional and structural analysis of drug
esistance MPs in C. albicans that circumvents artifacts from het-
r ologous expr ession systems. 

Candida albicans , ho w e v er, is not ideal for functional anal ysis of
Ps . T he diploid nature of C. albicans makes gene integration or

noc k out mor e c hallenging. Also, the lac k of str ong, constitutiv e
romoters limits the ability of C. albicans to ac hie v e consistentl y
igh expr ession le v els with minimal influence by envir onmen-
al conditions . Furthermore , when under str ess fr om antifungal
rugs, C. albicans can also undergo chromosomal rearrangements,
uc h as c hr omosome amplification or trisomy, to r egain drug r e-
istance and tolerance (Yang et al. 2023 ). These genomic changes
an complicate functional analysis due to gene dosage effects and
ltered drug responses. Homologous expression may still be use-
ul, ho w e v er, for structur al studies by maintaining Cdr1 in its na-
iv e membr ane envir onment. 

mportance of the lipid environment for the 

orr ect function/structur e of Cdr1 

ore than a quarter of the av er a ge genome encodes MPs, and MPs
ccount for more than half of all current drug targets (Yildirim
t al. 2007 , Bakheet and Doig 2009 ). To de v elop tr eatments for
he many clinical problems caused by microbial MPs and dys-
unctional human MPs, it is essential to have access to high-
 esolution structur es that most accur atel y r eflect the ‘true’ struc-
ure of those proteins in their native membrane environment.
tructur e-dir ected drug design can overcome Cdr1-mediated drug
esistance, but the MP structure needs to be correct. We believe
hat many ABC MP structures (Locher 2016 ) including the struc-
ures of S. cerevisiae Pdr5 (Harris et al. 2021 ) and C. albicans Cdr1
Peng et al. 2024 ), are inaccurate (Guo 2020 ), as they were ob-
ained with detergent-solubilized MPs stripped of their native
ipid-micr odomains (Spir a et al. 2012 , Douglas and Konopka 2016 ,

alinsky and Opekar ov a 2016 )—whic h ar e unique and essen-
ial for functional MP–lipid complexes which have recently been
ermed memteins (Overduin and Esmaili 2019 ) (i.e. mem brane
ro teins ). 

The exponential increase in the number of solved MP struc-
ures (Li et al. 2021 ) over the last two decades has been due to
he de v elopment of adv anced MP anal ysis tec hnologies, incr eased
ccess to high quality detergents , lipids , and optimized MP crys-
allization buffer suites, remote access to advanced X-ray and
ryo-EM facilities, and the r a pid de v elopment of high-r esolution
ma ging tec hnologies and open-access bioinformatics platforms.

ost MP structures to date are for MPs extracted with detergent,
hic h r emov es nativ e membr ane lipid components crucial for

heir structural and functional integrity (Sharom 2014 , Qiu et al.
018 , Overduin and Esmaili 2019 , Guo 2020 ). Although molecu-
ar dynamics simulations of MPs in lipid bilayers (Stansfeld et al.
015 , Marrink et al. 2019 ) has tremendous potential to improve
ur understanding of how MPs interact with the phospholipid bi-
ayer (Corradi et al. 2019 ), more direct experimental evidence is
eeded to confirm MP structure and function in the native mem-
rane bilayer (Marrink et al. 2019 ). Recent experimental evidence
ed to the proposal of a unique substrate entry gate for Cdr1 be-
ween TMH1 and TMH11 with G521, at the centre of TMH1 act-
ng as the gatek ee per residue that determines whether Cdr1 ef-
ux pump substrates or inhibitors can enter the transporter (Ni-

mi et al. 2022 ). The cryo-EM structures for Pdr5 (Harris et al.
021 ) and C. albicans Cdr1 (Peng et al. 2024 ) were consistent with
his entry gate hypothesis. Ho w e v er, ther e ar e a number of con-
erns about the accuracy of these structures and many funda-
ental questions remain unanswered: Are Cdr1 efflux pump sub-

tr ates dir ectl y pumped into the supernatant (‘vacuum cleaner’
odel) or are they flipped from the inner to the outer lipid bilayer

eaflet and then diffuse into the extracellular space (’flippase’
odel) as proposed for Pdr5 (Raschka et al. 2022 )? How do the

ipid composition and the physical properties of the plasma mem-
r ane micr odomain surr ounding Cdr1 influence its structur e and
unction? 

T he disco very that small organic amphipathic pol ymers suc h
s styrene maleic acid (SMA) polymers can extr act nativ e MP–
ipid bilayer complexes (SMA–lipid particles; SMALPs) initiated a
e w er a in MP anal ysis (Ov erduin and Esmaili 2019 , Br own et al.
021 ). Since their discovery in 2009 (Knowles et al. 2009 ), signif-
cant pr ogr ess has been made with a number of commercially
v ailable SMA pol ymer deriv ativ es . Some ha ve led to high resolu-
ion crystal and/or cryo-EM MP–SMALP structur es r e v ealing fea-
ures not visible in structures of the same MP purified with deter-
ent (Yoder and Gouaux 2020 , Brown et al. 2021 ). SMALP purifica-
ion applied to Cdr1 ma y, therefore , reveal the structure of the first
6 N-terminal residues and the region between TMD1 and NBD2
ot visible in the Pdr5 structures (Harris et al. 2021 ) but clearly
uite important for Cdr1 function (Tsao et al. 2016 ). 

roposed model for Cdr1 efflux pump 

unction 

r emendous pr ogr ess has been made in understanding the struc-
ur e and tr ansport function of Cdr1 since its discovery 30 years
 go. Figur e 4 pr ovides cartoon models of the inside-open and
utside-open conformations of Cdr1 based on the first fungal
DR tr ansporter structur e solv ed, S. cerevisiae Pdr5 (Harris et al.
021 ). ABCG transporters like Cdr1 have two N-terminal NBDs and
wo C-terminal tr ansmembr ane domains (TMDs) (Fig. 4 A) with an
typical inverted ABC transporter topology (NBD-TMD) 2 (Dean et
l. 2001 ). Fungal PDR transporters also have asymmetric CNBSs
omprising the Walker A and B motifs from one NBD and the ABC
ignatur e motif fr om the other NBD. The noncanonical CNBS1
Walker A1-B1-ABC2) binds ATP (magenta sticks; Fig. 4 A) at all
imes during the transport cycle . T he recently disco vered fungal
DR transporter-specific linker domains, LD1 and LD2 (light green;
ig. 4 A), (Harris et al. 2021 ) and CNBS1 provide tight interactions
etween amino acids and ATP that ensure that the rear of the
ransporter between TMH5 and TMH7 is closed at all times. Bind-
ng of ATP (green sticks; Fig. 4 A) at the catalytically active canon-
cal CNBS2 (Walker A2-B2-ABC1) just underneath the substrate
ntry gate causes large conformational changes in the TMDs that
orce substr ates thr ough a hydr ophobic exit v alv e (Fig. 4 B) into
he extracellular space or possibly the outer lipid bilayer (red ar-
 ows; Fig. 4 A). After substr ate r elease, ATP hydr ol ysis at CNBS2
eturns the transporter to the inside open conformation. The first
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Figure 4. Models for the C. albicans Cdr1 efflux pump structure and function. (A) Cartoon models of the inside-open (left) and outside-open (right) 
conformations of Cdr1 based on S. cerevisiae Pdr5 (Harris et al. 2021 ). Cdr1 has two NBDs (grey), two TMDs (cyan), and two extracellular domains (EDs; 
magenta) with three disulphide bonds (CC1, CC2, and CC3) that stabilize the structural and functional integrity of Cdr1. ATP-binding (green sticks) at 
the catal yticall y activ e CNBS2, underneath the substr ate (blue cir cles) entry gate betw een TMH1 and TMH11 with the G521 gatek ee per r esidue (blac k) 
at the centre of TMH1 causes large conformational changes of Cdr1 that are transmitted from the NBDs to the TMDs via two conserved connecting 
(CnH1 and CnH2) and two coupling (CpH1 and CpH2) helices (colored blue). The exchange of ADP (orange) with ATP at canonical CNBS2 brings the two 
NBDs close together. This rigid movement of the two NBDs causes the entry gate above to close and forces substrates into the extracellular space or 
the outer lipid bilayer (red arrows) through a hydrophobic valve just above the substrate-binding pocket. ATP hydrolysis at CNBS2 returns the 
tr ansporter bac k to the inside open conformation. (B) Cartoon models of the inside-open (left) and inside-closed (right) conformations of the TMDs 
vie wed fr om the top with the two EDs r emov ed for clarity of view. Individual TMHs ar e number ed fr om 1 to 12 (left). The PDR transporter-defining PDR 
motifs (PDR A1, A2, B1, and B2; Lamping et al. 2010 ) form two elbow helices (EH1 and EH2; cyan) embracing the four centrally located TMHs (2, 5, 8, 
and 11) near the top of the transporter . A TP binding at CNBS2 causes closure of the entry gate with the red arrows indicating notable movements 
between TMH1, −2 and −11 at the front of the transporter. This movement forces substrates to exit through the hydrophobic valve (grey circle on the 
right) just above the substrate binding pocket (blue circle on the left) between TMH2, −5, −8, and −11. The hydrophobic F, L, and A amino acids that 
are part of this valve are shown as magenta and black sticks. Preliminary evidence suggests that conserved aromatic residues near the N-terminus of 
the PDR A1 and A2 motifs (purple circles) provide critical plasma membrane anchor points for the unidirectional expulsion of substrates through the 
hydrophobic exit valve. 
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ABCG tr ansporter structur es solv ed wer e for the human c holes- 
ter ol tr ansporter ABCG5/G8 (Lee et al. 2016 ) and the human mul- 
tidrug efflux transporter ABCG2 (Taylor et al. 2017 ). These struc- 
tur es r e v ealed for the first time the positioning of the PDR trans- 
porter specific motifs (PDR A, PDR B, EL6 motif, and EL6 helix) dis- 
cov er ed in 2010 (Lamping et al. 2010 ). Others have called these 
unique helices TMH5B and 5C (Taylor et al. 2017 ) or reentry he- 
lix (Khunweer a phong et al. 2019 ). We prefer the term elbow he- 
lices (i.e. EH1 and EH2; brown and c y an in Fig. 4 A and B, respec- 
iv el y) because , like elbows , EH1 and EH2 dip halfway down into
he plasma membrane lipid bilayer with the upper (PDR A1 and
2) and lo w er (PDR B1 and B2) arms each connected by conserved
roline linkers (Lamping et al. 2010 ). Another common feature of
BCG transporters is the hydrophobic valve at the top of a cen-

r all y located substrate binding pocket (Fig. 4 B), first described for
BCG2 (Manolaridis et al. 2018 , Khunweer a phong et al. 2019 ) and
or e r ecentl y for S. cerevisiae Pdr5 (Alhumaidi et al. 2022 ). This

as led to the efflux pump model presented in Fig. 4 : ATP bind-
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ng at CNBS2 causes closure of the entry gate [straight red arrows
ighlight important TMH- and NBD-movements (Fig. 4 A and B)
pon ATP-binding] and forces substrates to exit through the hy-
r ophobic v alv e (gr ey circle; Fig. 4 B) just abov e the substr ate bind-

ng pocket (blue cir cle; Fig. 4 B) betw een TMH2, −5, −8, and −11.
he F, L and A amino acids that are part of this v alv e ar e shown
s magenta and black sticks (Fig. 4 B). The two conserved EHs pro-
ide the hydrophobic valve with the necessary flexibility to allow
iffer entl y sized substrates to ‘squeeze’ through the transporter
hile pr e v enting an y possible leaka ge thr ough this v alv e . We ha ve

vidence to suggest that the conserved aromatic residues near the
-terminus of PDR A1 and A2 (purple circles; Fig. 4 B) (Lamping
t al. 2010 ) behave like ‘hands’ that ‘anchor’ Cdr1 to the outer
lasma membrane leaflet, which is critically important for the
nidirectional expulsion of substrates through this hydrophobic
xit v alv e. 

onclusions and future research 

ell-c har acterized heter ologous expr ession systems ar e po w er-
ul tools for ac hie ving high le v els of expression that can confer
trong phenotypes in the presence of reduced background activi-
ies . T hey do have dra wbacks , ho w ever. These include potentially
iffer ent codon assignment, differ ent posttr anslational modifica-
ion, and different membrane en vironments . T here is increasing
vidence that MP function is affected by the composition and di-
ensions of the membrane in which they are located, and that
ithin a particular membrane there are many different domains
ith different lipid compositions (Douglas and Konopka 2016 ).
he situation for Cdr1 is complicated further by its function as
 lipid flippase (Dogra et al. 1999 ) meaning that ov er expr ession
f Cdr1 can affect membrane composition/asymmetry and hence
unction. Futur e r esearc h should focus on homologous expression
nd structur al anal ysis of the pr otein in its nativ e lipid envir on-
ent. Fusing affinity tags to Cdr1 could enable purification of Cdr1
 wa y from other proteins with similar function, and low le v els of
xpression could minimize changes to the membrane composi-
ion and arc hitectur e. 
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ll plasmids presented in Figs 2 and 3 are available from Dr Erwin
amping ( erwin.lamping@otago.ac.nz ) upon request. 
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