THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 50, pp. 35010-35022, December 12, 2008
Printed in the US.A.

Mutations Define Cross-talk between the N-terminal
Nucleotide-binding Domain and Transmembrane Helix-2 of

the Yeast Multidrug Transporter Pdr5
POSSIBLE CONSERVATION OF A SIGNALING INTERFACE FOR COUPLING ATP HYDROLYSIS

TO DRUG TRANSPORT"

Received for publication, August 20, 2008, and in revised form, October 6, 2008 Published, JBC Papers in Press, October 8, 2008, DOI 10.1074/jbc.M806446200

Zuben E. Sauna®, Sherry Supernavage Bohn®, Robert Rutledge®, Michael P. Dougherty®, Susan Cronin®,

Leopold May!, Di Xia®, Suresh V. Ambudkar®, and John Golin®'

From the *Laboratory of Cell Biology, Center for Cancer Research, NCl, National Institutes of Health, Bethesda, Maryland 20892-4256,
the Departments of °Biology and 'Chemistry, The Catholic University of America, Washington, D. C. 20064, and the "Department
of Biology, Immaculata University, Inmaculata, Pennsylvania 19345

The yeast Pdr5 multidrug transporter is an important member
of the ATP-binding cassette superfamily of proteins. We describe a
novel mutation (S558Y) in transmembrane helix 2 of Pdr5 identi-
fied in a screen for suppressors that eliminated Pdr5-mediated
cycloheximide hyper-resistance. Nucleotides as well as transport
substrates bind to the mutant Pdr5 with an affinity comparable
with that for wild-type Pdr5. Wild-type and mutant Pdr5s show
ATPase activity with comparable K, ,rp, values. Nonetheless,
drug sensitivity is equivalent in the mutant pdr5 and the pdr5 dele-
tion. Finally, the transport substrate clotrimazole, which is a non-
competitive inhibitor of Pdr5 ATPase activity, has a minimal effect
on ATP hydrolysis by the S558Y mutant. These results suggest that
the drug sensitivity of the mutant Pdr5 is attributable to the uncou-
pling of NTPase activity and transport. We screened for amino acid
alterations in the nucleotide-binding domains that would reverse
the phenotypic effect of the S558Y mutation. A second-site muta-
tion, N242K, located between the Walker A and signature motifs of
the N-terminal nucleotide-binding domain, restores significant
function. This region of the nucleotide-binding domain interacts
with the transmembrane domains via the intracellular loop-1
(which connects transmembrane helices 2 and 3) in the crystal
structure of Sav1866, a bacterial ATP-binding cassette drug trans-
porter. These structural studies are supported by biochemical and
genetic evidence presented here that interactions between trans-
membrane helix 2 and the nucleotide-binding domain, via the
intracellular loop-1, may define at least part of the translocation
pathway for coupling ATP hydrolysis to drug transport.

Multidrug transporters, including members of the ATP-
binding cassette (ABC)? family, show unusual flexibility toward
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their substrate cargo. They efflux structurally diverse xenobi-
otic compounds and confer broad-spectrum hyperresistance
when they are overexpressed, a property that impedes chemo-
therapeutic treatment of pathogens and cancer.

Several fungi, including the clinically relevant human patho-
genic species Candida albicans and Cryptococcus neoformans,
contain major multidrug transporters that are close homo-
logues to the Saccharomyces cerevisiae transporter Pdr5 (1). Itis
well established that many clinical isolates of C. albicans over-
produce the Pdr5 homologue Cdrl (2). Multidrug-resistant
fungi are an increasing problem in the treatment of immuno-
compromised patients with AIDS and cancer (3).

The Pdr5 subfamily of multidrug transporters shows significant
differences in molecular architecture from their mammalian
counterparts such as P-glycoprotein (P-gp) or Mrpl. The nucle-
otide-binding domains (NBDs) of these important fungal trans-
porters precede the transmembrane domains (TMDs) and thus
their orientation is the reverse of P-gps and Mrpls. Furthermore,
the Walker A, B, and signature motifs are degenerate when com-
pared with nonfungal ABC counterparts. For example, a cysteine
replaces a lysine in Walker A (Cys-199) of the N-terminal NBD
(NBD1) that is essential in other ABC transporters (1).

Not surprisingly, the ATPase activities of Pdr5 and C. albi-
cans Cdrlp appear to be similar (4-7). For example, both have
high basal (unstimulated) levels. Recently, we demonstrated
that Pdr5 also hydrolyzes GTP at physiological concentrations
and that this activity is considerably more resistant to some
substrates, such as clotrimazole (clo), than is its ATPase activ-
ity. Furthermore, GTP fuels Pdr5-mediated chloramphenicol
efflux in purified vesicles (5). These results suggest that Pdr5
has great flexibility not only in the drug cargo that it transports
but also in its efflux energy source.

Considerable progress has been made in recent decades in
understanding the domain organization of ABC transporters
and the mechanism of the transport cycle (8). A typical ABC
protein consists of four domains, two TMDs and two NBDs.
The TMDs contain the drug-binding sites, which show little

domain; P-gp, P-glycoprotein; PM, plasma membrane; R6G, rhodamine 6G;
TMD, transmembrane domain; TMH, transmembrane helix; WT, wild type;
IAAP, iodoarylazidoprazosin; clo, clotrimazole; Vi, vanadate.
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TABLE 1
Yeast strains used in this study
All the strains are isogenic derivatives of AD1-7, with the exception of JG365-3B.

Interactions between TM Helix-2 and NBD-1 of Pdr5

Strain Relevant genotype Source or Ref.
JG365-3B Mat a PDRS PDRI-3 ura3 leu2 35
AD1-7 MATa PDRI-3 ura3 hisl yorl pdr5 snq2 pdrl0 ycfl pdrll pdr3 36; ura3 derivative made by J. Golin
JG2000 AD1-7 + pSS607
JG2001 ura3, PDRS 5-FOA derivative of JG2000 5
JG2003 JG2001 + pS558Y This study
JG2004 JG2001 + pSS607 This study
JG2005 AD1-7 + pS558Y This study
JG2009 ura3, S558Y derivative of JG2003 This study
JG2010 JG2009 + pS558Y This study
R-1 Apdr5:KANMX4 replaces PDRS in JG2001 This study
JG2011 R-1 + pS558Y This study
JG2012 R-1 + pS558A This study
JG2015 R-1 + pSS607 (wild-type control) This study
JG2016 R-1 + pN242K This study
JG2020 clo-3-0 + pS558Y, N242K This study
JG2021 R-1 + pS558Y, N242K This study

sequence similarity in different ABC transporters. By contrast,
the NBDs exhibit very high sequence similarity.

The activity of an ABC transporter hinges on the effective
coupling of the ATP catalytic cycle, which occurs at the NBDs,
and the drug-transport cycle, which occurs at the TMDs. Muta-
tional analyses, labeling with the photoaffinity drug or nucleo-
tide analogues, and cross-linking with the thiol-reactive sub-
strate derivatives have yielded a wealth of information about
interactions at the drug-binding domains as well as about the
role of conserved residues in the NBDs. Biochemical and
genetic studies suggested the existence of a transmission inter-
face that couples the energy of ATP binding and/or hydrolysis
to conformational changes at the TMDs (9). These studies
have taken indirect approaches, however, such as the deter-
mining the effect of drugs on ATP hydrolysis.

The recent elucidation of the x-ray structure of Sav1866, a bac-
terial ABC transporter (10), has permitted the delineation of such
a transmission interface in more precise detail. A novel feature of
this structure is that both NBDs contact the TMDs. These con-
tacts occur via intracellular loops (ICLs) that link the transmem-
brane helices. The organization of the structure of this domain
suggests a plausible explanation for the mechanical coupling
between the NBDs and TMDs of ABC transporters. In addition,
recent studies with P-gp and Yor1 used site-directed mutagenesis
and cross-linking agents to demonstrate the proximity of ICL2 and
the Q-loop (11, 12). These studies show or imply a physical inter-
action, but none establish that these regions are involved in com-
munication between the TMDs and NBDs. Demonstrating the
functional relevance of such interactions remains a challenge.

Here we describe the behavior of an S558Y mutation in trans-
membrane helix 2 (TMH2) that retains significant ATPase
activity and drug-binding capability but nevertheless tests as
phenotypically null for drug resistance and transport. Further-
more, an allosteric inhibitory signal mediated by the Pdr5-spe-
cific transport substrate clotrimazole is greatly diminished.
These deficiencies are significantly alleviated by a suppressor
mutation that lies near the Q-loop of NBD1. This is a particu-
larly important observation because recent work suggests that
the noncanonical NBD1 of Pdr5 may not play a catalytic role in
ATP hydrolysis (13).

Our results are thus consistent with the x-ray crystallographic
structure of Sav1866 and suggest that even evolutionarily distant
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ABC transporters have a similar coupling interface. Moreover, our
strategy of using suppressor mutations to identify the interacting
residues in the TMDs and NBDs has obvious advantages over the
use of site-directed mutagenesis. This powerful approach can also
be applied to any mammalian transporter that is expressed in yeast
and has a readily observable phenotype.

EXPERIMENTAL PROCEDURES

Strains and Genetic Transformation—The strains used in
this study are listed in Table 1. All are isogenic to each other and
derived from AD1-7, which lacks all PM ABC transporters but
contains a PDR1-3 allele that results in overexpression of PDR5
when a plasmid containing this gene is integrated into its chro-
mosomal location. The construction of JG2000 and JG2001 was
described previously (5).

We also constructed several new AD1-7 derivatives. The
first series of strains carry two copies of PDRS either as wild type
(WT; JG2004) or mutant (JG2010). These strains produce sig-
nificantly more Pdr5 than does the popular single-copy strain
AD124567 and are thus invaluable for biochemical studies.
JG2004 was created by transforming JG2001 with pSS607, the
plasmid containing the WT gene PDRS.

The JG2009 strain contains a single copy of the S558Y allele
and was used to create JG2010. A PDR5-bearing strain (JG2001)
was transformed with S558Y to create JG2003. Treatment with
5-fluoorotic acid (5-FOA) (14) yielded Ura™~ segregants (9/22)
that were multidrug-sensitive and thus contained S558Y. We
retained one of these and designated it JG2009. Transformation
of this strain with an S558Y plasmid resulted in JG2010, which
contains a tandem duplication of the mutant allele and is the
mutant equivalent of JG2004.

We designed another strain, R-1, to obviate a basic problem
found in AD1-7. This strain carries only a partial deletion of
PDR5 (from —187 to 1437 (15)). When we introduce into
AD1-7 a pdr5 mutation located in the coding sequence beyond
approximately the first 445 residues, a WT gene is sometimes
reconstituted by homologous recombination. By contrast, the
entire coding region of PDRS is replaced in R-1 by a KANMX4
(geneticin-resistant) cassette that we PCR-amplified from
BY2909 as described previously (16). This strain is otherwise
phenotypically indistinguishable from AD1-7.
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Interactions between TM Helix-2 and NBD-1 of Pdr5

All of these new isogenic strains are available from the cor-
responding author. We used a Gietz transformation kit (Medi-
corp, Montreal, Quebec, Canada) to introduce plasmids and
PCR-generated products into yeast.

Plasmids and Site-directed Mutagenesis—W e created all site-
directed mutants from the plasmid pSS607, which was
described previously (5). To obtain pS558Y, pS558A, and
pN242K, we carried out PCR-based site-directed mutagenesis
with the Quick Change kit (Stratagene, La Jolla, CA). PCR prim-
ers carrying the desired base pair substitution were prepared,
and PAGE was purified by Operon Biotechnologies (Huntsville,
AL). The resulting mutants were confirmed by DNA sequenc-
ing the entire PDR5 insert. Sequencing was performed by Ret-
rogen (San Diego, CA). We constructed the 14 sequencing
primers so that the resulting sequencing data would contain
substantial overlapping segments, thus ensuring accuracy.

Chemicals and Media—All chemicals were purchased from
Sigma. We dissolved cycloheximide (cyh) in sterile water and
all other compounds in dimethyl sulfoxide. We purchased
8-azido-[a-**P]JATP (15-20 Ci/mmol) from Affinity Labeling
Technologies, Inc. (Lexington, KY). We obtained [***I]iodoary-
lazidoprazosin ([***I]TAAP), 2,200 Ci/mmol, from PerkinElmer
Life Sciences.

We cultured cells in yeast extract, peptone, glucose (YPD)
medium. Cyh, tritylimidazole, and clo were added to YPD after
autoclaving. Tetrabutyltin was added to yeast extract, peptone,
glycerol (YPG) medium. After sterilization, 5-FOA (1 g/liter)
was added to synthetic dextrose complete medium.

Determining IC., Values in Liquid Culture—We grew cul-
tures of yeast strains to be tested for drug hypersensitivity over-
night in 5 ml of YPD broth in 15-ml clinical centrifuge tubes at
30°C in a shaking water bath. Then cells were pelleted in a
clinical centrifuge at high speed for 5 min. We decanted the
growth medium and washed the pellets with 10 ml of sterile
water before resuspension. We determined cellular concentra-
tion by spectroscopy (absorbance at 600 nm). We removed
0.5 X 10 cells, added this to 2 ml of YPD broth containing cyh
(0.18-43.2 um) or tritylimidazole (2-20 um), and incubated
the cultures at 30 °C with shaking. After 48 h, we monitored
relative inhibition by determining the absorbance at 600 nm
and comparing measurements to cells grown in YPD alone.

Qualitative Analysis of Relative Drug Resistance—W'e tested
mutant and control strains qualitatively for drug resistance by
spotting 2-fold dilutions of cells in 5 ul of water on plates with a
fixed concentration of a xenobiotic compound. Cultures to be
tested were grown overnight in 10 ml of YPD broth. The cul-
tures were washed and concentrated by centrifugation and
resuspended in sterile water at 1/10th the original culture vol-
ume. We diluted a small sample 100-fold and determined the
absorbance at 600 nm to check cell concentration. We made
2-fold dilutions in sterile water before plating in a 5-ul sample.

UV Mutagenesis of JG365-3B—The first S558Y allele was
created by UV mutagenesis as described previously (17).

Estimating the Frequency of Reversion—To estimate the rate
of reversion of S558Y, 10 1-ml YPD cultures were seeded with
100 cells and grown to saturation. We plated 10° cells in 4-ml
sterile agar on plates containing 7.5 uM clotrimazole and incu-
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bated them for 5 days at 30 °C. We counted the suppressors and
picked them for further testing.

Preparation of Purified Membrane Vesicles—We prepared
plasma membrane (PM) vesicles as described previously (18),
with further modification (5). We determined protein concen-
tration in the vesicles with a bicinchonic acid kit (Perbio, Rock-
land, IL).

Immunoblots of Pdr5 in PM Vesicles—Proteins in the purified
PM vesicles were separated by gel electrophoresis and trans-
ferred to nitrocellulose membrane at constant current (400
mA, 1 h). The nitrocellulose membranes were blocked for 30
min with 20% nonfat milk in PBS containing Triton X-100
(PBST); incubated with a 1:200 dilution of polyclonal goat, anti-
Pdr5 antibody, and yC-18 (Santa Cruz Biotechnology, Santa Cruz,
CA); washed with PBST (three times for 15 min); incubated with a
1:5,000 dilution of secondary antibody (donkey anti-goat IgG-
horseradish peroxidase in 5% nonfat milk) for 2 h; and washed with
PBST (three times for 15 min). The chemiluminescence signal was
developed by adding 10 ml of ECL reagent for 10 min and then
exposing to x-ray film for 0.5-1 min.

Assay of ATPase Activity— A'TPase activity of purified PM ves-
icles was measured by the end point P, assay as described previ-
ously for P-gp (19, 20), with minor modifications for Pdr5 (5).

One concern about ATPase measurements made with PM
preparations is that these contain Pmalp [H"], which exhibits
vanadate (Vi)-sensitive ATPase activity. We described our resolu-
tion of this issue in detail in a previous study (5). Briefly, the opti-
mal pH for Pmalp [H*] is ~5.5- 6.0, and the enzyme is only min-
imally active at pH 7.5. We therefore characterized ATPase
activity in PMs from the Pdr5 at pH 7.5. In addition, measure-
ments were made with purified PM vesicles from both Pdr5™
strains and the ApdrS strains, and the small amount of residual
ATPase activity (<5%) observed in ApdrS strains was subtracted.

Rhodamine 6G (R6G) Transport Assay—We measured R6G
transport at 30 °C as described previously (21). The concentra-
tion of R6G used in this study was 2.5 pum.

Cross-linking of 8-Azido-[a->’PJATP to PdrS—We carried
out binding studies in purified PM vesicles at 4 °C. Membrane
proteins (18 ug/assay) were suspended in MOPS ATPase assay
buffer containing 10 um 8-azido-[a-**P]JATP (2.5 uCi/nmol).
Samples were incubated in the dark for 5 min at 4 °C before
cross-linking with 365 nm UV light on ice for 10 min. Reactions
were stopped by adding 12.5 ul of 5X SDS-PAGE sample-load-
ing buffer. After electrophoresis on a Tris acetate gel at con-
stant voltage, gels were dried. We quantified the radioactivity
incorporated into the Pdr5 band with a STORM 860 Phosphor-
Imager system (GE Healthcare) and ImageQuant software.

Cross-linking of ["**I[IAAP to Pdr5—Purified membranes
prepared from yeast cells overexpressing Pdr5 were incubated at
room temperature in the ATPase buffer with [***I]IAAP (7 nm) for
5 min under subdued light. The samples were photocross-linked
for 10 min with 365 nm UV light at room temperature followed by
electrophoresis with 7% NuPAGE gels and quantified as described
previously (21). Modifications to this procedure in specific exper-
iments are described in the figure legends.

DNA Extraction and PCR Recovery of Suppressor Mutant
Sequences—We amplified PDRS from suppressor mutants with
a PureLink Genomic DNA kit from Invitrogen. The DNA was
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Following UV mutagenesis, we
screened ~70,000 survivors and
isolated 17 cyh-sensitive colonies
that failed to complement a known
pdr5 deletion. Of these, 16 were
severely impaired and phenotypi-
cally similar to the deletion; a single
very leaky allele was also recovered.

Immunoblotting of purified PM
vesicles indicated that in 15 of these
17 mutants, Pdr5 was significantly
reduced or missing (data not
shown). One such mutant, pdr5-107
was the subject of recent study (17).
Another mutant, although severely
drug-sensitive, had unaltered levels
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of Pdr5 in its PM. Complete nucleo-
tide sequencing of the PDRS5 gene
indicated that it contained an S558Y
missense mutation. The reported
TMHs of Pdr5 suggested that this
residue lie just outside TMH2. The
original TMH assignments, how-
ever, were slightly different from
those that we have established from
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FIGURE 1. Drug sensitivity of S558Y. A, 2-fold serial dilutions of Pdr5 strains were plated on YPD media or on
YPD media containing 15 um clotrimazole, tritylimidazole, or tetrabutyltin. The number of cells plated ranged
from 1.0 X 10°to 0.5 X 10% scans of plates that were incubated for 96 h at 30 °C are shown. A representative
figure from three independent experiments is shown. B, quantitative analysis of drug sensitivity was carried out
by inoculating 500 cells bearing the WT and mutant Pdr5s in the presence of increasing concentrations of cyh
(0.05-21.6 uMm). The cells were incubated at 30 °C for 48 h and then quantified by measuring the absorbance at
600 nm. The strains used were R-1 (Apdr5 = @), R-1 + pSS607 (WT = M), and R-1 + pS558Y (A). Growth at each
concentration of cycloheximide is shown as (% control), i.e. growth in the absence of cyh. C, same protocol was
used to compare single- and double-copy mutant strains: single-copy WT (JG2000 = H), single-copy S558Y
(R-1 + pS558Y = V), double-copy S558Y (JG2010 = A), and R-1 (O). The figures (B and C) show the mean values

of three independent experiments, and the error bars represent the S.D.

extracted as described in the accompanying handbook from
Invitrogen, with several modifications. We lysed 4 X 107 cells
for each extraction. We purchased zymolyase made up in buffer
from Sigma. We used 1 ml (~60 units of activity) for each sam-
ple. We also doubled the volume of proteinase K and RNase A.
We carried out PCR amplification with Platinum PCR Super-
mix High Fidelity from Invitrogen, with the following protocol:
1 cycle at 95 °C for 5 min, 35 cycles of denaturation at 95 °C for
1 min, annealing at 55 °C for 1 min, and extension at 68 °C for 7
min. Reactions were then placed on hold at 4 °C until they were
processed further. The primers used to amplify PDRS were left,
TAAGACTCCGGTGAGTGTGG (T,, of 59°C), and right,
GCACGTTCGTTGTACTTCCA (T, of 60 °C).

RESULTS

S§558Y Mutation—The S558Y allele was identified in the
course of a large mutant search designed to uncover suppres-
sors that eliminated the cyh resistance of a strain overproduc-
ing Pdr5 (JG365-3B), the major yeast multidrug transporter.
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seven topology modeling programs
that allow us to predict core consen-
sus sequences. Results from all these
programs place Ser-558 in TMH?2.?

Drug Phenotypes of S558Y and
S558A—The S558Y mutation was
recreated in pSS607, a yeast inte-
grative vector that we recently
described (5). We also made an
S558A mutation. The mutant plas-
mids were completely sequenced to
verify that each had only the desired
alteration. From these plasmids we
created several strains used in this
study; all are isogenic to each other. Fig. 14 shows the rela-
tive clo sensitivity of four strains as follows: R-1
(pdr5:KANMX4); R-1 + pSS607, referred to as WT; R-1 +
pS558Y or S558Y; and R-1 + pS558A or S558A.

These data indicate that the S558Y mutation is drug hyper-
sensitive as we predicted. By contrast, the S558A allele is phe-
notypically similar to the WT PDRS. This result suggests that it
is the size of the tyrosine residue rather than the hydrophobicity
of its aromatic ring that is primarily responsible for the
observed mutant phenotype. A similar phenotype is observed
with tritylimidazole and tetrabutyltin. These substrates were
used to define different transport sites in Pdr5 that may or may
not overlap (22, 23). In each case, S558Y is considerably more
sensitive than the WT control to all of these xenobiotic agents
and is qualitatively the same as the Apdr5:KANMX4 isogenic
negative control.

L] L}
1.00 125 1.50

3 R. Rutledge and D. Xia, manuscript in preparation.
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Interactions between TM Helix-2 and NBD-1 of Pdr5

Several studies have indicated that the drug-binding sites of
ABC transporters consist of a large pocket, and individual
transport substrates show specific interactions with different
amino acid side chains (24 —26). The fact that the S558Y mutant

TABLE 2
R6G retention in an S558Y mutant

The flow cytometry-based transport assay was carried out as described under
“Experimental Procedures” and legend to Fig. 2. The data represent the median
fluorescence value obtained from histograms similar to the ones depicted in Fig. 2.
Two experiments were performed with two independently grown cultures of each
strain (n = 4). Values are the average of the two median values with standard
deviation (S.D.) indicated. AU, arbitrary units.

Strain and pertinent genotype Median fluorescence S.D.
AU
AD1-7 (Apdrs) 408.21 96.94
JG2005 (AD1-7 + pSS558Y) 389.47 52.94
JG2000 (AD1-7 + pSS607) 6.71 0.59
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FIGURE 2. R6G transport is drastically diminished in S558Y. The transport
activity of WT and mutant Pdr5s was estimated with a flow cytometry-based
efflux assay with R6G as the fluorescent substrate. The null strain (Apdr5 =
AD1-7) and yeast strains containing the WT (JG2000) and mutant (JG2009)
Pdr5 were used in these experiments. The assay was carried out as described
previously (21), and the representative histograms from four independent
experiments are depicted. The strains used are labeled on the figure.
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is not substrate-specific (Fig. 1A) suggests that the reversal of
drug resistance is a consequence of general steric hindrance
and that the Ser-588 residue may not be involved in specific
interactions with the drugs. This is consistent with the finding
that the mutation S558A does not affect Pdr5 function.

We carried out a quantitative analysis of relative cyh resist-
ance in liquid culture. The data in Fig. 1B show that the S558Y
mutant has an IC,, value that is ~30-fold lower (0.5 um) than
the WT and is similar to the Apdr5 control.

Fig. 1C illustrates the behavior of double- and single-copy
strains at low cyh concentrations. Strains containing 1 (JG2009)
or 2 copies of S558Y show similar drug hypersensitivity. There-
fore, doubling the amount of mutant protein does not increase
cyhresistance. This is significant because the increased levels of
Pdr5 in the double-copy strains are useful in biochemical
assays, where they provide more robust measurements.

S§558Y Mutant Strain Is Transport-deficient—We analyzed
the transport capability of S558Y with a well established, whole-
cell R6G efflux assay that uses flow cytometry (21, 27). We com-
pared the transport capability of the WT (JG2000), Apdrs
(AD1-7), and S558Y (JG2009) isogenic strains. These data are
found in Table 2, and representative histogram plots are shown
in Fig. 2. These data clearly demonstrate that the S558Y muta-
tion creates an R6G transport deficiency that is as severe as that
observed in the ApdrS strain. Both of these strains retain ~60 —
70-fold more R6G than does the WT PDRS5 strain, JG2000.

8§558Y Shows Normal Membrane Localization and Nucleo-
tide Binding and Slightly Diminished ATP Hydrolysis—We
evaluated the effect of adding a second copy of WT or mutant
protein to a haploid strain. The colloidal blue-stained gel and
the immunoblots (Fig. 34) clearly show a 2-fold increase in
Pdr5 levels in WT (JG2004) and S558Y mutant (JG2010) com-
pared with the isogenic, single-copy counterpart (JG2000).
Thus, although the single-copy strain overproduces Pdr5, it is
clear that more protein can be localized to the membrane by
simply raising the copy number. We therefore used the PMs
prepared from these strains for all biochemical studies.
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FIGURE 3. Interaction of nucleotides with WT and S558Y. A, colloidal blue staining and immunoblotting of purified PM vesicles prepared from various strains
of yeast. Lanes 1-4 depict a colloidal blue-stained gel and lanes 5- 8 an immunoblot with the anti-Pdr5 antibody yC-18. Lanes 1 and 5, Apdr5; lanes 2 and 6, WT
Pdr5, single copy; lanes 3 and 7, WT Pdr5, double copy; lanes 4 and 8, mutant Pdr5, S558Y, double copy. Arrow shows the position of the Pdr5 protein.
B, photoaffinity labeling of Pdr5 with 0.5 mm 8-azido-[a->P]ATP. Cross-linking was carried out in purified plasma membrane vesicles at 4 °C as described under
“Experimental Procedures.” Upper panel, 8-azido-[a->?P]ATP incorporated into the Pdr5 band; lower panel, quantification of the [*?P] incorporated with a
STORM 860 Phosphorlmager system. The cross-linking in the absence of ATP is shown as filled bars and the cross-linking the presence of ATP as empty bars.
G, 8-azido-[a->?P]ATP binding as a function of ATP concentration (0—1 mm) was determined in WT Pdr5 (@) and the $558Y mutant ((J). The 8-azido-[a->*P]ATP
incorporated in the Pdr5-bands was quantified with a Phosphorlmager, and the curves were generated with the curve-fitting Prism GraphPad software
(GraphPad Software, La Jolla, CA). The inset depicts the data with an expanded x axis in the range 0-0.125 mm ATP. The x and y axis legends for the inset are the
same as those for the main figure. Figure shows representative data from two independent experiments.
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FIGURE 5. Interaction of WT and mutant Pdr5 with the drug substrate analogue [ **IJIAAP. A, photoaffinity
cross-linking of Pdr5 to ['?°[JIAAP was carried out in purified PM vesicles as described under “Experimental
Procedures.” Quantification of the '*°| signal in the Pdr5 band in plasma membranes prepared from the Apdr5
strain AD1-7, the double-copy WT ™ yeast strain JG2004, and the double-copy S558Y mutant strain (JG 2010)
was performed with a STORM 860 Phosphorlmager system. Cross-linking of ['2°I]IAAP was carried out in the
absence (filled bars) or presence (empty bars) of 100 mm clotrimazole. B, photoaffinity cross-linking of ['2°I]IAAP
to WT (@) or S558Y ([]) Pdr5 was carried out as described in A in the presence of increasing concentrations of
clotrimazole. The '?°| signal in the Pdr5 band was quantified and plotted with the curve-fitting GraphPad Prism
software. The inset depicts the data with an expanded x axis in the range 0-100 um ATP. The x and y axis

nmol/mg/min (representative data
from one preparation is shown in
Fig. 4A).

Two aspects of these data are
notable. Although the WT and
mutant Pdr5s differ in V., they
show comparable K, values (about
0.5 mMm). This is consistent with the
finding that the IC,, for displace-
ment of 8-azido-[a-*’P]JATP by
ATP is identical in WT and S558Y
(Fig. 3C). Furthermore, the ATPase
activity of the double-copy S558Y
mutant Pdr5 is comparable with
that found in the single-copy WT
protein (5). Nevertheless, the single-

legends for the inset are the same as those for the main figure. Representative plots are shown (n = 2).

PMs prepared from WT and S558Y Pdr5-expressing strains
show comparable levels of photolabeling with 8-azido-[a-
32P]ATP (Fig. 3B). Furthermore, because the **P signal is com-
pletely eliminated by the addition of 2 mm ATP, the interaction
is clearly taking place at the NBDs.

It is of course possible that although nucleotides bind to both
WT and mutant Pdr5s, the affinity is altered. The concentration-
dependent displacement of 8-azido-[«-**P]ATP by ATP provides
a measure of the apparent affinity of ATP for the transporter. We
found that the IC5, o 1p) values for the WT and mutant Pdr5 are
almost identical (Fig. 3C). As expected, the Apdr5 strain shows no
significant cross-linking of 8-azido-[a-**P]ATP even though the
colloidal blue-stained gels clearly indicate that all three lanes were
loaded with equal amounts of vesicle protein (data not shown).
These results strongly suggest that the WT and S558Y strains have
similar nucleotide-binding capabilities.

The kinetics of Pdr5-mediated ATP hydrolysis was the sub-
ject of several previous studies, and it is clear that this trans-
porter has a high level of unstimulated (basal) activity (4, 5, 13).
We compared the kinetics of ATP hydrolysis in WT Pdr5 and in
S558Y. We found an ~2-fold decrease in the V, . of ATP
hydrolysis. Several vesicle preparations from each strain were
assayed. The V. for the WT ranged from 180 to 279 nmol/
mg/min; the V, . for the S558Y mutant ranged from 69 to 93
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copy WT strain is ~30-fold more
resistant to cyh than is the double-
copy S558Y strain (see Fig. 1B,
above). Therefore, the decrease in ATPase activity observed in
the double-copy mutant strain alone cannot explain why the
mutant Pdr5 is profoundly hypersensitive to all of the tested
drugs (Fig. 14).

Pdr5-ATPase activity is sensitive to inhibition by its transport
substrate clo, which acts as a noncompetitive inhibitor at an allo-
steric site (5). When WT Pdr5 was treated with 25 uMm clo, the
Vmax(aTp) decreased by ~90% (Fig. 4B). Although clo also reduces
the V, .«arp for Pdr5-mediated ATP hydrolysis in S558Y, the
inhibition is only partial (40%; Fig. 4C). These results suggest two
possibilities as follows: either the drug substrate site itself is mod-
ified, or the allosteric inhibition of ATPase activity cannot be effi-
ciently communicated to the NBDs so that a significant amount of
the ATPase activity is allowed to proceed.

["*IIIAAP Binding in the S558Y Mutant—To understand
whether itis the interaction between drug substrate(s) and Pdr5
per se that is affected in the S558Y mutant, we exploited the
photoaffinity labeling of IAAP. We previously demonstrated
that IAAP, an '*’I-labeled photoaffinity analogue of prazosin,
cross-links to the transport substrate sites of Pdr5 (21). We
further demonstrated that IAAP cross-links to both WT and
S558Y Pdr5 but not to PMs prepared from the ApdrS strain
(AD1-7) (Fig. 5A). Moreover, in the presence of clo, cross-
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FIGURE 6. Experimental strategy to determine whether a reversion phe-
notype is caused by a second mutation in pdr5,;,,. Structure of JG2011
(R-1 + pS558Y) after isolation of a clo” suppressor. In this illustration, it is
assumed that the new mutation (*) lies in S558Y rather than in some other
gene. Loss of the plasmid sequences containing URA3 and 1 of 2 PDR5 cas-
settes, either S558Y or pdr5:KANMX4 (GEN'"), occurs by recombination in one
of the two homologous regions. These events resultin Ura™ colonies that are
selected on 5-FOA medium (14) and are tested on clotrimazole and geneticin
medium. If the reversion is attributable to a second mutation in the S558Y
copy, clo’, gen®, and clo®, gen" colonies will be recovered. A mutation in
another gene would yield only clo" colonies.

linking of IAAP is significantly reduced in both WT and mutant
Pdr5 (Fig. 5A).

To determine the apparent affinities of WT and mutant
Pdr5, we measured the displacement of cross-linked IAAP in
the presence of increasing concentrations of clotrimazole (Fig.
5B). We found that the IC,, values for the displacement of
IAAP by clo are comparable in WT and mutant Pdr5 (13.8 and
12.6 M, respectively).

Taken together, our results demonstrate that both the drug
substrate and nucleotide bind to the S558Y mutant with affin-
ities that are comparable with WT Pdr5. However, the drug
efflux mediated by the S558Y mutant is severely impaired and
as a consequence exhibits drug sensitivity.

Genetic Analysis of S558Y Suppressors—Our results suggest
that the S558Y mutation in Pdr5 disrupts the coupling between
the NBDs and the transport substrate site. We isolated clo-
resistant (clo”) suppressors of the S558Y mutation present in
JG2011 (R-1 + pS558Y) by plating cultures on medium con-
taining 15 uMm clo. We analyzed 15 independent cultures and
determined a frequency of 2.2 X 10~ °. This is a relatively high
value for a true back mutation (Tyr — Ser) and thus suggested
that at least some of the suppressors might represent mutations
at other sites in PDRS or conceivably in other genes.

Because suppressors generally have dominant phenotypes,
complementation testing cannot be used to determine whether
a mutation resides in PDR5. The R-1 strain was built to quickly
map these suppressors through a novel approach (Fig. 6).

To determine whether the clo® suppressors were the result of
second-site mutations in the PDRS5 gene, we took advantage of
the genetic features of R-1 that are illustrated in Fig. 6. When
pS558Y was integrated into this strain, we found a duplication
of upstream and downstream sequences adjacent to the PDRS
coding region. The vector sequences, including the URA3
marker, are in between the duplicated sequences. Such a trans-
formant is geneticin-resistant (KANMX4) and able to synthe-
size uracil (and thus grow on uracil omission medium).
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TABLE 3
Phenotypes of suppressors

Ten-fold serial dilutions of cells were prepared and spotted as described under
“Experimental Procedures.” Plates were scored at 96 h after incubation at 30 °C.

Strain and pertinent

genotype Clo,150 pm  Clo,22.5 um  Cyh, 0.78 pm
WT (R-1 + pSS607) 4 3 2
$558Y (R-1 + pS558Y) 0 0 0
Clo-1-0 4 3 4
Clo-3-0 3 2 3

To determine whether the clo resistance is in the PDRS5 gene,
we employed 5-FOA selection (14). This drug selects for Ura™
colonies that arise when recombination causes loss of the L/[RA3
plasmid and either the S558Y allele (possibly bearing a second
mutation causing the clo” phenotype) or the disrupted/deleted
(KANMX4) copy. The loss of the latter leaves a geneticin-sen-
sitive S558Y segregant that is presumably clo-resistant. Loss of
the former, however, would make the colony geneticin-resist-
ant but clo-sensitive if the clo resistance is caused by a second
mutation in the S558Y copy of the gene. If the clotrimazole
resistance was not caused by a genetic change in the S558Y
copy, all of the 5-FOA-selected recombinants would remain
clo-resistant.

Each of 12 independently derived suppressors was plated on
5-FOA, and ura3 recombinant survivors arose at a frequency of
~2 X 10~ 3. 5-FOA survivors were tested for each suppressor to
determine whether the clo” mutation was in PDR5. Of 31
5-FOA survivors recovered from clo-1-0, 13 were clo’, Gen® and
18 were clo®, Gen". Similarly, of 25, 5-FOA survivors recovered
from clo-3-0, 14 were clo”, Gen® and 11 were clo®, Gen". These
results confirm that each suppressor phenotype was attributa-
ble to a second mutation in the S558Y allele. Comparable
results were obtained for the remaining 10 suppressors (data
not shown).

The clo-1-0 and clo-3-0 suppressors were spot-tested on two
different Pdr5 substrates, clo (15.0 and 22.5 um) and cyh (0.78
uM). A summary of these results is given in Table 3. The numer-
ical score indicates the lowest concentration of cells showing
confluent growth on the particular drug plate. Thus, a score of
1 means the suppressor grew only at the highest cell concentra-
tion, 0.5 X 10% a score of 4 means it grew at the lowest concen-
tration, 0.5 X 10%, The JG2011 strain used to isolate suppressors
failed to grow at any cellular concentration and thus received
aO0.

The data in Table 3 suggest that the clo-1-0 suppressor
mutant is as drug-resistant as the WT control. The strong but
not completely WT phenotype of the clo-3-0 suppressor sug-
gested it might be particularly useful in further biochemical
studies, especially in distinguishing various models of S558Y
dysfunction, and was therefore analyzed further. The other
suppressors are the subject of continuing study.

We compared the clo-3-0 and clo-1-0 suppressor mutants
and controls for relative resistance to tritylimidazole, a sub-
strate that defines a transport site that is at least somewhat
different from the one used by clo and R6G (21). These results
are shown in Fig. 7A. As with R6G transport, the clo-1-0 sup-
pressor is indistinguishable from WT positive control, but the
clo-3-0 suppressor increases resistance to a level of the drug
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FIGURE 7. The clo-3-0 (S558Y,N242K) suppressor reverses the drug-sensitive phenotype of S558Y. A, quantitative analysis of clo-3-0 growth in the
presence of trityl was carried out as described under “Experimental Procedures.” Growth of WT (M), S558Y (@), clo-1-0 (O), and clo-3-0 (A) in the presence of
increasing concentrations of tritylimidazole was performed. Growth was estimated on the basis of absorbance at 600 nm and plotted as percentage
growth, where the absorbance in the absence of tritylimidazole was taken to be 100%. The mean values (=S.D.) of three independent experiments are plotted.
B, R6G (2.5 um) accumulation in yeast strains bearing WT and the mutants S558Y and S558Y,N242K (clo-3-0 strain) was analyzed with flow cytometry (21).
Representative histograms from four independent experiments are shown. The strains used are labeled on the figure. C, clo3-0 phenotype was recreated by
inserting pS558Y,N242K plasmid DNA into R-1 (pdr5:KANMX4) by lithium chloride transformation. Quantitative growth in liquid medium containing trityl was
carried out as described in A with WT (R-1 + pSS607; @), S558Y (R-1 + pS558Y; M), transformants of clo-3-0 (S558Y,N242K; A), and R-1 + pS558Y,N242K; ¥). The

mean values (£S.D.) of three independent experiments are plotted.

between the levels of the S558Y and WT strains. Similarly, flow
cytometry data demonstrated that R6G transport is restored to
a level that is also between that of the S558Y and WT strains
(Fig. 7B). In addition, neither the initial drug hypersensitivity of
S558Y nor the restored resistance of clo-3-0 shows any indica-
tion of substrate specificity. The clo-1-0 suppressor exhibited
transport properties that were indistinguishable from the WT
(data not shown).

The PDRS5-specific DNA was recovered from the clo-1-0 and
clo-3-0 suppressors by PCR amplification, and the entire cod-
ing region was sequenced. The sequence recovered from clo-
1-0 contains a true back mutation from Tyr back to Ser. The
completely WT phenotype it exhibits confirms the pleiotropic
nature of the original mutation (deficiencies in transport and
drug resistance).

In the clo-3-0 suppressor, the original S558Y base pair sub-
stitution remains, but a second alteration, N242K was identi-
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fied. The S558Y,N242K double mutation was confirmed in two
separate sequencing reactions from overlapping primers.
N242K s located in NBD1 near the Q-loop between the Walker
A and the signature motifs. No other alterations were observed.
We constructed the double mutation in pSS607 to create
pS558Y,N242K. We also made the single N242K mutation in
this plasmid. We demonstrated that transformation of R-1 with
apS558Y,N242K plasmid recreates a clo-3-0 phenotype when it
is used to transform the R-1 strain (pdr5:KANMX4; Fig. 7C).
S558Y Suppressor S558Y,N242K Restores Coupling between
the ATP and a Clo-binding Site—Double-copy strains were also
made for all of the single and double mutants (S558Y,N242K,
and clo-3-0), and purified PM vesicles were prepared from
each. The immunoblot shown in Fig. 84 demonstrates that
purified PMs prepared from cells overexpressing WT Pdr5 and
the mutant proteins S558Y,N242K, and clo-3-0 (S558Y,N242K)
express equivalent levels of transporter. The ATPase activity of
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FIGURE 8. ATP hydrolysis mediated by the S558Y,N242K double mutant of Pdr5. A, immunoblotting of purified plasma membrane vesicles of WT and
mutant Pdr5s was carried out as described in Fig. 3A. Vesicles were prepared from yeast strains bearing double copies of WT and mutant Pdr5s. Lane 1, WT Pdr5;
lane 2, mutant Pdr5, S558Y; lane 3, mutant Pdr5, N242K; lane 4, mutant Pdr5, S558Y,N242K (clo-3-0). B, Michaelis-Menten plot of Vi-sensitive ATPase activity in
purified PM vesicles of clo-3-0 (A) compared with WT (@) and S558Y (H). The mean values from three independent experiments are shown, and the error bars
represent the S.D. G, Vi-sensitive ATP hydrolysis was measured as described under “Experimental Procedures” in the absence or presence of 25 um clotrimazole.
The mean values for the percent inhibition of ATPase activity by clotrimazole in WT Pdr5 (bar I), mutant Pdr5, S558Y (bar Il),and S558Y,N242K (bar Ill) are shown.

Error bars represent the S.D.

the transport-deficient S558Y strain and the S558Y,N242K
suppressor exhibit comparable values for the K,, and V_, of
ATP hydrolysis (Fig. 8B). Although both the single S558Y
mutant and the suppressor show robust ATPase activity, there
is an ~1.5-fold decrease in the V. compared with WT Pdr5.
Thus, the behavior of the S558Y ATPase is qualitatively similar
to the experiment shown in Fig. 4. Furthermore, it is clear that
the second-site mutation does not affect the kinetics of ATP
hydrolysis per se.

We demonstrated in earlier studies that clo has a strong
inhibitory effect on the ATPase activity of WT Pdr5 (5). We also
showed that clo-induced inhibition of ATP hydrolysis is signif-
icantly reduced in the S558Y mutant (Fig. 4C). We find that
inhibition of ATPase activity approaches levels observed in the
WT protein in the S558Y,N242K suppressor (Fig. 8C). These
data are consistent with our earlier hypothesis that the S558Y
mutation exhibits drug susceptibility because the two key activ-
ities of Pdr5, ATP hydrolysis and drug-substrate transport, are
uncoupled. These results demonstrate that coupling is clearly
restored in clo-3-0.

N242K Mutation Exhibits Drug Sensitivity in a Ser-558
Background—To determine whether the N242K substitution
has a drug-sensitive phenotype when separated from S558Y, we
transformed R-1 (pdr5:KANMX4) with pN242K. Two inde-
pendent transformants were tested on 22.5 um clo and 3.1 uM
cyh to determine whether there was a drug-hypersensitive phe-
notype. As shown in Fig. 94, the transformants exhibit a reduc-
tion in drug resistance to both of the compounds compared
with the isogenic WT control (R-1+pSS607). Under the condi-
tions used, N242K appears to be considerably more sensitive to
cyh than to clo.

To measure the difference between strains, we determined
the IC;, values for cyh and clotrimazole in liquid culture. These
data are shown in Fig. 9B and demonstrate that this mutation is
strikingly cyh-sensitive, as the spot tests suggested. The differ-
ence in IC, values between the N242K mutant and the isogenic
WT control is ~3-fold. The minimum inhibitory concentra-
tions of cyh for the N242K mutant and WT strains are 4.2 and
16.6 um (~4-fold difference between strains). Therefore,
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NBDI, although degenerated in sequence, plays a necessary
role in the cell. The N242K strain shows only a modest reduc-
tion (~1.3-fold) in resistance to clo (Fig. 9C).

DISCUSSION

A central issue with all ABC drug transporters is the coupling
of ATP hydrolysis and drug transport. Although these bio-
chemical processes occur in different domains of the molecule,
transport cannot occur unless the two activities are coupled.
We examined residues in the yeast ABC transporter Pdr5 that
helped us define an interface that is probably involved in this
process.

We screened UV-treated survivors to identify suppressors
that eliminated the cyh resistance mediated by Pdr5 and recov-
ered S558Y. Several observations implicate this residue in inter-
domain communication. For example, yeast cells overexpress-
ing the S558Y mutant Pdr5 and an isogenic ApdrS5 strain show
similar drug hypersensitivity and transport deficiency (Figs. 1
and 2 and Table 2). Nonetheless, nucleotide (8-azido-[a-
32P]ATP) and transport substrate (IAAP) analogues both show
photocross-linking to S558Y mutant Pdr5 (Figs. 3 and 5). Fur-
thermore, the WT and mutant Pdr5s have comparable affinities
for ATP and clo (Figs. 3 and 5). Finally, we showed that the
S558Y mutant hydrolyzes ATP, although the V, _ islower than
that observed for WT protein.

We inserted double copies of the PDRS gene to obtain higher
levels of the protein for biochemical studies (compare lanes 2
and 3 with 6 and 7 in Fig. 3A). Earlier studies were conducted
with purified PMs prepared from single-copy strains (5). In
these experiments, the V.. (ATP hydrolysis) value for WT
Pdr5 was comparable with that found in the double-copy S558Y
mutant (Fig. 44). Nevertheless, yeast strains with a single-copy
WT Pdr5 show 30-fold greater cyh resistance than the double-
copy S558Y mutant strain (Fig. 1B). Therefore, it appears very
unlikely that the 1.5-fold decrease in the ATPase activity in the
mutant is sufficient to account for the null-like phenotype of
the S558Y mutant in transport and drug resistance assays (Figs.
1 and 2). Taken together, these data strongly suggest that the
S558Y drug hypersensitivity is a consequence of impaired cou-
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FIGURE 9. Drug sensitivity of WT Pdr5 and S558Y and N242K. A, 10-fold serial dilutions (0.5 X 10° cells to 0.5 X 10> cells in 5 ul of sterile H,0) were plated on YPD
and on YPD containing 3.1 um cycloheximide or 22.5 um clotrimazole. Plates were scanned after 96 h of incubation at 30 °C. Row 1, R-1 (Apdr5) cells; row 2, WT (R-1 +
pSS607) cells; row 3,R-1 + pS558Y; rows 4 and 5, two independent transformants of R-1 + pN242K. B, quantitative growth analysis of WT (@), S558Y (A), and N242K (H)
in the presence of increasing concentrations of cyh. Growth in the absence of cyh was taken to be 100% in each curve. C, growth of WT (@), S558Y (M), and N242K (A)
was compared as described in B, except that the experiment was carried out in the presence of increasing concentrations of clotrimazole.

pling between ATP hydrolysis and the conformational changes
in the TMDs that bring about transport.

The S558Y mutation thus provides a unique opportunity to
probe the structural elements of the intramolecular domains
that couple ATP hydrolysis and transport of drug substrate.
Unlike with mammalian cells, it is possible in yeast to screen for
second-site suppressors even if they occur at very low frequen-
cies. The strategy is described in detail in Fig. 6. Previous studies
involving large scale mutagenesis of several proteins provided
evidence that the functional coupling of amino acids in inter-
acting proteins and long range interactions in different
domains of a protein are not always predictable from the atomic
structure (see Ref. 28 and references therein). The molecular
chaperone Hsp70, like Pdr5, exhibits two independent func-
tions (ATP hydrolysis and polypeptide binding) that occur at
distinct domains of the protein. Nonetheless, the coupling of
these two activities is critical for the chaperone to function. A
genetic screen that identified amino acid alterations in the
ATPase domain that reverse defects caused by mutations in the
peptide-binding domain was successfully used to locate the hot
spots in these two domains (29). The yeast as a model system is
well suited to such genetic screens. We found that a second
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mutation at position 242 (N242K) resulted in an almost com-
plete reversal of the null phenotype of the S558Y phenotype
(Fig. 7). Moreover, the S558Y,N242K double mutant also
showed a V_,, for the ATPase comparable with the mutant,
S558Y, and 1.5-fold lower than that observed for the WT Pdr5
(Fig. 8B). Thus, we demonstrate equivalent levels of ATP
hydrolysis in the drug-sensitive and transport-deficient S558Y
mutant Pdr5 and the drug-resistant suppressor S558Y,N242K
(Fig. 8B). There is additional evidence to support our conten-
tion that the absence of coupling between the NBDs and trans-
port domains rather than a very modest loss in ATPase function
is the cause of the drug-sensitive phenotype of the S558Y
mutant Pdr5. Clo is a potent noncompetitive inhibitor of
ATPase activity. This inhibition occurs at a location that is dis-
tinct from the transport site of the drug and the NBDs (5). The
loss of inhibition in S558Y and its nearly complete restoration
in the suppressor strongly imply that the NBD1/TMH?2 inter-
face is a route for both productive and inhibitory signals. Fig. 10
proposes a model showing the structural changes in the WT,
S558Y mutant, and suppressor (S558Y,N242K) strains. Fig. 104
shows the arrangement of the NBD and TMD domains in Pdr5.
The organization of part of the N-terminal NBD (between the
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A, two-dimensional topological model of Pdr5 showing the 12 transmembrane helices, the two NBDs, and the four intracellular loops (/ICL 7-4). The boxed area
includes transmembrane helices 2 and 3 and the ICL1 which connects them. The interactions of these domains with the NBD are shown in greater detail in C.
B, illustration depicting part of the N-terminal NBD of Pdr5 from the Walker A region to the signature sequence. The Q-loop and “x-loop,” which have been
implicated in the mechanical transmission of conformational changes between the NBDs and TMDs, lie between the Walker A and Signature sequence of ABC
transporters. The location of N242K, identified in a mutant screen in this study, is shown by a red star. Note that this residue as well as Glu-256 which co-varies
with Ser-558 in correlated mutation analysis (see text) are located slightly upstream of the Q-loop. G, left panel shows the TMH2 and -3 of Pdr5 linked by the ICL1
(the boxed areain A). The x-ray crystallographic structure of the ABC transporter Sav1866 describes the “x-loop” in the NBD, which is implicated in the coupling
of NBDs and TMDs via the ICL1 (10). The x-loop lies between the Walker A and signature regions of the NBD; the Q-loop also lies in this region and has been
implicated in communication between the NBDs and transport sites (34). The central panel shows that the S558Y mutation (yellow circle) involves replacement
with a bulkier residue that could result in the tilting of TM helix 2 (see structures in the black boxes for comparison). As the TM helix 2 is directly linked to the ICL1,
the interface between the ICL1 and the NBD1 could be disrupted (purple arrows). This is consistent with our results that demonstrate that the S558Y has no
effect on the affinity of Pdr5 for nucleotide or transport substrate but shows complete loss of transport activity because the NBD and transport-substrate sites
are uncoupled. The right panel shows the S558Y,N242K double mutant. The structures show that the lysine that replaces the asparagine has more rotamers and
a potentially longer reach. It is plausible that this change reestablishes the contacts between NBD1 and ICL1 (red arrow).

Walker A domain and the signature sequence) is illustrated in
Fig. 10B. Residue Ser-558 is located toward the extracellular
end of TMH2. Hydrophobicity plots and sequence alignment
predict that Ser-558 is lipid facing and lies toward the extracel-
lular end of the TMH. Sequence alignments of the NBDs of
Pdr5 show that the residue Asn-242 lies between the Walker A
and the signature sequence of NBD1. These results are signifi-
cant in light of the structure of the bacterial ABC exporter
Sav1866 that was recently solved (10), which may be considered
as a functional orthologue of Pdr5, P-glycoprotein, and ABCG2
(30). The structure of Sav1866 was the first of a full-length ABC
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protein to show significant contacts between the TMDs and the
NBDs. The ICLs between TMH2, -3, and -5,6 have short a-hel-
ices parallel to the plane of the membrane. These interact with
the NBDs via a short segment (which the authors designate the
x-loop) that lies between the Walker A domain and the signa-
ture sequence of the ATP-binding cassette. Although these
structural associations are intriguing, they do not necessarily
demonstrate a functional connection. Our study finds that loss
of drug resistance as a result of a mutation in the TMH2 can be
restored by a compensating mutation in the same region as the
x-loop in the NBD. There are important differences between
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Pdr5 and Sav1866, including the organization of the NBDs and
TMDs as well as key residues in the NBDs. It is nonetheless
noteworthy that we find TMH2 and the region upstream of the
signature sequence associated in the coupling of ATP hydroly-
sis to drug-substrate translocation. Additionally, correlated
mutation analysis predicts that mutations at Ser-558 co-vary
with those at Glu-256. This highly predictive statistical analysis
is based on the concept that the functional coupling of two
positions, even if distantly positioned in the structure, should
be reflected in the mutually constrained evolution at the two
positions (28, 31). In the case of Pdr5 our analysis shows that a
mutation at position 256 is the most likely “response” to the
mutation S558Y, demonstrating that the residue Ser-558 has
been subjected to evolutionary pressure as a pair. It is interest-
ing that the residue 256 also lies in the region between the
Walker A and signature sequence of NBD1 of Pdr5 (Fig. 10B). A
plausible explanation of how the S558Y mutation (in TMH2)
uncouples the contacts between ICL1 and NBD1 is provided in
Fig. 10C. We speculate that the additional bulk and/or confor-
mational flexibility of the lysine residue compared with the
asparagine permits the reestablishment of these contacts in the
S558Y,N242K double mutant. The molecular models of Asn
and Lys in Fig. 10C clearly show that Lys has a larger size as well
as significantly more rotamers that could permit the reestab-
lishment of contacts between the NBD and ICL1. The N242K
mutant in the WT background is more sensitive to drugs com-
pared with the WT. However, the N242K mutant exhibits
greater resistance than the ApdrS or the S558Y mutant. An
alignment of NBDs of fungal ABC transporters shows that res-
idues at the position equivalent to Asn-242 in Pdr5 are not
conserved. Besides asparagine, two other residues are found to
occur at this location, threonine and serine. Thus a small polar
amino acid that can participate in hydrogen bonding always
occurs at this position. This study indicates that the asparagine
residue at position 242 plays an important role in inter-domain
communication between the NBDs and TMDs, plausibly via
hydrogen bonds. It is thus likely that an Asn — Lys mutation at
this location could disrupt these contacts. Nonetheless, as
stated above, the increased conformational flexibility of the
lysine residue could restore these contacts albeit not as effi-
ciently as in the WT Pdr5.

It is important to note that this study suggests that confor-
mational changes in TMH2 are coupled to those at the ATP site
in the N-terminal half of Pdr5. The structures of NBDs of
numerous ABC proteins support the notion that the ATP is
sandwiched between the Walker A and B domains and H-loop
of one NBD and the signature sequence and the D-loop of the
other (for review see Ref. 8). Thus the interactions described
here would involve Walker A and B domains and the H-loop of
NBD1 and the signature sequence of NBD2. In Pdr5 several
residues that are highly conserved among ABC proteins (and
have also been shown to play key functional roles) are altered in
the NBD1. These include the conserved lysine in the Walker A,
the catalytic carboxylate in Walker B, and the conserved histi-
dine that defines the H-loop. This has led to the proposal that
the NBD1 either lacks function or plays a regulatory role (1, 13).
The asymmetry in the two ATP sites of Pdr5 is similar to that
observed in most members of the ABCC subfamily of mamma-
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lian ABC proteins (32). Of these, the cystic fibrosis transmem-
brane conductance regulator (ABCC?7) has been studied in con-
siderable detail, and the consensus appears to be that the NBD1
is regulatory (33).

Our data show that residues in TMH2 and NBD1 are strongly
coupled and clearly have a functional role and appear to define
the transmission interface. This would suggest that the NBD1
of Pdr5 has, at the very minimum, a regulatory function in the
transport cycle. In addition unlike many ABC proteins, the
ATPase activity of Pdr5 is not stimulated by the transport sub-
strate (5, 13). In bacterial transporters this coupling is depend-
ent on the conserved histidine in the H-loop. Pdr5 lacks this
residue in NBD1, and Schmitt and co-workers (13) have shown
that the His — Ala mutation in Pdr5 has no effect on the
ATPase activity. This has led them to posit that Pdr5 exhibits
uncoupled ATPase activity. This may well be true; however, our
data strongly suggest that structural domains involved in the
transmission of conformational changes generated by ATP
binding/hydrolysis to the TMDs are intact and may share fea-
tures common to other ABC proteins.
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