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Abstract
ABC transporters are polytopic proteins. ATP hydrolysis and substrate transport take place in
separate domains, and these activities must be coordinated through a signal interface. We previously
characterized a mutation (S558Y) in the yeast multidrug transporter Pdr5 that uncouples ATP
hydrolysis and drug transport. To characterize the transmission interface, we used a genetic screen
to isolate second-site mutations of S558Y that restore drug transport. We recovered suppressors that
restore drug resistance; their locations provide functional evidence for an interface in the cis rather
than the trans configuration indicated by structural and crosslinking studies of bacterial and
eukaryotic efflux transporters. One mutation, E244G, defines the Q-loop of the deviant portion of
NBD1, which is the hallmark of this group of fungal transporters. When moved to an otherwise wild-
type background, this mutation and its counterpart in the canonical ATP-binding site Q951G show
a similar reduction in drug resistance and in the very high basal-level ATP hydrolysis characteristic
of Pdr5. A double E244G, Q951G mutant is considerably more drug sensitive than either of the single
mutations. Surprisingly, then, the deviant and canonical Q-loop residues are functionally overlapping
and equivalent in a strikingly asymmetric ABC transporter.

The ATP-binding cassette (ABC)1 protein superfamily uses the energy from ATP binding and
hydrolysis to import and export a diverse array of biologically important compounds. A
functional transporter contains a pair of nucleotide-binding domains (NBDs) and
transmembrane helical domains (TMDs). The NBDs contain conserved sequences that position
ATP, catalyze its hydrolysis, and communicate this signal to drug-binding sites in the TMDs.
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SUPPORTING INFORMATION
These data include the alignment of the NBDs of the Pdr5 family (Figure S1), additional evidence for a cis arrangement of Q-loops and
TMDs (Figure S2 and Table S1) and additional testing of drug phenotypes for the Q-loop mutations (Figure S3). This is available free
of charge at http://pubs.acs.org.
1Abbreviations: ABC, ATP-binding cassette; NBD, nucleotide-binding domain; TMD, transmembrane domain; ICL, intracellular loop;
TMH, transmembrane helix, clo, clotrimazole; cyh, cycloheximide; 5-FOA, 5 fluoroorotic acid; Gen, geneticin; IAAP,
iodoarylazidoprazosin; WT, wild type; P-gp, P-glycoprotein
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These include, among others, the Walker A, Walker B, Q-loop, and signature motifs. Several
crystal structures solved for bacterial NBDs and for the complete transporter Sav1866 support
a model in which ATP forms a sandwich between the Walker A, B, and Q-loop sequences of
one NBD and the signature and D-loop residues of the other (for review see 1). In this complex,
the nucleotide is occluded in a nonexchangeable manner, and subsequent hydrolysis appears
to be necessary for the disassembly of the sandwich (2).

Central to the mechanism of transport mediated by ABC proteins is the coupling of chemical
energy liberated by binding/hydrolysis at the NBDs to transport of cargo that takes place at the
TMDs. The crystal structure of Sav1866 (3) and crosslinking studies from several transporters
(4,5) demonstrate a physical proximity between residues in or near the Q-loop of NBDs and
residues in the intracellular loops (ICLs) that connect transmembrane helices (TMHs). This
suggests a potential signaling interface presumably mediated by conformational changes.
These studies, however, did not demonstrate the functional importance of the interface under
dynamic conditions. Our earlier work with the yeast multidrug transporter Pdr5p presented
evidence from genetic and biochemical studies that interactions between the TMH2 and the
N-terminal NBD, NBD1, occur via the ICL1, which connects TMHs2 and 3 (6). This study
exploited a mutation in the extracellular end of TMH2 (S558Y) that exhibited ATP hydrolysis
and binding of drug substrate but drastically reduced Pdr5-mediated drug transport and
allosteric inhibition of the ATPase. This mutation appears to abrogate coupling between ATP
hydrolysis at the NBDs and various activities in the TMDs.

When we screened for second-site mutations that restore drug resistance, we identified another
mutation, N242K. Based on the structure of Sav1866, Dawson and Locher (3) predicted that
the Q- and x-loops upstream of the signature sequence of ABC transporters interact with the
ICL1 to constitute a signaling interface. Similarly, Jones and George (7) argue that the Q-loop
of ABC transporters may be implicated in NBD–TMD communication. As shown below, the
Asn-242 residue lies two residues away from the Q-loop of the N-terminal NBD. Our data and
molecular modeling led us to speculate that the S558Y mutation uncouples the contacts
between ICL1 and NBD1. Because the lysine residue has greater bulk and conformational
flexibility than asparagine, we hypothesized that these contacts would be reestablished in the
S558Y, N242K double mutant. In this study, we analyzed additional second-site mutations
that can restore drug resistance in the S558Y mutant Pdr5 strain.

Pdr5 defines a large subfamily of clinically important pathogenic fungi, such as Cryptococcus
neoformans and Candida albicans. These multidrug transporters show a marked departure in
critical domain sequences from their mammalian counterparts, notably P-glycoprotein (P-gp).
The organization of the NBDs and TMDs in Pdr5 and significant variations in the conserved
domains of the NBDs are depicted in Figure 1. Because a significant number of residues vary
in the canonical sequence, it is important to determine whether the alternate residues perform
the same function as the conserved residues in other ABC proteins.

One second-site mutation in the S558Y background that restores drug resistance is E244G.
This residue is of singular importance because in Pdr5, Glu-244 replaces the canonical Q that
defines the Q-loop in NBDs of ABC proteins. We used site-directed mutagenesis to
characterize this residue as well as the equivalent Gln-951 in NBD2. In all, nine suppressors
of S558Y were detected, of which seven mapped either to the ICL1 or NBD1. The mutants
located in the NBD1 were all close to the Asn-242 identified in our previous study(6). Our
results are consistent with communication between the Walker A and the signature region (C
region) of the NBD and the TMDs via the ICL and with the Q-loop acting as part of this
interface. A conserved glutamine, however, does not necessarily define this loop in all ABC
proteins. Perhaps most significantly, our work clearly demonstrates that the deviant Glu-244
and canonical Gln-951 Q-loop residues are functionally equivalent.
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EXPERIMENTAL PROCEDURES
Genetic manipulations

Table 1 lists the strains used in this study are found in Table 1. We previously reported isolating
suppressors of S558Y clotrimazole (clo) hypersensitivity (6). Our genetic system for isolating
and analyzing Pdr5 suppressors is also outlined in detail elsewhere (6). The strain R-1 is closely
related to AD1-7, pioneered by the Goffeau group (8). Thus, it lacks all ABC multidrug
transporters and contains PDR1-3, which causes overexpression of PDR5 (9,10). In addition,
in R-1 the PDR5 coding region was removed and replaced by a cassette (KANMX4) conferring
geneticin resistance. When a site-directed mutation is introduced into R-1 via transformation
with an integrating plasmid (pSS607), a duplication results (diagrammed in Figure 2A and B).

Selection of ura3 segregants on 5-fluoroorotic acid (5-FOA) medium (1mg/ml) should yield
geneticin-sensitive and -resistant segregants. The former should contain an intact PDR5 gene
that is overexpressed. Several of the transformants we tested yielded only geneticin-resistant
5-FOA segregants or no 5-FOA segregants at all. These unexpected recombinants are presumed
to represent aberrant recombination events of various kinds. Such transformants were
discarded, but their existence demonstrates why the 5-FOA test is essential. PCR recovery of
the mutant gene from the chromosome and DNA sequencing of the resulting product confirm
the presence of the desired mutation. Once we have isolated a 5-FOA segregant bearing a
desired mutation, we often introduce a second copy of the same mutation by a repeat
transformation. These double-copy strains greatly increase the signal-to-noise ratio in our
various biochemical assays (6).

PCR recovery of mutant sequences from chromosomal DNA
We recovered mutant suppressor alleles were recovered from chromosomal DNA by PCR,
with Whatman FTA technology (GE Healthcare, Piscataway, NJ). We recently described the
PCR cycling conditions and primer composition (6).

Site-directed mutagenesis of PDR5 in pSS607
The construction and characterization of the PDR5-bearing integrating plasmid pSS606 are
described elsewhere (11). We designed primers for site-directed mutagenesis with the help of
the PrimerX Web site (www.bioinformatics.org/primerx/). Mutagenesis was carried out with
the Quick Change Kit (Agilent Technologies, Santa Clara, CA). Following bacterial
transformation, we prepared plasmid DNA from putative mutant clones and sent it to Retrogen
(San Diego, CA) for sequencing. Fourteen primers were used in sequencing ensuring
substantial overlap in reads. The entire PDR5 gene was sequenced and in every case, we
observed only the desired alteration.

Transformation of yeast
We introduced mutant integrative plasmids into R-1 with a transformation kit produced by
Sigma-Aldrich (St. Louis, MO).

Chemicals
Chemicals were purchased from Sigma-Aldrich. We used nucleotides (ATP and GTP) of the
highest purity in all NTPase assays. We dissolved all xenobiotic compounds in DMSO except
for cycloheximide (cyh) which was dissolved in water. We added 5-FOA (1 mg/ml) as powder
to SD complete medium after sterilization. We added geneticin (Gen) to YPD medium at a
concentration of 200 mg/l. The medium was swirled to dissolve this reagent just prior to pouring
the plates. We purchased Iodoarylazidoprazosin ( [125I]IAAP ) from PerkinElmer Life Sciences
(Waltham, MA).
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Determination of the IC50 in liquid culture
We quantitatively tested all of the mutants described here for cyh and clo as previously
described (6).

Spot tests
We qualitatively tested mutant and control strains for their relative drug resistance by spotting
10-fold dilutions of cells in water as previously described (6).

Preparation of purified membrane vesicles and immunoblotting
We prepared purified plasma membrane vesicles and determined their protein levels with the
BCA assay as previously described (11). Samples were solubilized in SDS-PAGE loading
buffer for 25 min at 37°C before electrophoresis at 150 V on 7% NUPAGE gels (Invitrogen,
Carlsbad, CA). Western blotting was carried out with the Pdr5-specific antibody yC-18 and
the Pma1-specific antibody yN-20 (Santa Cruz Biotechnology, Santa Cruz, CA) as previously
described (6).

ATPase and GTPase assay
We assayed ATP as previously described (9) with vesicles made from strains containing two
copies of wild-type (WT) or mutant PDR5. We performed each assay with 12 μg of vesicle
protein incubated for 8 min at 35°C in 100 mM MOPS buffer (pH 7.4), 50 mM KCl, 5 mM
NaN3, 2 mM EGTA (pH 7.0), 2 mM DTT, and 10 mM MgCl2. We terminated reactions by
addition of 2.5% (final volume) SDS. The assay for GTPase was identical except that we used
16 μg of vesicle protein.

Photo-affinity labeling of Pdr5 with[125I] IAAP
Purified PMs (15 μg protein) prepared from double-copy, overexpressing Pdr5 were incubated
at room temperature in ATPase buffer with [125I]IAAP (7 nM) for 5 min under subdued light.
The samples were photo-crosslinked at 365 nm for 5 min and solubilized in SDS-PAGE loading
buffer for 25 min at 37°C. Gel electrophoresis was carried out on 7% NuPAGE gels
(Invitrogen). We quantified the signal as previously described (6).

RESULTS
Isolation and sequence analysis of mutants that suppress the clo hypersensitivity of S558Y

The strategy for isolating independent suppressors of S558Y clo hypersensitivity was
previously described (6). In that study, we demonstrated that a N242K mutation restores
considerable drug resistance. We also isolated eight other suppressors of S558Y. The
experimental strategy for determining whether a suppressor results from a second mutation in
PDR5 or from a mutation elsewhere in the genome is illustrated in Figure 2. The recovery of
Genr Clos and Gens Clor segregants provided qualitative proof that the responsible mutation
arose in PDR5. In all cases, the suppressor phenotypes were attributable to a second mutation
in the PDR5 gene.

We recovered the PDR5 coding region and sequenced the DNA to determine the nature of the
mutants (Table 2). All of the mutants contained the original S558Y mutation plus a single
additional alteration. A schematic representation of the mutants is shown in Figure 3 as a 2-D
topological map of Pdr5. Of the nine mutants analyzed, including N242K, seven were in either
the N-terminal NBD or ICL1. One mutation is an E244G substitution. When alignment of Pdr5
with other transporters was carried out (supporting information), the Glu-244 residue was
found to be completely conserved in the Pdr5 fungal subfamily of multidrug transporters and
to be a replacement for the Gln in the canonical Q-loop of other ABC transporters (13).
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With this information, we identified a motif, shown in Figure 4, which illustrates comparable
regions in the 2 NBDs. The motif is Y/F, Sp, X, E, X, D/E, X, H, where Spis a small polar
residue (N, S, T, or C) and X is not conserved. Three mutations appeared in two of the conserved
residues. We also found three independent alterations at residue Ser-597 in ICL1 (two were
S597I, one was S597T). The remaining mutants were an M679L substitution in TMH5 and the
G1233D mutation in ECL4 connecting TMH7 and 8. In this small sample, we recovered no
mutations in NBD-2. It is striking that seven of the nine independently isolated suppressor
mutants had an alteration near or at the Q-loop and in ICL1. Thus, the location of these mutants
on both sides of the interface lends functional evidence to previous structural and crosslinking
studies, which suggested that at least one signaling interface runs from the NBD through ICLs
and into the TMDs. This arrangement, although reminiscent of the Sav1866 transporter, which
functions as a homodimer, is strikingly different in one crucial feature. The crystallographic
data from Sav1866 suggests an interface with a criss-cross or trans arrangement in which the
Q-loop of 1 monomer interacts with the ICL of the other. Evidence for a similar arrangement
is found in eukaryotic transporters Tap and P-gp (4, 5). Our results, however, strongly suggest
that the cis arrangement is physiologically relevant in Pdr5. Additional, complementary
evidence for the cis interface comes from an analysis of mutations that suppress the cyh
hypersensitivity of N242K. These data are found in the supporting materials.

The drug phenotypes of the suppressor mutants
We compared the relative resistance of the suppressor mutants to cyh and clo to positive (R-1
+pSS607 = WT) and negative (R-1 + pS558Y) controls (Figure 5A and B). Although they were
selected on clo-containing medium, all of the suppressors restored significant cyh resistance
as well. Furthermore, none of the mutants were as resistant as the WT control to either drug.
Finally, the curves generated for each mutant were similar. In fact, several of the clo plots
completely overlapped, making it appear—erroneously—as though fewer strains were tested
on this drug. Thus, all of the mutants had IC50s for clo of ~ 4.0 – 8.0 μM and IC50s for cyh of
~ 3.5 – 4.0 μM. These values represent a significant increase in resistance when compared to
the values for S558Y, which are 1.1 μM and 0.4 μM for clo and cyh, respectively.

Because the E244G mutation is the subject of a detailed study, we also recreated the E244G,
S558Y suppressor mutation in pSS607 and compared the clo resistance of the plasmid-borne
suppressor mutation to the chromosomal equivalent (Figure 5C). As with the reconstructed
N242K, S558Y suppressor (6), the IC50s of the chromosomal and plasmid E244G, S558Y
suppressor were, within experimental error, indistinguishable. In each case, they showed an
~8-fold increase in clo resistance when compared to S558Y. Although all of the suppressor
mutations are interesting and most lie in a general interface suggested by structural and
crosslinking studies, we focused on E244G.

The effect of NBD mutations in a S558 (otherwise WT) background
Previous work indicated that the N242K mutation, which together with S558Y restores
significant drug resistance, actually creates drug hypersensitivity in an otherwise WT (S558)
background (6). The sensitivity is more pronounced for cyh than for clo. This drug sensitivity
establishes the importance of the deviant region of NBD-1 for complete transporter function.
In the present study, we evaluated the effect of E244G and its neighboring residues on drug
resistance, because Glu-244 defines the deviant Q-loop of NBD1. The Q-loop is thought to
facilitate communication between the ATP-binding site and the ICLs (1). As a means of
comparison, we constructed the corresponding mutation in NBD2; Q951G. Immunoblotting
was carried out using Pma1 antibody as a loading control. As shown in Figure 6A, the levels
of Pdr5p in purified membrane vesicles were similar.
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We determined the relative cyh and clo resistance of these strains and the double mutant E244G,
Q951G, along with isogenic negative and positive controls (Figure 6C and D). The E244G
phenotype was virtually identical to that previously observed with N242K (6). Compared to
the WT, significant cyh sensitivity was observed but resistance to clo was only slightly lower
(1.3-fold reduction in IC50 ). The phenotype of the corresponding NBD2 mutant, Q951G, was
similar. This mutant was ~2-fold more sensitive to cyh than was the WT. The Q951G strain,
however, exhibited significantly greater clo hypersensitivity (3.4-fold) than did the E244G
mutant. Compared to either S558Y or Δpdr5, however, the phenotypes of these mutants were
quite similar. Therefore, E244G is not a gain-of-function mutation in a nonessential residue.
Rather, as was true for Asp-242, Glu-244 is required for WT levels of drug resistance.

Double-mutant analysis: redundancy of Q-loop function during ATP hydrolysis
Our single-mutant analysis led to several important observations. First, although E244G was
a dramatic alteration in a highly conserved residue, it created only mild drug hypersensitivity.
The same was true for Q951G in the canonical ATP-binding domain. Thus, all of these mutants
were much like the previously characterized N242K mutant. The N242K and E244G mutants
appeared more sensitive to cyh than clo, and Q951G appeared somewhat more sensitive to clo
than cyh. All, however, were considerably more resistant than S558Y. The relatively mild loss
in the drug resistance of the single mutants suggested that there might be functional overlap
between the corresponding region in NBD-2. Essentially, then, only Glu-244 or Gln-951 is
actually required for Pdr5 to mediate a significant portion of its drug resistance to cyh or clo.
To further investigate the possible functional overlap between the 2 Q-loops, we constructed
a E244G, Q951G double mutant and compared the drug sensitivity of the single and double
mutants to the WT. We tested them quantitatively for their cyh and clo drug resistance. The
results for E244G, Q951G are shown in Figure 6C (cyh) and 6D (clo). We calculated the
IC50 values for cyh for the isogenic constructs and found that the difference in sensitivity
relative to the WT strain was 17.2 for S558Y, 2.60 for E244G, 1.90 for Q951G, and 6.81 for
E244G, Q951G. If the Q-regions were functioning independently and the 2 mutants were
partially impaired in biochemical function, the double mutant would show simple additivity
and thus be 4.50-fold more sensitive. The observed value of 6.81-fold was significantly greater
than we expected. These initial results thus suggested that at least some functional redundancy
exists between the 2 Q-loops during ATP hydrolysis. We tested the strains with clo and
observed a similar pattern. In this set of experiments, the difference between WT (22.5μM)
and E244G (17.5 μM) was only 1.3-fold; this result was virtually identical to the one obtained
with N242K (6). The Q951G strain had an IC50 of 6.78 μM, a 3.40-fold difference. Thus, the
expectation for the double mutant based on simple additivity is a difference from the WT strain
of 4.7-fold. In fact, the E244G, Q951G mutant was 7.7-fold more sensitive than the WT.

The large difference in drug sensitivity between the single and double mutants was also
observed qualitatively for 1.5 mM and 3.0 mM chloramphenicol, a moderately strong transport
substrate used in whole-cell and vesicle transport assays (11, 14, 15). The single E244G and
Q951G mutants were all qualitatively similar to WT. The E244G, Q951G double mutant was
phenotypically very hypersensitive and similar to S558Y (see supporting information).

It was theoretically possible that the profound drug hypersensitivity observed with the double
mutant was not entirely attributable to the combined E244G, Q951G alterations in Pdr5, but
rather to an additional mutation in the genome that occurred spontaneously. We tested two
additional, independent E244G, Q951G transformants and observed the drug hypersensitivity
that was indistinguishable from that seen with the original double mutant. Thus, when analyzed
together for their resistance to clo, all three E244G, Q951G independently constructed strains
had identical minimum inhibitory concentrations of 5 μM and IC50s of ~2.9 μM.
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The effect of Q-region mutations on NTPase activity
The effect of Q-loop mutations on ATP hydrolysis has not been investigated extensively, but
two studies with ABC transporters suggest that these alterations do not affect catalysis. For
instance, although the bacterial MsbA transporter Q-loop residue appears to be required for
the proper conformational signaling change during ATP hydrolysis, a Q-to-C mutation does
not affect ATPase activity per se (16). Analogous results were found with P-gp (17). In
reporting on a study that used FRET (Forster resonance energy transfer) Rai et al. suggested a
role for the equivalent Cdr1 residue (Glu-237) in coordinating the Mg ion during ATP
hydrolysis, but this study was carried out with a single, purified NBD and did not look directly
at ATPase activity or determine a drug phenotype (18).

We therefore evaluated the effect of N242K, E244G, and Q951G on the Pdr5-ATPase activity
along with S558Y, E244G. Results of our measurement of ATPase activity are in Figure 7A
and 7B. For comparison, we also included Vmax and Km values for S558Y that were previously
published (6). The average (n=3) WT value of ~220 nmol/min/mg was in the range we reported
previously for such double-copy strains: ~179–275 nmol/min/mg (6). This was ~4 fold higher
than the Vmax of E244G or Q951G, which were each ~50–60 nmol/min/mg (Figure 7B). It is
particularly striking that mutation of the canonical Gln-951 residue and the deviant Glu-244
had an equivalent ATPase deficiency as well as similar drug hypersensitivity. The N242K
mutant exhibited significantly higher ATPase activity. Although the reduction in ATPase
activity of the Q-loop mutants was clear, significant activity remained. Therefore, it is highly
unlikely that these residues are required for the reaction chemistry of NTP hydrolysis.

There was little or no difference in the observed Kms (Figure 7C). This suggests that none of
the mutants has a significant effect on ATP-binding.

Data from our previous work (6) and the present study strongly suggest that Pdr5 has poor
coupling of ATP hydrolysis to drug transport. For instance, both N242K and E244G restore
considerable drug resistance to S558Y, yet they did not increase the basal level of ATPase
activity. Furthermore, there was a relatively poor correlation between the ATPase activity of
the E244G, N242K, and Q951G mutants and the IC50 data for cyh. This can be seen in Table
3, which summarizes the important phenotypes for the mutants. The N242K mutation had 3-
fold greater ATPase activity than E244G but virtually identical resistance to cyh. These
observations support the contention of Ernst et al. (19, 20) that much of the basal ATPase
activity is uncoupled from transport—at least for the substrates that we employ.

In light of the equivalence of the deviant and canonical Q-loop residues and the greater than
additive hypersensitivity of the E244G, Q951G strain, we expected that this double mutant
would at least show an additive ATPase deficiency. If this were the case, the Vmax of the double
mutant would be ~25 nmol/min/mg, a value that would be quite noticeable with our assay
conditions. Significantly, the ATPase of the E244G, Q951G double-mutant strain was no lower
than that of the single mutants, even though the difference in clo drug sensitivity between this
strain and E244G was greater than 5-fold. This observation has several important implications,
the most significant of which is that the severe transport deficiency in the double mutant is
caused by something other than a further loss of ATP hydrolysis.

Pdr5 has a significant GTPase activity that is capable of fueling transport and is approximately
0.4 that of its ATPase counterpart (11). Data presented in Figure 8 demonstrate that both E244G
and E244G, Q951G had a Vmax for the WT was only ~1.5- to 2-fold higher than that of the
mutants. The reduction in GTPase activity of the mutants was therefore significantly less than
that observed for ATPase activity. Furthermore, the plots of E244G and E244G, Q951G activity
versus GTP concentration are indistinguishable. Thus, the sharp reduction in drug resistance
observed for E244G, Q951G could not be attributed to a further loss of NTPase function.
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The drug-binding capability of the E244G, Q951G mutant
Previous work in our laboratory demonstrated that Pdr5, like other transporters, has a
multiplicity of drug-binding sites (15, 21). One of these mediates the transport of rhodamine
6G, clo, and 3,9-diacetylcarbazole (22). We previously demonstrated that rhodamine 6G and
clo block the photoactivatable crosslinking of IAAP in a concentration-dependent manner (6,
22). This assay also showed that the clo-binding affinity of the S558Y mutant remained the
same as in the WT(6). With the same assay, we evaluated drug-binding affinity in E244G,
Q951G, because it is clo hypersensitive (Figure 9). The data clearly show that the WT and
double mutant bind IAAP. We used clo in a competition experiment to block IAAP
photoaffinity labeling and determined an IC50 value of ~20 μM for both strains. This value is
similar to those obtained previously for WT and S558Y(6). Therefore, the large difference in
drug sensitivity (6- to 8-fold) between the WT and E244G, Q951G strains is not attributable
to a deficiency in drug binding at the transport site.

Taken together, our results strongly implicate the Q-loop residues in signaling between the
ATP-binding sites and the TMDs. Furthermore, they strongly imply that the atypical Glu-244
and canonical Gln-951 residues are functionally equivalent and overlapping.

DISCUSSION
The recently resolved structures of Sav1866 (3) and crosslinking studies (4, 5) provide insights
into the coupling interface of ABC proteins. The coupling of ATP hydrolysis (at the NBDs)
to transport (at the TMDs) is one of the most critical steps of the transport cycle of ABC
proteins. Characterizing the coupling interface in a functional protein, however, is challenging.
We previously developed a genetic screen coupled with biochemical assays to identify residues
associated with the coupling interface in the yeast ABC transporter Pdr5 (6). In that study, we
exploited a mutation at the extracellular end of TMH2 (S558Y). ATP hydrolysis and molecular
movements in the TMHs (which bring about transport) are uncoupled in the mutant Pdr5, which
shows both ATP hydrolysis and binding of the transport substrate, IAAP, but no drug
resistance. Our strategy was to screen for second-site mutations that restore drug resistance,
because these suppressors should identify interacting residues. We reported that the double-
mutant S558Y, N242K exhibited almost a complete reversal of the null phenotype of S558Y.
The location of N242K was consistent with the NBD face of the coupling interface surmised
from the X-ray crystallographic structure of the bacterial ABC multidrug transporter Sav1866
(3) as well as with crosslinking studies on P-glycoprotein (4). In the current study we extended
our work to further elucidate the coupling interface of Pdr5, identifying key residues in both
the NBD face of the protein and ICL1, which connects TMHs 2 and 3.

We used the mutant S558Y to screen for clones that reverse the drug-sensitive phenotype of
this mutant as described in detail previously (6). Upon sequencing the Pdr5 gene in the
revertants, we identified nine second-site mutations (including N242K from the previous
study), representing 5 unique point mutations and one triplet-codon deletion. Four of these
occurred in the NBD and were located almost contiguous to each other at positions 242, 244,
and 246 (one independent mutant each of N242K and E244G and two independent mutants
with D246del). The residue Glu-244 is equivalent to the conserved glutamine that is used to
identify the Q-loop within the NBDs of ABC transporters. Thus, four of the nine second-site
mutations appear to define the NBD face of the coupling interface and are proximal to or at
the Q-loop. An additional 3 are in Ser-597, which is in the ICL1. The structure of Sav1866
suggested that conserved Q might interact with the ICL1 to couple ATP hydrolysis to drug
transport. The residues we identified lie in the same region of Pdr5. Moreover, the residue
Glu-244 in Pdr5 lies at the same position as the conserved Q in other ABC transporters, and
the glutamic acid at this position is completely conserved in the Pdr5 family (see sequence
alignment, Figure S1 in the supporting information). Our results are consistent with the
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suggestion put forward by several authors that the Q-loop is implicated in intradomain coupling
(1, 7). Beside the second-site mutations in the NBD, we identified three additional point
mutations in ICL1, and all were in the same residue, Ser-597. Thus, both faces of the interface
—the NBD as well as the ICL—were recovered in our collection. Although ICL1 is predicted
to be approximately 21 amino acids long, the identification of Ser-597 as a second-site mutant
in three independently derived colonies suggests that relatively few residues in this loop
actually participate in critical contact with the ATP-binding sites. Alternatively, the codons
specifying Ser-597 may have a higher likelihood of undergoing mutation than those specifying
the other ICL 1 residues.

The genetic screen therefore provides a functional confirmation of the suggestion prompted
by the structure of Sav1866 that the NBDs interact with the TMDs via ICLs. This is found in
all ABC transporters analyzed to date. However, the functional, genetic evidence from the
current study suggests that the Pdr5 signaling interface is in the cis configuration—at least
when transporting clo. The inferred pathway is N-terminal NBD Q-loop region (Asn-242,
Glu-244, Asp-246) to ICL-1 (Ser-597) to TMD1 (Ser-558, Met-679). An atomic model of Pdr5
shows that E244 lies very close to ICL1, but it is also directly under ICL4, which connects
TMH 10 and 11 in TMD2 (R. Rutledge, unpublished observations). Thus, a trans configuration
is also theoretically feasible. However, we did not recover any NBD2 (trans) suppressors of
S558Y, but we found 4 independent mutations in NBD1. Similar results were obtained by
selecting cyhr suppressors of N242K in NBD1 (see Figure S2 in the supporting materials). It
remains to be seen whether the trans configuration is ever used physiologically. An interesting
future experiment would be to determine whether selection of S558Y suppressors on other
Pdr5 transport substrates leads to second-site mutations in NBD2.

Two possible explanations are strongly implied by these findings. Pdr5 may differ from all
prokaryotic and eukaryotic ABC efflux pumps analyzed to date. Structural studies of several
importers, however, such as E. coli ButCD, which influxes vitamin B, and ModBC, which is
an archea molybdate pump, appear to have a signal interface in the cis configuration (23, 24).
Because Pdr5 is evolutionarily distant from these, it would be important to determine whether
other eukaryotic members of the ABC family have this arrangement. Other studies were
conducted in the absence of transport substrate, whereas our mutants were selected on drug
plates, so it is also quite possible that both cis and trans exist physiologically. For instance, it
is plausible that drug binding results in conformational switching.

As illustrated in Figures 1 and S1, the Walker A and Walker B domains of the N-terminal NBD
and the signature region of the second NBD vary significantly in the identity of key conserved
residues vis-à-vis other ABC transporters. Thus, together they make up a deviant ATP-binding
site. Because Glu-244 replaces the canonical Gln in the Q-loop, we characterized it in an
otherwise WT background as well as the equivalent Gln-951 in NBD2.

The effect of site-directed mutagenesis on Q-loop residues was studied in mouse P-gp by
Urbatsch et al. (17). In mouse P-gp, these residues are Gln-471 and Gln-1114 in the NBD1 and
2, respectively. The mutants Gln-471A and Gln-1114A showed a reduction in ATPase activity.
However, in no case was the impairment greater than two orders of magnitude, and the Km
(ATP) was not altered, leading the authors to conclude that the mutations had no major effect
on the substrate binding or on reaction chemistry (17). Furthermore, mutations in either of the
two P-gp catalytic sites produced the same effects, implying functional symmetry.

Because the most obvious effect of the Gln-471A or Gln-1114A mutation was to reduce
stimulation of ATPase activity by transport substrates, it was hypothesized that such residues
play a critical role in interdomain communication. Mutations in either the Glu-244 or Gln-951
residue of Pdr5 had similar effects on ATP hydrolysis (Figure 6 and Table 3); although ATP
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hydrolysis was diminished, a significant residual activity remained, and the Km was unaffected.
We also studied E244G, Q951G, which showed no less ATPase activity than that observed in
either of the two single mutants (Figure 6B). GTPase activity, which our previous work
suggests has a physiological role to play in Pdr5-mediated transport, decreased even less than
ATPase activity. Thus, our data are consistent with these residues being nonessential to the
reaction chemistry (such as activation of the attacking water for ATP hydrolysis). However,
unlike the Km of ATP hydrolysis, the IC50 for the Pdr5 transport substrates clo and cyh is
significantly decreased in both the E244G or Q951G mutant. Moreover, Pdr5-mediated drug
resistance is largely abrogated in the double mutant, E244G, Q951G. Its phenotype is almost
equivalent to the S558Y strain originally used to isolate the suppressor collection (Figure 6).

It was evident that the reduced resistance to drug substrates in the E244G, Q951G double
mutant was not a consequence of impaired binding of the transport substrate. We demonstrated
that the photoaffinity transport substrate analog IAAP crosslinked to WT and mutant Pdr5s
with comparable efficiency (Figure 9). E244G was initially isolated as a suppressor of the
faulty-signaling S558Y mutant, and the results from the current study further indicate that the
primary role of the conserved residues Glu-244 and Gln-951 is to communicate signals from
the ATP sites to the TMDs via the ICLs. Furthermore, the much greater drug sensitivity of the
double mutant and the similarity in phenotype of the single mutants strongly implies that these
residues are functionally overlapping even though one is from a deviant portion of NBD-1.

Equivalence of function is, of course, a striking feature of symmetric transporters such as P-
gp; hence the phenotypic similarity of the Q-loop residue mutants (Q471A and Q1114A).
Asymmetric transporters may differ, however. For instance, mutation of the conserved Walker
A lysine in Tap1 and the analogous residue in Tap2 (Tap1 and Tap2 make up a peptide-
translocating heterodimer) results in different effects on ATP binding and peptide transport
(25). A similar nonequivalence is observed in MRP1. Mutation of the same residue in the
Walker A motif of each NBD has disparate effects on nucleotide binding (24). The observation,
therefore, that the Q-loops of Pdr5 are equivalent and overlapping strongly implies that both
ATP-binding sites are sending signals to the TMDs.

Pdr5 has a high basal ATPase that is not stimulated further by the addition of exogenous
transport substrates (11, 19, 26). In this regard, it is strikingly different from P-gp. Our data
also strongly suggest that Pdr5 is not especially efficient at coupling ATP hydrolysis to
transport and they support the contention that much of this activity is uncoupled (19, 20). For
instance, although the S558Y, E244G and S558Y, N242K suppressors restore cyh resistance
8-fold, they show no restoration of ATPase activity. The Pdr5 family of fungal transporters
appears distinct from all other eukaryotes and may be a unique, but clinically important
evolutionary variant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
The architecture of Pdr5 and its ATP-binding sites: A 2-D topological model of Pdr5 is
illustrated. The deviant (ATP-site1) and canonical (ATP-site 2) ATP binding sites of Pdr5 are
shown. The deviant residues come from the Walker A and B of the N-terminal NBD and the
signature region of the centrally-positioned NBD.
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FIGURE 2.
Experimental strategy designed to determine whether a suppressor is due to a second-site
mutation in pdr5S558Y. A, B Suppressors were isolated as chromosomal mutations in JG2011
which has two PDR5 cassettes. The first has the coding sequence replaced with KANMX4 but
retains the upstream and downstream flanking regions. This is separated by plasmid sequences
including the selectable marker URA3 from a second copy of PDR5 containing S558Y. C, In
this illustration, it is assumed that the new mutation (*) lies in S558Y rather than in a second
gene (the case for all of the mutants recovered as S558Y suppressors). D, Loss of the plasmid
sequences containing URA3 and one of two PDR5 cassettes (either pdr5::KANMX4 or
pdr5S558Y ) occurs by homologous recombination. These events result in Ura- colonies that
are selected on plates containing 1 mg/ml 5-FOA. These are tested on gen (200 mg/l) and clo-
containing medium (7.5 μM). E, If the suppressor is attributable to a second mutation in the
S558Y-bearing copy, clor gens, and clos genr recombinants will be recovered as shown.
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FIGURE 3.
Location of suppressor mutations in Pdr5. Mutations that suppress S558Y (TMH2) are shown
on a 2-D topological diagram of Pdr5.
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FIGURE 4.
The Q-loop region motif. The figure shows the deviant portion of the N-terminal NBD (left
side) and the canonical counterpart from NBD2 (right side). A protein sequence logo depicting
the conservation of residues in and around the Q-loops of NBDs 1 and 2 was constructed from
the multiple sequence alignment of Pdr5p (Figure S1) as described previously (27). The height
of each letter represents the probability of the residue occuring at that position in the alignment.
The colors signify the chemistry of the amino acids: red, acidic; blue, basic; black, hydrophobic;
green, polar.

Ananthaswamy et al. Page 16

Biochemistry. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 5.
Quantitative analysis of drug resistance in suppressor mutants. Strains were inoculated into 2
ml YPD containing A, clo (1.25–25.0 μM) or B, cyh (0.25–21.6 μM) at an initial cell
concentration of 25,000 cells/ml. Cultures were grown in a shaking bath at 30° C for 48 hr
prior to determining the cell concentration using A600. Drug-free cultures of each strain served
as a control. In each panel ▲ is WT, ■ is S558Y. Because many of the mutant curves
superimpose, no attempt was made to distinguish the individual mutants. C, The E244G, S558Y
double mutation was made in pSS607 (◆) for comparison with the original chromosomal
suppressor mutation (▼).

Ananthaswamy et al. Page 17

Biochemistry. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 6.
Phenotypic features of the E244G and Q951G mutations. A, an immunoblot of purified plasma
membrane (PM) vesicles prepared from various strains of yeast. N242K was previously shown
to have WT levels of Pdr5 in the plasma membrane (6). Samples containing 20 μg PM vesicle
protein were solubilized in SDS-PAGE for 30 min at 37 °. Conditions for gel electrophoresis
and Immunoblotting were previously described (6). The blots were simultaneously treated with
a 1:1000 dilution of antiPdr5 and anti Pma1 antibodies. The latter serves as a loading control.
Pertinent molecular weights are given in kDa. Pdr5 is 160 kDa and Pma1 is 99.6 kDa. The
lanes are as follows: lane 1, WT; lane 2, Δpdr5; lane 3, E244G; lane 4, Q951G; lane 5, E244G,
Q951G; Quantitative analysis of B, cyh and C, clo resistance. Cultures containing drug were
set up and grown as described (6). The plots and statistical analysis were carried out using
GraphPad Prism software. The figures show the mean values of three independent experiments
and the error bars represent the S.D. In these panels the strains are designated as follows: ▲
is WT, ■ is S558Y, ▼ is E244G, ◆ is Q951G, ● (---) is E244G, Q951G.
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FIGURE 7.
The ATPase activity of single and double mutants. A, ATPase assays were conducted with
purified plasma membrane vesicles recovered from strains bearing a double copy of the WT,
single or double mutants. A representative experiment is shown for each strain. The data for
S558Y were previously reported and serve as a reference (6). ATPase activity was determined
as previously described (11) using 12 μg purified plasma membrane incubated for 8 min at 35°
C before terminating the reaction with 2.5% SDS. The small amount (< 10%) of non-specific
activity found in the Δpdr5 strain (R-1) is subtracted when calculating activity. Data were
analyzed using GraphPad Prism software. The strains are represented as follows: ■ is WT, □
is N242K, ▲ is E244G, ▼ is Q951G, + is S558Y, E244G, * is S558Y and ◆ is E244G, Q951G
B, and C, The kinetic parameters of ATPase activity in WT and mutant plasma membrane
vesicles. The values represent at least 3 independent experiments carried out with two (Q951G)
or three different plasma membrane vesicle preparations of each strain.
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FIGURE 8.
The GTPase activity of WT, E244G, and E244G, Q951G. The assay for GTPase activity is
identical to the one used to measure ATP hydrolysis except that 16 μg of plasma membrane
protein was used in each reaction GTPase activity of WT (■), E244G (▲), and E244G, Q951G
(▼) were compared. Plots are the average of three independent experiments from three
independent plasma membrane vesicle preparations of each strain (n=3).
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FIGURE 9.
Drug binding in vesicles from the E244G, Q951G mutant. The IAAP-binding capability of the
WT (■) and E244G, Q951G double mutant (▼) were evaluated using the photo-affinity
labeling protocol as previously described (6). The plots are the averages of readings from three
gels.
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Table 1

Yeast strains used in this study
All strains are isogenic to each other

Strain designation Pertinent genotype Reference and comments

R-1 MATα PDR1-3 pdr5::KANMX4 ura3 his1 yor1 pdr10 pdr11 ycf1 pdr3 (6)

JG2011 R-1 + pS558Y (5-FOA derivative) This study

JG2016 R-1 + pN242K (5-FOA derivative) (6)

JG2030 R-1 + pE244G (5-FOA derivative) This study

JG2031 R-1 + pE244G, S558Y (5-FOA derivative) This study

JG2032 R-1 + 2 copies of pE244G This study

JG2033 R-1 + 2 copies of pE244G, S558Y This study

JG2034 R-1 + pQ951G (5-FOA derivative) This study

JG2037 R-1 + 2 copies Q951G This study

JG2038 R-1 + pE244G, Q951G This study

JG2039 R-1+ D246del This study

JG2040 R-1+ 2 copies pE244G, Q951G This study

JG2041 R-1 + 2 copies D246del This study
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Table 2

Location of suppressor mutations

Residue alteration Location No. found Comments

N242K NBD1 near the Q loop (between Walker A and B) 1 See (6)

E244G Defines Q-loop 1 Completely conserved residue equivalent of Q951G in
NBD2

D246Δ NBD1 Q loop 2 Deletion of a triplet codon of a highly conserved residue

S597X ICL1 3 2 alleles are S597I; 1 allele is S597T

M679L TMH5 1

G1233D ECL4 between TMH7 and TMH8 1
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