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Abstract The ATP-binding cassette (ABC) transport-
ers are a large family of proteins responsible for the
translocation of a variety of compounds across the
membranes of both prokaryotes and eukaryotes. The
inter-protein and intra-protein interactions in these traffic
ATPases are still only poorly understood. In the present
study we describe, for the first time, an extensive yeast
two-hybrid (Y2H)-based analysis of the interactions of
the cytoplasmic loops of the yeast pleiotropic drug
resistance (Pdr) protein, Pdr5p, an ABC transporter of
Saccharomyces cerevisiae. Four of the major cytosolic
loops that have been predicted for this protein [includ-
ing the two nucleotide-binding domain (NBD)-contain-
ing loops and the cytosolic C-terminal region] were
subjected to an extensive inter-domain interaction study
in addition to being used as baits to identify potential
interacting proteins within the cell using the Y2H
system. Results of these studies have revealed that the
first cytosolic loop (CLl) - containing the first NBD
domain - and also the C-terminal region of Pdr5p inter-
act with several candidate proteins. The possibility of
an interaction between the CLI loops of two neigh-
boring Pdr5p molecules was also indicated, which
could possibly have implications for dimerization of
this protein.
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Introduction

The ATP binding cassette transporters (ABC transport-
ers) transport a large variety of compounds, from ions to
large lipophilic compounds and even peptides (Taglicht
and Michaelis 1998). These ATPases form one of the
largest superfamily of proteins and are present in virtu-
ally all known organisms (Holland and Blight 1999). In
humans, several diseases have been correlated with
defects in different ABC transporters (Karttunen et al.
1999; Akabas 2000). In addition, multidrug resistance
(MDR) to various pathogens is conferred by the ABC
transporters of the MDR and multi drug resistance pro-
tein (MRP) families. These transporters have a modular
structure and are characterized by the presence of two
nucleotide-binding domains (NBDs; ATPase) and two
membrane-spanning domains. In prokaryotes these
domains are made up of many different subunit proteins,
while in eukaryotes all are found in a single poly-
peptide.

The crystal structure of the ATPase subunit of the
bacterial histidine transporter (HisP) was solved a few
years ago (Hung et al. 1998). Very recently, the complete
crystal structure (at 4.50 A resolution) of the prokaryotic
ABC transporter MsbA was reported (Chang and Roth
2001) and shown to exist as a dimer. The complete crystal
structure of a eukaryotic transporter has, however, yet to
be solved. In the absence of complete crystallographic
information, electron image analysis studies have been
carried out on the mammalian P-glycoprotein (Pgp), an
ABC transporter involved in MDR, suggesting a mono-
meric protein with a channel-like structure (Loo and
Clarke 1996; Rosenberg et al. 1997). A monomeric
structure was also proposed, from a similar analysis, for
the cystic fibrosis transmembrane regulator (CFTR), an
ABC protein that functions as a chloride channel regulator.
However, other biochemical studies with CFTR have
revealed that the protein may possibly exist as a dimer
(Marshall et al. 1994; Eskandari et al. 1998; Zerhusen et
al. 1999). More recently, structural studies at 220Aresolu-
tion on 2-D crystals of mammalian MRP1, reconstituted



with lipids, have revealed the dimeric structure of this
protein (Rosenberg et al. 2001).

Numerous studies have revealed that both the NBDs
of the ABC transporters, although asymmetric in their
function, are required for the functional activity of these
proteins. Mutation in either one of the two domains leads
to a non-functional transporter. When the two identical
halves are expressed separately, a non-functional protein
results, but the combined expression of both halves
together leads to a functional protein, indicating that the
two halves can interact within the cell to yield a func-
tional transporter (Ostedgaard et al. 1997; Sheppard and
Welsh 1999).

Despite the importance of the ABC transporters, very
little is known about their protein interactions. In CFTR,
however, the C-terminal tail of the protein which con-
tains the second NBD as well as the 'R' (regulatory)
domain has been demonstrated to bind to the PDZ motif
in Ezrin-binding protein, EBP-50, and is postulated to
playa role in the apical localization of the protein (Short et
al. 1998). Also, the N-terminus of this protein is predicted
to interact with the membrane protein Syntaxin-l (Naren
et al. 1997). However, CFTR protein is slightly distinct
from the other ABC transporters in that it functions as
a chloride channel regulator rather than a transporter
per se.

In several bacterial ABC transporters, particularly
those which import substrates, an interaction has been
demonstrated both genetically and biochemically between
the NBD domains and the membrane-spanning protein
subunits (Schneider et al. 1995; Mourez et al. 1998; Liu
et al. 1999). Very little else is known, or has been reported,
about the possible interactions of the different domains
of the other ABC transporters with cellular proteins as
well as with other domains of the same protein. Several
methods exist for examining protein-protein interac-
tions. Of these, the yeast two-hybrid (Y2H) method is
one of the most powerful for quickly identifying candi-
date interacting proteins. In the present report, we have
systematically analyzed the protein-protein interactions
of the different cytoplasmic loops of a yeast ABC trans-
porter, the 111eiotropic drug resistance protein Pdr5p
(Balzi et al. 1994; Bissinger and Kuchler 1994) using the
Y2H system. Results of these studies indicate that some
of the loops in the cytoplasmic portion of this protein
possibly interact with several cellular proteins. The
results also suggest the possibility of NBD I-NBD 1
interactions between two adjacent Pdr5p molecules.

Materialsandmethods

Chemicals and reagents

All the chemicals and reagents used were of analytical grade.
Media components, such as yeast nitrogen base, peptone, yeast
extract, and tryptone were obtained either from Difco, USA, or Hi
Media, India. Galactose (Gal), raffinose (Raff), 5-bromo-4-chloro-
3-indolyl-~-D-galactopyranoside (X-gal), ampicillin, and dimethyl
sulfoxide were procured from Sigma (St. Louis, Mo.). Oligonucle-
otides were obtained from Ransom Hill Biosciences (Ramona,

Calif.) or Integrated DNA Technologies (Coralville, Ind.). The
Y2H system of Roger Brent, including plasmids, strains, and the
corresponding library, was obtained from Roger Brent (Department
of Molecular Biology, Massachusetts General Hospital, Boston,
Mass.). The Y2H system DupLEX-A, which contained additional
strains and plasmids, was purchased from OriGene Technologies
(Rockville, Md.).

Bacterial and yeast strains and growth conditions

Escherichia coli DH5a [SupE 44 liiacU169(<P80iacZtiM15)
hsdR17 recAl endAl gyrA96 thi-l reiAl] was the transformation
recipient for all plasmid constructions. E. coli KC8 (pyrF ieuB600
trpC hisB463) was used to isolate the library-insert-containing
plasmid (pJG4-5) from the yeast DNA. Both E. coli strains were
grown at 37°C in LB medium. For selection of the pJG4-5 library
plasmid, transformants of E. coli KC8 were selected on minimal
medium plates lacking tryptophan (KC8 plates; Golemis and
Brent 1997). Yeast strain EGY48 (MATa trpl his3 ura3
ieu2::6LexAop-LEU2) was used for all transformations and was
grown at 30°C in either YPD or SD medium. RAX2 wild-type
yeast strain (MATa ieu2-3 ura3-52 his3 iys2-801 trpl suc2li9)
and rax2 (rax2::HIS3) in the wild-type background were grown at
30°C in YPD.

Plasmids and their construction

Plasmid pYEplac 195-STS1, which contains the PDR5 gene (Kaur
and Bachhawat 1999), was a derivative of a plasmid obtained
from Karl Kuchler (Bissinger and Kuchler 1994). This plasmid
was used as a template DNA for PCR amplifications. Plasmid
pEG202-CLI, containing the CLI region of Pdr5p from amino
acids 1-520 (nucleotides 1-1560) in the bait plasmid pEG202,
was constructed by amplifying CLI (£Ytosolicloopl) and digesting
the purified PCR product with EcoRI, followed by ligation into
the EcoRI site of pEG202. Plasmid pEG202-CL2, containing the
CL2 region of Pdr5p from amino acids 575-612 (nucleotides
1726-1836) in the bait plasmid pEG202, was constructed in the
same way as pEG202-CLI but with an amplified CL2 fragment.
Plasmid pEG202-CL4, containing CL4 of Pdr5p from amino acids
793-1236 (nucleotides 2380-3708) in the bait plasmid pEG202,
was constructed by amplifying CL4, digesting the purified PCR
product with Xhol, followed by ligation into the Xhol site of
pEG202. Plasmid pEG202-C-tail, containing the C-tail (cytoplasmic
tail) of Pdr5p from amino acids 1494-1511 (nucleotides
4483-4536) in the bait plasmid pEG202, was constructed by
amplifying the C-tail, digesting the purified PCR product with
EcoRI and BamHI, followed by ligation into the EcoRI-BamHi
sites of pEG202. All the bait plasmids were sequenced to ensure
the absence of PCR-induced mutations and that the fusions to
LexA were in-frame.

pNLexA-CLI (containing CLI fused to the N-terminal region
of LexA), PGEX-I-CLI (containing CLI fused to the C-terminal
region of a GST tag) and pJG4-5-CLI (containing CLI fused to
the C-terminal region of acid blob B42) were constructed by
excising the CLI fragment from pEG202-CLI with £CoRI, followed
by cloning into the EcoRI site of the appropriate vectors. pJG4-5-
CL2, containing CL2 fused to the C-terminal region of acid blob
B42 was constructed by excising CL2 from pEG202-CL2 with
EcoRI, followed by cloning into the EcoRI site of the pJG4-5
vector.

pEG202-CLlD(SaLI-Xhol), a SaLI-Xhol deletion derivative of
pEG202-CLI containing amino acids 1-464 of the CLI region
(nucleotides 1-1392) was constructed by digesting pEG202-CLI
with Sail and Xhol, followed by religation of the plasmid.
pEG202-CLI(EcoRI-BglII), containing the EcoRI-BglII fragment
of CLI containing amino acids 1-388 of the CLI region (nucleo-
tides 1-1164), was constructed by digesting pJG4-5-CLI
with EcoRI and BglII, followed by cloning of the CLI deletion
fragment in the EcoRI-BamHI sites of pEG202. pEG202-



CLI (BamHID),a BamHI deletionconstructof pEG202-CLIcon-
taining amino acids 1-326 of the CLI region (nucleotides 1-978)
wasconstructedby digestingpEG202-CLIwithBamHI, followed
by religation of the plasmid. pEG202-CLI (BglII-XhoI), containing
the BglII-EcoRI fragment of CLI, was constructed by digesting
pJG4-5-CLI with BglII and XhoI, followed by cloning of the CLI
deletion fragment in the BamHI-XhoI sites of pEG202.

ABE 980 contains RAX2 expressed downstream of the GAL
promoter (Chen et al. 2000).

Yeast two-hybrid screen

The Y2H procedures were conducted as described earlier (Golemis
and Brent 1997). All bait plasmids were subjected to the
recommended control tests before proceeding further. These
include: (I) the auto-activation test, which was done by using
EGY48 containing pBait and pSHI8-34; and (2) the repression
assay, which was carried out by using EGY48 containing pBait
and pJKIOI. Baits which passed these tests were used for library
transformations.

The library screening was performed by transforming the yeast
strain EGY48 containing pBait and pSH18-34with a Saccharomyces
cerevisiaegenomictwo-hybridlibrary (pJG4-5).Transformants
were selected on glucose (GIe)/complete medium (CM)
-His-Ura- Trp plates. The colonies thus obtained were pooled and
frozen. Transformants were induced in galactose medium and plated
on GallRaff -His-Ura-Trp-Leu selection plates for putative posi-
tive colonies, which were subsequently patched onto a GIe/CM
-His-Ura- Trp master plate. These positive transformants were
subjected to reporter gene activation for both LEU2 and lacZ.
Plasmid DNA was isolated from yeast interactors that showed a
positive phenotype for both the reporter genes. Interactive library
plasmids were isolated by transforming the isolated yeast DNA
into E. coli strain KC8, and the transformants thus obtained were
selected on minimal medium plates lacking tryptophan. To confirm
the Y2H interaction, the isolated library plasmids were re-trans-
formed into EGY48 containing pBait and pSH18-34 and trans-
formants were again selected for the activation of both reporters.
DNA sequencing of the interactive library plasmids was performed
to identify the protein interacting with the bait.

~-Galactosidase plate assay

X-Gal-containingplates were prepared as described earlier (Golemis
and Brent 1997). Yeast transformants containing pSH18-34 along
with the other plasmids were patched on both GIe/CM -Ura
+X-gal and GallRaff -Ura +X-gal plates, and were incubated at
37°C for 24-36 h. Interaction was detected by observing the blue
color of the transformants on Gal plates and white on Gle plates.

Measurement of ~-galactosidase activity

~-Galactosidase activity was measured in permeabilized yeast
cells as described earlier (Guarente 1983). The yeast cultures were
grown overnight in GIe/CM-His-Ura- Trp medium and reinoculated
in fresh medium to an initial OD600of 0.1. After 5-6 h incubation
at 30°C, one third of the culture was harvested and the pellet was
washed once with GallRaff -His-Ura- Trp medium. Finally, the
cellsweresuspendedin the samemediumto an OD600of 0.5-0.6.
The rest of the Gle-grown culture was diluted to an OD600of 0.1
with fresh GIe/CM -His-Ura-Trp medium. After 8 h of incuba-
tion at 30°C, approximately IxlO8 cells were harvested, washed
once with water followed by a wash with ice cold lacZ buffer
(Ausubel et al. 1995) and the cell pellet was resuspended in 50 111
of lacZ buffer (ice cold). To permeabilize the yeast cells, 50 111of
chloroform and 20 111of 0.1% SDS were added to the cell suspen-
sion on ice and the suspension was vortexed vigorously for 10 s.
The cells were equilibrated at 30°C for 5 min. ~-Gal substrate,
ONPG (o-nitrophenyl-~-D-galactopyranoside) (0.7 ml of 2 mg/ml
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stock prepared in lacZ buffer) was added and the cell suspension
further incubated at 30°C for 10-20 min. The reaction was termi-
nated by adding 0.5 ml of I M sodium carbonate solution. The
cells were separated by a quick spin and the absorbance of the
yellow-colored supernatant was measured at 420 nm. ~-Galactosi-
dase activity was caleulated per cell OD600for both Gal and Gle
cultures and the relative ~-gal activity (GaIlGIe) was determined.

Purification and solublisation of GST-CL I

E. coli BL21 (DE3) harboring plasmid pGEX-I-CLI was grown at
37°C in LB medium containing 100 mg ampicillin/ml, until the
absorbance at 600 nm reached 0.5-0.8. Expression of fusion pro-
teins was induced with 0.2 mM IPTG for 3 h and the cells were
harvested by centrifugation at 8,000 g for 10 min at 4°C. The
pellet was suspended either in phosphate-buffered saline (PBS)
(16 mM Na2HP04, 4 mM NaH2P04, pH 7.3, 150 mM NaCI) or in
phosphate buffer (PB) containing different detergents [CHAPS
(0.5%), Triton X-IOO (I %), deoxycholate (0.5%) or Sarkosyl
(0.5%)]. The protease inhibitors DTT (I mM), leupeptin (2I1g/ml)
and pepstatin (I mg/ml) were added to the cell suspensions. The
cells were lysed by sonication and centrifuged at 15,000 g for
30 min at 4°C. The supernatants and pellets were analyzed by
SDS-PAGE.

Binding of sarkosyl-solubilized GST-CLI
to glutathione agarose beads

The (0.4-0.5%) sarkosyl-solubilized GST-CLI cell lysate was
mixed with Triton X-IOO (0, I, or 2%) and the suspension was
added to glutathione agarose beads at 4°C which were equilibrated
with PBS. After incubation for 30 min under mild stirring, the
beads were washed with the same buffer, and then without Triton
X-IOO.Gel loading dye was added to the beads and the samples
were analyzed by western blot using a GST antibody.

Drug sensitivity assay

The transformants containing pTEF426, pTEF426-CLI, pGPD426
and pGPD426-CLI were pregrown in SD broth lacking uracil to
late log phase and then reinoculated in fresh medium and grown to
an OD of O.I. After an incubationof 6-7 h at 30°C, the absor-
bance of cells was measured at 600 nm and the number of cells
per ml of the culture was caleulated. Serial dilutions of 107, 106,
105and 1Q4cells/ml were made in sterile water and 10 111of each
serially diluted culture was spotted onto YPD plates containing
drugs (cyclohemixide and emetine) at different concentrations.
The plates were incubated at 30°C and examined for growth after
2 days.

Resultsand discussion

Identification of cytoso]ic proteins that may interact
with the individual cytosolic loops of Pdr5p

The predicted two-dimensional topology of Pdr5p indi-
cating the various cytoplasmic loops is shown in Fig. 1.
The location of the cytoplasmic loops and membrane
spanning domains is based on an earlier report (Balzi et
al. 1994). CLl and CL4 are the two major cytoplasmic
loops that also contain NBDs 1 and 2, respectively.
Loops CL3 and CL6 consist of only a few amino acids;
we therefore considered these loops to be too small to
investigate using the Y2H system. CL2 and CL5 are
approximately 35 amino acids long, but we used only




