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Residues forming the gating regions of asymmetric
multidrug transporter Pdr5 also play roles in conformational
switching and protein folding
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ATP-binding cassette (ABC) multidrug transporters are
large, polytopic membrane proteins that exhibit astonishing
promiscuity for their transport substrates. These transporters
unidirectionally efflux thousands of structurally and function-
ally distinct compounds. To preclude the reentry of xenobiotic
molecules via the drug-binding pocket, these proteins contain
a highly conserved molecular gate, essentially allowing the
transporters to function as molecular diodes. However, the
structure—function relationship of these conserved gates and
gating regions are not well characterized. In this study, we
combine recent single-molecule, cryo-EM data with genetic
and biochemical analyses of residues in the gating region of the
yeast multidrug transporter Pdr5, the founding member of a
large group of clinically relevant asymmetric ABC efflux
pumps. Unlike the symmetric ABCG2 efflux gate, the Pdr5
counterpart is highly asymmetric, with only four (instead of six)
residues comprising the gate proper. However, other residues
in the near vicinity are essential for the gating activity.
Furthermore, we demonstrate that residues in the gate and in
the gating regions have multiple functions. For example, we
show that Ile-685 and Val-1372 are required not only for suc-
cessful efflux but also for allosteric inhibition of Pdr5 ATPase
activity. Our investigations reveal that the gating region resi-
dues of Pdr5, and possibly other ABCG transporters, play a role
not only in molecular gating but also in allosteric regulation,
conformational switching, and protein folding.

ATP-binding cassette (ABC) transporters move substrates
through a series of conformational changes. In the inward-
facing (IF) conformation of the multidrug-exporting subfam-
ily, which is observed in multiple X-ray and single-particle
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cryo-EM structures, substrates bind to residues in a large
pocket with relatively high affinity. Recently, a detailed struc-
tural analysis of the TmrAB asymmetric multidrug transporter
was performed under turnover conditions (1). The results
from this study strongly suggest that ATP binding and
dimerization of nucleotide-binding domains (NBDs) trigger a
switch from the IF conformation to the outward-facing (OF,
drug-releasing) conformation. ATP hydrolysis then returns the
transporter to the drug-binding conformation. A comparison
of structural and mechanistic properties of several ABC
transporters is the subject of a recent extensive review (2).
Single-particle cryo-EM structures of the mammalian
transporter ABCG2 identified Gly-553, Leu-554, and Leu-555
as part of a hydrophobic plug or gate (3) that separates the
inner and outer transport substrate-binding pockets during a
two-step export process. The structure of this transporter,
along with that of the asymmetric ABCG5/G8 sterol trans-
porter (4), is particularly relevant to Pdr5. Although Pdr5 is the
founding member of its own subfamily of fungal ABC efflux
pumps, it has a structure similar to the ABCG members,
especially those that are asymmetric. Pdr5 has a characteris-
tically reverse orientation of NBDs and transmembrane-
binding domains (TMDs). The atomic structures of the
mammalian ABCG family members reveal a cis conformation
of intracellular loops and the NBD Q-loop. Thus, intracellular
loop 2 contacts the N-terminal Q-loop, in contrast to members
of other ABC subfamilies, where the orientation is tramus.
Although there were no crystal structures of any ABCG
transporters at the time, suppressor genetics performed on
Pdr5 clearly indicated a cis orientation for this efflux pump (5).
This feature was confirmed in a recent structural study (6).
Single-particle cryo-EM structures of Pdr5 in the IF and OF
state were described, as well as an IF conformation with bound
nucleotides and the rhodamine 6G (R6G) ligand. Pdr5 is an
extreme case of ABC transporter asymmetry: all conserved
sequence motifs that make up nucleotide-binding site 1
(NBS1; Walker A, Walker B, and H-loop of NBD1, as well as
the C-loop of NBD2) contain amino acid substitutions of the
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Pdr5 extrusion gate

catalytically relevant residues (discussion in Golin and
Ambudkar, 7). Thus, one NBS is incapable of significant ATP
hydrolysis (8). The asymmetry is also reflected in the struc-
tures. NBS1 contains either no nucleotide or ATP, while the
active NBS, NBS2, contains ADP in the IF conformation or
ADP*V; in the OF state. In all the structures examined, only a
cis interaction between one NBD and one TMD is present in
the structures, only one coupling helix per TMD is present,
and the domain swapping seen in structures of the ABCB
subfamily is absent. Interactions occur between coupling-helix
1 (the loop between transmembrane-helix 2 (TMH2) and
TMH3) and the Q-loop of NBD1 and on the opposite site of
the protein between coupling-helix 2 (the loop between TMHS8
and TMH9) and the Q-loop of NBD2. It is primarily TMD1
that undergoes changes during the switch from IF to OF that
underlies the transport cycle. This switch results in a peristaltic
motion that squeezes out the bound substrate from its binding
site in the IF conformation into the exit channel and releases
the substrate at the outer leaflet—extracellular space interface.
This suggests that substrates are not released into the aqueous
medium but rather repartition into the outer leaflet of the
membrane (9, 10).

The reduction in substrate affinity of the OF conformation is
not enough to preclude reflux of substrates following expulsion.
For example, the reduction in binding affinity measured in
P-glycoprotein (P-gp) was only about 30-fold (11). Partly because
of this observation, a gate or molecular diode was proposed for
ABC transporters (12). The first functional evidence for a mo-
lecular diode was described in the yeast multidrug transporter
Pdr5 and the mammalian TAP antigen transporter (13, 14).
Mehla et al. (13) demonstrated that a serine-1368-alanine
(S1368A) mutation in Pdr5 was hypersensitive to all tested
xenobiotic compounds relative to an isogenic WT strain, even
though the mutant had no defect in plasma membrane (PM)
localization, intradomain signaling, drug binding, or ATPase ac-
tivity. However, considerable reflux of R6G occurred during
transport. Elegant work with the TAP transporter demonstrated a
gating function that required the D-loop and presumably the
same signal transmission pathway used to ferry processed antigen
peptides (14). This D-loop mutant converted TAP from an active
transporter into a facilitator.
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In this study, we further explored the features of the Pdr5
extrusion gate. Ser-1368 lies in the middle of TMH-11, which
is split into three separate helices and lines the R6G-binding
site. Ser-1368 is in TMHI11a, while TMHI11c crosses over to
the second extracellular domain-2, which contains two
conserved disulfide bridges. When the structures of Pdr5 and
ABCGQG2 are superimposed, Ser-1368 is near the Leu-554 and
Leu-555 plug. The ABCG2 gate also includes Gly-553. The
residues in Pdr5 corresponding to the two Leu residues are
Val-1372 and Met-1373 (Fig. 1A). A bioinformatic analysis of
the Pdr subfamily (15) demonstrated that amino acids in this
vicinity are highly conserved (Fig. 1B). These include Phe-
1369, Gly-1371, Val-1372, and Met-1373. Val-1372 and Met-
1373 are the first two residues in extracellular loop 6. We
also made an alignment between ABCG2 and 17 other
members of the ABCG subfamily with 41% to 73% amino acid
identity. The residues corresponding to Phe-1369 and Gly-
1371 of Pdr5 are also highly conserved. Both residues were
present in 16 of the 17 sampled ABCG sequences.

A similar set of residues in the N-terminal half of Pdr5
extends from Tyr-680 to Ile-685 (Fig. 1C). Residues Gly-682,
Phe-683, and Ala-684 are equivalent to Gly-1371, Val-1372,
and Met-1373. Ala-684 is not conserved in the pleiotropic
drug resistance (PDR) subfamily of ABC transporters. Imme-
diately adjacent is the highly conserved Ile-685 residue.

This study analyzes the role of these amino acids in Pdr5.
The Pdr5 gate is asymmetric. In contrast to ABCG2, four
rather than six residues are involved. Furthermore, our results
suggest that gate region residues play a variety of roles,
including conformational switching, protein folding, and mo-
lecular gating. Surprisingly, some of the residues in the mo-
lecular gate region modulate allosteric inhibition of the Pdr5
ATPase activity by its transport substrates.

Results
Single-molecule cryo-EM structures of the Pdr5 extrusion gate

The location of the ligand-binding site and the residues of
Pdr5 corresponding to the Leu gate of ABCG2 as well as
Ser1368, which is part of the molecular diode, are shown in
Figure 2.
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Figure 1. Residues of the Pdr5 extrusion gate region are highly conserved. A, an alignment of Pdr5 with the human half-transporter ABCG2 was
performed using the ExPASy bioinformatics database. B, a bioinformatic analysis of 263 PDR subfamily members by Lamping et al. (15) was used to evaluate
the conservation of the residues that are adjacent to Ser-1368. An X indicates a nonconserved residue. C, the amino acids in the amino terminal half of Pdr5
corresponding to the Ser-1368 region are indicated in a similar manner.
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Pdr5 extrusion gate
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Figure 2. Structure of the extension gate in the inward-facing (IF) conformation. This image was constructed from a cryo-EM image of 3.1 A resolution.
The views are (A) from the extracellular side (top) into the ligand-binding site of Pdr5 in the IF state and (B) a lateral view from the membrane. Residues of
the gate and the gating region (Gly-682, Phe-683, Ala-684, lle-685, Gly-1371, Val-1372, and Met-1373) are in magenta, the molecular diode-region residue
Ser-1368 is in cyan, and those amino acids (gray) interacting with the bound ligand R6G are highlighted in ball and sticks representation. Amino acids

analyzed in this study are shown as green ball and sticks. R6G, rhodamine 6G.

The spatial relationships between the residues in the region
of the gate are revealing. The three images in Figure 3 provide
the perspective from above the extracellular space. The first
picture (Fig. 3A) is a close-up view of these residues in the IF
(gray) and OF (cyan) conformations, respectively. During
conformational switching, the residues in amino terminal half
of Pdr5 (Gly-682, Phe-683, Ala-684, Ile-685) barely move. In
contrast, the residues of the carboxyl terminal half undergo
significant shifts in location. The Met-1373 side chain, for
instance, moves further away from the amino terminal residues
and the Ser-1368 side chain moves further away from Met-
1373. The result of this movement is clearly seen when
comparing the IF (Fig. 3B) with the OF (Fig. 3C) surface
structures in which Phe-683, Ala-684, Ile-685, Val-1372, and
Met-1373 are highlighted as spheres. The gate proper com-
prises Gly-682, Phe-683, Gly-1371, and Met-1373. In the IF
conformation, the gate is completely closed by the single pair of
interacting hydrophobic residues, Phe-683 and Met-1373. The
striking asymmetry of Pdr5 is apparent because bioinformatic
data suggest a similar interaction between Val-1372 and either
Ala-684 or Ile-685, which is not observed. The closest that Ile-
685 gets to a residue on the opposite side of the efflux channel is
a 7.1 A distance from Met-1373 (Fig. S1). This is notably
different from the homodimeric ABCG2 gate, where Leu-554
and Leu-555 from each side create a hydrophobic plug. When
Pdr5 is in the OF conformation (Fig. 3C), the channel space is
11 A. Because a benzene ring is roughly 2.8 A in diameter and
effective Pdr5 transport substrates are always larger than this
(16), it seemed possible that the transport substrates could be in
contact with the gating residues during efflux, a conclusion
strongly supported by data obtained in this study.

As noted in the recent Pdr5 structural study (6), an implied
peristaltic movement during conformational switching results
in extrusion of transport substrates.

Characterization of F683L, A684S, and M1373T mutants
originally isolated by their altered FK506 resistance

A topology diagram showing the location of all the mutant
residues analyzed in this study is found in the supporting
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information (Fig. S2). When we began our analysis of the
Pdr5 gating region, we used a combination of bioinformatics
from fungal PDR transporters and the published structure of
the ABCG2 multidrug transporter to identify conserved resi-
dues Gly-682, Ile-685, Gly-1371, Val-1372, and Met-1373 as
components of the Pdr5 molecular gate. We performed
alanine-scanning mutagenesis to create the G682A, 1685A,
G1371A, V1372A, M1373A, and 1685A, V132A double-
mutant substitutions, which we compared to an isogenic WT
control strain.

It was not until much later that reexamination of the
structures revealed the critical importance of Phe-683.
Remarkably, F683L, A684S, and M1373T mutants were in a
genetic background closely related to the one used in this
study. These were previously identified as part of a genetic
screen for mutants conferring FK506-resistance to fluconazole
transport (17). In that study, these mutants exhibited hyper-
sensitivity to at least some Pdr5 transport substrates. There-
fore, we characterized these mutants with similar methods to
those used for the others in this study. Because these critical
mutants were not alanine substitutions and our methods had
minor differences, we present these results first in a separate
section.

In the original characterization of these strains, the F683L
mutant was profoundly hypersensitive to R6G; its minimum
inhibitory concentration was just one-eighth of the WT value.
It was also hypersensitive to cycloheximide and fluconazole.
The A684S and M1373T mutants were also hypersensitive to
some of the drugs, but their phenotypes were mild relative to
the F683L strain. The PDR5 gene in these strains was rese-
quenced to verify the presence of the mutation of interest.
Purified PM vesicles were prepared from these strains. A
Coomassie blue—stained gel and Western blots of the vesicles
indicated equivalent levels of Pdr5 in all of the preparations
(Fig. S3, A and B). The ATPase activity was also examined. All
of the mutants had activities that were similar to the WT
control (Fig. S3C). We evaluated the sensitivity of the mutant
ATPases to clotrimazole, which is known to be an allosteric
inhibitor of this activity (18—20). The inhibition curves of the
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Figure 3. Zoom and surface illustrations of the gating residues in the IF and OF conformations. In all the images, the viewer is looking down from the
extracellular space. A, a zoom-in image of the residues making up the extrusion gate region. The positions of the residues are shown in the IF (gray) and OF
(cyan) conformations. B, a surface illustration showing the interaction between Phe-683 on the left side of the channel and Met-1373 on the right side in the
IF conformation. C, the same arrangement is shown for the OF conformation. The IF image comes from a structure of 3.1 A resolution; the OF from one at

3.9 A resolution. IF, inward-facing; OF, outward-facing.

mutant enzymes were not significantly different from the WT
plot, with ICsq values of 2.0 to 2.8 uM (Fig. S4). These values,
in turn, were much like the one reported previously for the

WT enzyme, 2.2 uM (21).
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In light of these results, we reexamined the relative resis-
tance of the mutants to the drugs used in the original study
(Fig. 4). The F683L mutant exhibited significant hypersensi-
tivity to all four drugs. It was 2x to 4x more sensitive than the
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Figure 4. Relative resistance of mutant and WT strains to four Pdr5 transport substrates. Assays of relative resistance to cycloheximide, R6G, keto-
conazole, and fluconazole were performed as previously described (31). In these experiments, n = 4 and a Pdr5 null mutant containing a mutation in the
catalytic carboxylate of the catalytic ATP site and the corresponding glutamine in the deviant ATP-binding site serves as the negative control. R6G,

rhodamine 6G.
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WT. The F683L mutant was most sensitive to R6G and least
sensitive to ketoconazole. The M1373T and A684S mutants
were nearly identical in phenotype, which was drug specific.
They were mildly hypersensitive to cycloheximide but quite
hypersensitive to ketoconazole and fluconazole. Remarkably,
their resistance to R6G was indistinguishable from the WT,
even though the substitution of a polar residue for a nonpolar
one occurred at each position.

The F683L mutant is profoundly deficient in R6G transport

Transport of R6G in PM vesicles was measured with a well-
established assay (22). PM vesicles were incubated in the
presence of R6G and ATP. Transport in this type of experi-
ment is measured against a concentration gradient of R6G
(Fig. 5A). Although the WT vesicles exhibit quenching kinetics
much like those described previously (8, 21), the F683L mutant
had a nearly null phenotype with little reduction in fluores-
cence signal.

The diode-malfunctioning mutant S1368A exhibited a
unique transport phenotype. It was profoundly transport
deficient in an assay of efflux in whole cells against a con-
centration gradient of R6G. Thus, when transport was con-
ducted for 90 min in the presence of R6G, the S1368A mutant
accumulated 5x to 10x more fluorescence than did the WT.
This was shown to be directly attributable to drug reflux. In
contrast, when we performed a whole-cell transport assay in
the direction of the gradient so that R6G was diluted in the
extracellular buffer, the mutant phenotype was nearly WT
(10). We tested the F683L mutant in analogous fashion. To do
this, log-phase cells were preloaded in Hepes buffer with
20 uM R6G and no additional glucose for 90 min. Under these
conditions, cells continue to transport R6G until the internal
pool of glucose is severely diminished, at which point R6G (as
well as fluorescence) accumulates. The WT strain, though,
always accumulates less fluorescence than any transport-
deficient mutants. That is also the case in the present study
(Fig. 5B). Thus, the APdr5 strain (AD1-7) retained the most
fluorescence and the F683L mutant accumulated about 3x as
much as the WT control.

However, when transport was conducted in the direction
of an R6G gradient, the F683L mutant performed robust
drug efflux (Fig. 5C). In fact, under these conditions, this
mutant seemed modestly better than the WT at clearing
R6G. A two-way ANOVA test indicated that the WT and
F683L mutant curves were significantly different. The
p value for all fixed effects was <0.001. We do not have an
obvious biochemical explanation for this. It is possible that a
minor genetic change unrelated to Pdr5 took place in the
F683L strain that accounts for the slightly better transport
kinetics.

Expression of alanine substitution mutants in purified PM
vesicles

We also constructed a series of alanine substitution muta-
tions in conserved residues in the gating region of the N- and
C-halves of Pdr5. The G682A, 1685A, F1369A, G1371A,
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Figure 5. The F683L mutant is defective in transport of R6G against a
concentration gradient. A, an R6G, fluorescence quenching assay was
performed with PM vesicles as previously described (8) using 30 ng PM
vesicle protein, 5 mM ATP, and 150 nM R6G. The shaded region indicates
the SD. B, accumulation of R6G prior to glucose-mediated efflux. Log-phase
cells were incubated in 0.2 M Hepes buffer plus 20 uM R6G at 30 °C for
90 min. In these experiments, n = 3. C, the transport capability of the F683L
mutant in the direction of 20 uM R6G was measured as described in the
Experimental procedures. In these experiments, n = 5. B, Western blotting
was performed as described by Rahman et al. (33) using 5 pg of solubilized
PM vesicle protein following gel electrophoresis that was performed as
described in the Experimental procedures. PM, plasma membrane; R6G,
rhodamine 6G.

V1372A, and M1373A mutations were made as previously
described (5). We also made an I685A, V1372A double
mutant.
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PM vesicle preparations were made from all these strains. A
Coomassie-stained gel and a Western blot of the solubilized
PM vesicle proteins were prepared (Fig. S5).

The Coomassie blue—stained gel of the membrane prepa-
rations (Fig. S5A) indicated equivalent loading of the samples
(see, for example, the Pmal band). The presence of a highly
expressed Pdr5 band was present in six of the nine samples.
Densitometry revealed that the PM vesicles prepared from the
1685A, V1372A, and double-mutant strains have about twice
the amount of Pdr5 protein as the WT. We further confirmed
this observation in a second set of preparations from the WT
and double-mutant strains. The Western blot substantiated
these observations (Fig. S5B). No Pdr5 protein was observed in
samples from the APdr5, G682A, and M1373A strains. The
failure of the M1373A protein to localize to the PM membrane
mirrors the behavior of its equivalent L555A mutant residue in
ABCG2 (7).

The G1371A PM vesicle preparations had reduced ATPase
activity

We also evaluated ATPase activities in the mutants. The
ATPase activity of Pdr5 follows standard Michaelis—Menten
kinetics, and representative plots are illustrated in Figure 6A.
The Viax of the F1369A mutant, although on the lower end
(1.8 umol min™' mg™) is nevertheless within the range of
activities seen for WT activities (2.5 umol min™" mg™" in this
plot). The G1371A activity (0.9 umol min~* mg™'), however,
was about one-third the WT value. We also assayed two
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independent PM vesicle preparations for each strain at the
single concentration of 3 mM ATP. The WT and F1369A
mutant activities were 2.0 + 04 and 14 + 0.3 umol
min~! mg, respectively. A ¢ test indicated that these activities
were not significantly different (p = 0.1429). The average ac-
tivity from the G1371A mutant enzyme (0.6 + 0.2 pmol
min~' mg™') was, however, significantly lower than the WT
(p = 0.0407). When we assayed the ATPase activities of the
1685A, V1372A, and double-mutant PM vesicle preparations
(Fig. 6B), the activities of the single mutants and double mu-
tants were higher than the WT values. The elevated ATPase
activities in these mutants almost certainly reflect the higher
level of their Pdr5 protein in the PM vesicles.

The allosteric site for substrate-mediated ATPase inhibition
overlaps the Pdr5 gate region

We tested the sensitivity of the alanine substitution mutant
ATPases to inhibition by clotrimazole. Representative plots
indicated that PM vesicles made from the G1371A mutant
exhibited striking hypersensitivity to this transport substrate
(Fig. 6C). Analogous results were obtained when bifonazole
was used as an inhibitor (Fig. 6D).

Markedly, different results were obtained with the single
I685A and V1372A mutants and an 1685A, V1372A double
mutant. With clotrimazole as the inhibitor, the single mutants
had ICsq values roughly 1.5x as high as the WT (Table 1). The
double-mutant ATPase, however, was significantly more
resistant than the single mutants’ enzymes. Testing of a second

B
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Figure 6. The lle-685 and Val-1372 residues are part of an allosteric inhibition site. A, the ATPase activity was measured at multiple concentrations of
ATP. Assays were performed in Tris-glycine buffer (pH 9.5) with 2.5 pg of purified PM vesicle protein at 35 °C for 8 min in a circulating water bath as
described in the Experimental procedures. Representative plots of WT, F1369A, and G1371A PM vesicle proteins are shown, and similar results were ob-
tained with additional preparations of WT, F1369A, and G1371A PM vesicles. B, assays analogous to those in panel (A) were carried out with PM vesicle
preparations from the 1685A, V1372A, and 1685A, V1372A double mutant strains. C, inhibition of ATPase activity by clotrimazole and (D) allosteric inhibition
by bifonazole was evaluated using the same conditions described in panel (A), except varying concentrations of clotrimazole were added to different
reaction tubes containing 3 mM ATP. For the F1369A, G1371A, and the 1685A, V1372A double mutant, each plot represents the average values of two PM

vesicle preparations. PM, plasma membrane.
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preparation of double-mutant vesicles verified these results. In
this experiment, we also used higher concentrations of these
inhibitors to get better estimates of the ICs, values (Fig. S6).
The double-mutant value (6.3 uM) for clotrimazole was 5x as
much as the WT and therefore greater than the sum of the
single values. A similar phenomenon was observed with bifo-
nazole. In this case, the single mutant ICsq values were not
significantly different from the WT. The double mutant,
however, had an ICsq 4.5x as great. These results suggest that
Ile-685 and Val-1372 are part of a site-mediating allosteric
inhibition of Pdr5 ATPase activity by its transport substrates.
These data are consistent with our previous observations that
neither the ATP-binding sites nor the drug-binding sites in the
binding pocket are the location of inhibition (18).

The sensitivity of the F1369A mutant ATPase resembled
that of the WT, and a two-way ANOVA test indicated that the
curves were not significantly different (p = 0.1326.)

The F1369A and G1371A mutants are hypersensitive to all five
tested Pdr5 substrates

We used both the WT and APdr5 strains as controls to
evaluate the relative resistance of the mutants to five Pdr5
substrates. The list of their properties in Table S1 demon-
strates the diverse chemical nature of these compounds.

We evaluated resistance to aromatic and nonaromatic
substrates. The range in molecular volume is significant as is
the solubility in octanol versus water (logP). Figure 7 contains
the results for the F1369A, G1371A, and the original S1368A
diode mutant strains. Results for 1685A, V1372A, and the
double 1685A, V1372A mutant are shown in Figure 8. As ex-
pected, the M1373A mutant is phenotypically indistinguish-
able from the APdr5 control strain in resistance to
cycloheximide and climbazole. The F1369A and GI1371A
mutants exhibited a similar hypersensitivity to all the com-
pounds, as found in the original diode mutant S1368A. The
F1369A and G1371A mutants were more sensitive than the
WT control to all the drugs but more resistant than the
isogenic APdr5 strain (or where tested, the M1373A strain).
Two-way ANOVA analyses yielded mutant plots of all five
substrates that were significantly different from the WT.

The V1372A and 1685A phenotypes are drug specific

We compared the relative resistance of these alanine-
substitution mutants to the same set of five compounds used
to evaluate the other alanine-substitution mutants in this study
(Fig. 8). Both single mutants have striking drug-specific phe-
notypes. The resistance of the mutants to clotrimazole is

Table 1
Inhibition of Pdr5 ATPase activity by transport substrates

Substrate wT V1372A 1685A V1372A, 1685A
Clotrimazole® 1.17 (0.29) 1.96 (0.38) 1.78 (0.15) 6.33
Bifonazole 2.86 3.29 2.58 13.0

“ The ICso values (uM) for clotrimazole were determined from assays of two inde-
pendently prepared sets of PM vesicles for WT, V1372A, and 1685A. The averages
and SD in parentheses are shown. Only one determination was made for the double
mutant at high enough concentrations to obtain the ICs, (Fig. SI).
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indistinguishable from the WT (Fig. 8A4). Relative to the WT
control, both single mutants are hypersensitive to climbazole
(Fig. 8B). The 1685A mutant is also hypersensitive to tamox-
ifen (Fig. 8C) and cerulenin (Fig. 8D) but mildly hyper-resistant
to cycloheximide (Fig. 8E). In contrast, the V1372A mutant is
hyper-resistant to tamoxifen and cerulenin but hypersensitive
to cycloheximide. The phenotype of the 1685A, V1372A
double mutant, however, was broader than that of the single
mutants. The double mutant is hypersensitive to four of the
five Pdr5 substrates; the plot of each drug follows the trajectory
of the more sensitive single mutant.

An assessment of mutant hypersensitivity, however, must
consider that these mutants show roughly twice the level of
Pdr5 in the purified PM vesicles. Prior work clearly
demonstrated that there is a linear relationship between
resistance and Pdr5 expression (16). Thus, the hypersensi-
tivity of the single and double mutants is likely under-
estimated. For this reason, it is probably the case that the
1685A single and the 1685A, V1372A double mutants are
hypersensitive to all five test compounds. That said, the
I685A mutant is less sensitive to climbazole and cyclohexi-
mide than it is to tamoxifen and cerulenin. Even if over-
expression masks a transport-deficient phenotype, the
V1372A mutant strain is no less resistant to cerulenin,
tamoxifen, and possibly clotrimazole than the WT and thus
also shows a drug-specific phenotype.

Beside Phe-683, some members of the extrusion gate region
are essential for R6G transport

We assayed the mutants for their R6G transport capability
against a concentration gradient of 10 uM R6G. In the first set
of experiments (Fig. 94), we compared the transport capability
of the F1369A, G1371A, and M1373A mutants to isogenic WT
and APdr5 controls. As expected, the M1373A mutant (me-
dian = 4900 arbitrary units [a.u.]) was not significantly
different from the APdr5 strain (5001 a.u.). The F1369A
mutant retained ~5x as much fluorescence as the WT control
strain (1288 a.u. versus 272.6 a.u.). The GI1371A strain
exhibited an even greater impairment (3093 a.u).

The observations regarding the relative drug resistance of
the Val-1372 and Ile-685 mutant residues also apply to
transport capability (Fig. 9B). When an unpaired ¢ test was
performed on these data, the retained R6G in the V1372A
mutant was not significantly different from the WT (p =
0.330). However, both the I685A and the double I685A,
V1372A mutants exhibited modest but significant increases in
intracellular fluorescence (p = 0.038 and 0.016, respectively).
The level of retained R6G in the double mutant was twice that
of the WT strain, even though the former is overexpressed in
cells.

In a second series of experiments, we compared the ability
of the F1369A and G1371A mutants to transport R6G in the
direction of the concentration gradient. We observed that the
G1371A mutant mediated little or no R6G transport (Fig. 9C).
The F1369A mutant, however, exhibited transport that was
statistically indistinguishable from the WT in a two-way
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Figure 7. The F1369A and G1371A mutants exhibit profound multidrug hypersensitivity. The alanine substitution mutations were made in the pSS607
vector and placed in the APdr5 strain, R-1. Resistance to five Pdr5 transport substrates was determined in liquid YPD cultures incubated for 15 h at 30 °C as

described in the Experimental procedures. In these experiments, n = 3.

ANOVA test (p = 0.4807). Thus, the F1369A mutant had a
phenotype like S1368A and F683L.

The molecular diode employs the same signal transmission
interface used by the drug transport cycle

Biochemical analysis of the TAP antigen transporter clearly
established that it contains a molecular diode requiring a
functional D-loop (14) that is critical for proper signal trans-
mission between the sites for ATP binding/hydrolysis and
substrate translocation. Therefore, at least in the case of TAP,
the molecular diode is dependent on the same signaling
interface that is used for substrate transport.

These observations suggested that the same would very
likely be true for Pdr5 and we tested this hypothesis. Furman
et al. (23) demonstrated that a D1042N mutation in the
deviant ATP-binding site D-loop greatly impaired signal
transmission. Thus, although the ATPase activity approached
the WT level, there was little R6G transport, and the mutant
was profoundly drug hypersensitive.

We tested the ability of the D1042N mutant to exclude
[®H]-R6G during transport. We used the reflux assay that we
originally developed to characterize the S1368A mutant
(Fig. 10A). Cells were loaded with 10 uM nonradioactive R6G
in the absence of glucose. Transport was initiated by removing
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the loading buffer by centrifugation and resuspending the
resulting cell pellets in 20 mM Hepes—1 mM glucose buffer
(pH 7.0) in the presence of 10 uM [*H]-R6G. Efflux was
allowed to continue for 15 min. As expected, the WT strain
accumulated little [*H]-R6G (median value was 0.66 pmol/
107). The reflux demonstrated by the D1042N mutant (median
value: 4.63 pmol/10” cells) was comparable to that of the
APdr5 strain (5.03 pmol/10” cells).

The reflux studies hypothesized that in the absence of Pdr5
function, the strains would accumulate roughly the same
amount of [*H]-R6G through diffusion and exchange. During
passive diffusion experiments in the absence of glucose, as
described in Experimental procedures (Fig. 10B), the strains
behaved similarly. These data also allowed us to calculate a
drug exclusion efficiency by obtaining the ratio of [°H]-R6G
accumulated in Hepes-glucose buffer/[*H]-R6G accumulated
by passive exchange in Hepes minus glucose and subtracting
that value from 100. Under these conditions, the WT strain
excluded 82.3% of the [’H]-R6G. The APdr5 and D1042N
strains failed, as expected, to exhibit a reflux barrier.

Discussion

Pdr5 is the founding member and model transporter for a
large family of asymmetric, full-size ABC transporters of
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clinically and agriculturally relevant PDR efflux pumps. The
asymmetry also extends to the Pdr5 gate, which comprises four
(Gly-682, Phe-683, Gly-1371, and Met-1373) rather than six
residues found in the symmetric mammalian transporter
ABCG2.

This study is the first to look systematically at the function
of residues in the region of the extrusion gate of an ABC
transporter. Eleven single and one double mutant were either
isolated or constructed. The major phenotypic features of most
of the mutants are listed in Table 2. As was the case with its
ABCG2 equivalent, L555A, the M1373A mutant is absent from
the membrane. This suggests that in addition to its role as part
of the hydrophobic plug in both transporters, this highly
conserved residue may be critical for protein folding or
membrane localization.

When the F683L mutation is modeled in silico, it fails to
contact Met-1373, a potential leak is created, and reflux of
transport substrates can occur. This explains the general hy-
persensitivity of the mutant and its transport deficiency against
a concentration gradient of R6G. Thus, the phenotype of the
F683L mutant closely resembles that of both S1368A and
F1369A. In the cryo-EM structures, Phe-1369 interacts with

SASBMB

the gate residue Gly-1371 and with Ser-1366 and Leu-1367.
Ser-1368 interacts with Met-1373 (see later), Thr-1364, and
Met-1365. Ser-1368 and Phe-1369 appear to be essential
members of a residue network that also includes the gate
residues.

The M1373T interchange mutant represents a striking
substitution of a smaller polar residue. Nevertheless, its
phenotype is milder than the F683L. When the threonine
mutation is created in silico, an interaction suddenly occurs
with the backbone carbonyl of Ser-1368, which may be partly
compensatory.

The V1372A, A684S, and I685A mutants are on opposite
sides of the channel and the corresponding WT residues do
not participate in gate formation. Nevertheless, these mu-
tants have two important and interesting features. The first
is their drug specificity. Relative to the WT control, the
1685A mutant is less sensitive to climbazole and cyclohexi-
mide than it is to tamoxifen or cerulenin. The V1372A
mutant has almost the opposite phenotype. It is more
resistant to tamoxifen and cerulenin than it is to climbazole
and cycloheximide. The double mutant has the phenotype of
the more sensitive single mutant. The A684S mutant also
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Figure 9. The F1369A and G1371A mutants have distinguishable
transport phenotypes. A and B, R6G transport against a concentration
gradient of 20 uM R6G was assayed as described in the Experimental
procedures. In these experiments, n > 4. C, the transport capability of the
F1369A and G1371A mutants in the direction of 20 pM R6G was measured
as described in the Experimental procedures. In these experiments, n = 3.
R6G, rhodamine 6G.

exhibits drug specificity. Although it is sensitive to cyclo-
heximide, ketoconazole, and fluconazole, this mutant ex-
hibits a WT level of resistance to R6G. These data suggest
that Val-1372, Ala-684, and Ile-685 interact with transport
substrates as they exit and are required for successful efflux
through the narrow channel. These features, along with the
proximity of the gate to the substrate-binding pocket, sug-
gest an alternative explanation for the extraordinary coop-
erativity that is observed during R6G transport (21).
Heretofore, it was assumed that this represented binding of
R6G molecules at multiple places in the drug-binding
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Figure 10. The Pdr5 extrusion gate relies on the same signal trans-
mission interface as drug transport. A, reflux assay was performed as
described in the Experimental procedures. WT cells and cells containing a
D1042N mutation were preloaded with 10 uM of R6G at 30 °C for 90 min in
0.02 M Hepes buffer (pH 7.0) minus glucose before resuspension in 0.02
Hepes, 1T mM glucose buffer (pH 7.0) containing 10 uM [>H]-R6G. Transport
proceeded at 30 °C for 15 min. B, passive isotope exchange experiments in
the absence of glucose were performed as described in the Experimental
procedures. In these experiments, n = 3. R6G, rhodamine 6G.

pocket. However, only a single bound R6G molecule was
observed in the cryo-EM images. Alternatively, it is plausible
that binding in the drug pocket enhances subsequent
interaction with the channel residues. In any event, the
density of R6G in the cryo-EM structures is not as defined as
the protein density. This implies some positional flexibility
and thus different modes of drug binding.

Further evidence that Val-1372 and Ile-685 interact with
drugs comes from the observation that the ATPases from
V1372A and 1685A single mutants and the double 1685A,
V1372A mutant are hyper-resistant to allosteric inhibition.
Furthermore, the nonadditivity of the double mutant ICsq in-
dicates that although these residues are on opposite sides of
the channel, they are part of the same allosteric site.
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Table 2
Major phenotypic features of the gating region mutants

R6G transport

Drug ATPase against/with Sensitivity to
Mutant® specific? activity gradient deficient? allostery
S1368A°  No WT Yes/No WT
F1369A No WwWT Yes/No WT
F683L No WwWT Yes/No WwWT
M1373T Yes wWT ND¢ WwT
A684S Yes WT ND WT
V1372A Yes WT No/No hyperresistant
1685A Yes WT Yes?/ND hyperresistant
G1371A No Reduced Yes/Yes hypersensitive

“ The G682A and M1373A mutant proteins are absent from PM vesicles and these
mutants are not listed.

b Data are from Mehla et al. (13).

“ Not determined.

4 Very mild, but statistically significant.

We suggest that allosteric inhibition is an SOS mechanism,
as proposed by Gupta et al. (9). Once the extracellular con-
centration of a substrate is relatively high (perhaps because of
transporter-mediated efflux), the possibility of reflux via the
binding residues of the transporter increases. Inhibition of the
ATPase activity stops the transport cycle and thus reentry is
limited to slower, passive diffusion. Transport substrate inhi-
bition of ATPase activity has been documented with other
eukaryotic ABC efflux transporters, including P-gp, ABCG2,
and Cdrl (24-26). In the two mammalian transporters, the
same substrates that stimulate ATPase at low concentrations
are inhibitors at high concentration. The mechanism by which
P-gp is allosterically inhibited was recently elucidated (26). In
the ABCG2 transporter, the site of inhibitor action appears to
be the binding pocket (27), where it locks the protein in an IF
conformation (28). The drug-binding sites and inhibitory sites
overlap (29). The structural basis of allosteric inhibition was
also determined for two bacterial transporters. In the case of
the molybdate/tungstate transporter from Methanosarcina
acetivorans (30), the allosteric site is in the NBD regulatory
region. Binding of two molecules at two oxyanion sites locks
this importer in the IF conformation. The location of an
allosteric inhibition site for the Escherichia coli methionine
transporter was also determined (31). This importer has a
carboxyl terminal extension. Binding of methionine in this
region prevents nucleotide dimerization. These studies
strongly suggest that ABC transporters use an array of
different mechanisms to achieve inhibition by their transport
substrates.

Among the nine single mutants that we analyzed, the
G1371A phenotype is unique. Although Gly-1371 is part of the
Pdr5 gate, the G1371A mutant, in striking contrast to the
F1369A, F683L, and S1368A mutants, exhibits a severe
transport defect with and against an R6G concentration
gradient. The mutant also has reduced ATPase activity, and
what remains is also strikingly hypersensitive to allosteric in-
hibition by clotrimazole and bifonazole. The mutant behavior
is consistent with the presence of a residue required for the
switch from the IF to the OF conformation. The position of
Gly-1371 in the IF and OF conformations is illustrated in
Fig. S7. In the IF conformation, Gly-1371 has a phi/psi com-
bination of approximately +120/+5. This corresponds to a
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residue in a left-handed alpha helix in a Ramachandran plot.
However, in the OF structure, the phi/psi combination
changes to approximately +70/-170, a region in the Ram-
achandran plot in which only glycine residues are permitted.
Thus, we suggest that the mutation of G1371 to A impairs the
arrangement of this area and slows the switch from the IF to
the OF conformation. However, while the resolution of the IF,
R6G-bound state is 3.1 A the resolution of the OF state is only
3.9 A. Although this hypothesis requires experimental valida-
tion of Pdr5 structures at higher resolution, it is consistent
with the observation that in alignments with other PDR sub-
family members, this glycine is 99% conserved. A high level of
conservation also appears in the ABCG subfamily. This hy-
pothesis also explains the increased sensitivity of the G1371A
mutant to allosteric inhibition. We posit that per unit time,
fewer molecules of the G1371A mutant are in the OF
conformation, where ATP hydrolysis takes place (6). There-
fore, relative to the WT enzyme, a lower concentration of an
allosteric inhibitor such as clotrimazole would achieve com-
plete inhibition of ATPase activity. It is also clear that Gly-
1371 plays a central role in creating the loop where this
essential residue resides. We suspect this residue plays an
analogous role throughout the large PDR and ABCG
subfamilies.

We initially considered a role for Gly-1371 in signal trans-
mission. This appears unlikely. While some mutants in the
signal interface exhibit reduced ATPase activity, their loss of
signal generally makes enzyme activity hyper-resistant to
allosteric inhibition rather than hypersensitive (19, 20).

Bioinformatic analysis indicated that the highly conserved
Gly-682 residue in the amino terminal half of Pdr5 aligns with
Gly-1371. Phenotypically, however, the G1371A and G682A
mutants are quite different, as the latter mutant protein is not
found in the PM. The phi/psi values for Gly-682 are +100/+5
for the IF conformation and therefore like Gly-1371. During
the switch to the OF conformation, however, the Gly-682
values barely change (+110/-5). This is because the amino
terminal half of Pdr5 moves very little during the IF to OF
transition. It is likely, therefore, that the Gly-682 residue is
essential for proper protein folding and trafficking to the PM.

In summary, Pdr5 is asymmetric in its gating function. Gly-
682, Phe-683, Gly-1371, and Met-1373 make up the gate
proper. Phe-683 and Met-1373 create a hydrophobic barrier,
and Gly-1371 appears to be required for conformational
switching. Ser-1368 and Phe-1369 are part of an essential
network of residues that interact with the gate proper, and
alanine substitutions in these are phenotypically similar to the
F683L mutant (Table 2). Instead of participating in gate closure,
Ile-685 and Val-1372 are part of an allosteric site. We suggest
that this provides an alternate means of preventing reflux.

Experimental procedures
Construction of cryo-EM structures

Figures 2 and 3 were constructed in Pymol (www.pymol.org)
with the single-molecule cryo-EM structures that were previ-
ously reported (6).
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Strains and plasmids

All yeast strains used in this study are listed in Table S2 and
most are derived from R-1, a strain lacking the major PM ABC
transporters, including Pdr5. R-1 is a derivative of and closely
related to AD1-7 (19). To make R-1 from AD1-7, the LURA3
insertion was removed by selection of 5-fluoroorotic acid
(5-FOA) resistant colonies. As a result, these colonies were
rendered ura3. Following this, one of these colonies was
retained and the entire coding region of PDRS was replaced in
by a KanMX4 cassette by genetic transformation. This genetic
background offers numerous other advantages for genetic and
biochemical analyses, described in detail elsewhere (5).
Culturing of strains was carried out at 30 °C. The pSS607-
integrating plasmid (19) was used for site-directed mutagen-
esis and gene replacement as previously described (5). This
plasmid has a WT PDRS gene under the transcriptional con-
trol of its own promoter region as well as a L/RA3-selectable
marker. Our WT positive control strain (JG2015) was con-
structed by placing this plasmid in R-1. We grew our strains in
yeast extract, peptone, dextrose medium at 30 °C.

Chemicals and media

All chemicals were purchased from Sigma—Aldrich, except
for 5-FOA and G-418, from Research Products International,
and cerulenin, from LKT laboratories. All chemicals were
dissolved in dimethyl sulfoxide except for 5-FOA and G-418,
which were dissolved in sterilized SD+ his and yeast extract,
peptone, dextrose medium, respectively. We purchased [*H]-
R6G (1.5 and 0.4 Ci/mol) from Moravek Radiochemicals.

Measurement of relative drug resistance

We determined the relative resistance of alanine-
substitution mutant strains to clotrimazole, cycloheximide,
and cerulenin with the isogenic APdr5 (R-1) and WT (JG2015)
strains serving as controls. We placed 2 ml YPD broth in
sterile glass tubes. To the first tube, 5 pl of drug stock solution
(5 mM) was added. The desired concentration of drug was
introduced as a 2-fold dilution into the tubes and 0.5 x
10° cells (typically 2—5 pl) were added. The tubes were incu-
bated for 24 h, and the absorbance was measured at 600 nm
(A60o)- From the Aggo data, the percent inhibition (%I) was
calculated as follows: %I = 1 - (Ac/Ao) x 100, where Ac is the
Aeoo of the culture at a given concentration of drugs and Ao is
the Agg of the positive control. The relative resistance of the
FK506-resistant mutants was measured by the method re-
ported in Gupta et al. (32).

Site-directed mutagenesis

Alanine substitution mutations were introduced into
pSS607 with a Quikchange Lightning site-directed mutagen-
esis kit (Life Technologies). Mutant primers were designed
with a genomics program provided by Agilent Technologies.
The primers were purchased from integrated DNA technolo-
gies. The mutant plasmids were introduced into XL-Gold
E. coli by transformation, as described in the Quikchange in-
struction manual. Plasmid DNA was extracted from the
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transformants with an IBI miniprep kit and sequenced
commercially to confirm the presence of the mutation in the
plasmid. The mutant plasmid DNA was introduced into R-1
with a Sigma—Aldrich yeast transformation kit. Genetic testing
confirmed that the construct was correctly inserted, as
described by Ananthaswamy et al. (5).

Preparation of purified PM vesicles

We adopted the procedure of Kolaczkowski et al. (21) with
minor modifications (8).

Gel electrophoresis and Western blotting of PM vesicle
proteins

The amount of Pdr5 in PM vesicles of the F683L, A684S,
and M1373T mutants (Fig. 4) was evaluated with 10 pg of PM
vesicle protein (solubilized in SDS-PAGE sample buffer,
heated to 65 °C for 10 min) were separated by electrophoresis
at 80 to 120 V on 7% acrylamide gels before transferring to a
polyvinylidene difluoride membrane (045 um, Amersham
Hybond) at constant current (25 V, 30 min) in a Bio-Rad
Trans-Blot Turbo Transfer System. The membranes were
blocked overnight in blocking solution (10% milk powder,
0.05% sodium azide [Sigma] in Tris-buffered saline [TBS], 0.1%
Tween 20 [TBS-T]). After blocking, the blots were washed
three times for 10 min in TBS-T. The Pdr5-specific primary
antibody (Karl Kuchler, Vienna) was diluted 1:3000 in TBS-T
substituted with 3% bovine serum albumin. The blots were
incubated in the primary antibody for 1 h at room temperature
(RT) under gentle agitation. Before addition of the secondary
antibody, the blots were washed three times for 10 min in
TBS-T. The secondary antibody (goat, anti-rabbit IgG whole-
molecule peroxidase antibody, Sigma) was diluted 1:10,000 in
TBS-T and substituted with 5% milk powder. The blots were
incubated at RT for 1 h under gentle agitation. Before devel-
oping, the blot was washed twice for 10 min in TBS-T and
once for 10 min in TBS. The blots were developed with a
WESTAR nC Ultra 2.0 chemiluminescent substrate kit
(Cyanagen) and the signals detected with an Amersham
Imager 680.

For analysis of the alanine-substitution mutants (Fig. 7), we
followed a previously described gel electrophoresis protocol
(33). We solubilized samples containing 5 pg PM vesicle
protein in SDS-PAGE for 30 min at 37 °C. We separated the
proteins on NU PAGE 7% tris acetate gels (125-150 V) for
~80 min (Life Technologies). Gels were stained with Sim-
plyBlue (Coomassie blue-250 safe stain). Densitometry of the
gel bands was performed with Image] software (imagej.nih.
gov).

We conducted Western blotting with 5 pug PM vesicle
protein separated by gel electrophoresis as previously
described (33).

Assay of ATPase activity

We measured Pdr5-specific ATPase activity for 8 min at
35 °C with 2 pg purified PM vesicle protein in Tris-glycine (pH
9.5) buffer as previously described (8, 33). The non-Pdr5
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activity observed in the APdr5 negative control strain was
subtracted as the background before calculating the activity.
Two independent PM vesicle preparations were made for each
mutant, and two determinations of enzyme activity were per-
formed with each preparation. Western blots were also per-
formed with each set of PM vesicles.

R6G transport in purified PM vesicles

Fluorescence quenching of R6G in PM vesicles was per-
formed as previously described (8). Each reaction contained
30 ug purified PM vesicle protein, 5 mM ATP, 5 mM Mg**,
and 150 nM R6G.

Whole-cell, nonradioactive R6G transport assays

Two different transport assays with nonradioactive R6G
were used in this study. In the first, we measured R6G trans-
port against a 10 pM concentration gradient. We placed 3 x
10° cells in 500 pl 0.02 M Hepes, 1 mM glucose (pH 7.0) buffer
containing 20 pM R6G, and incubated them at 30 °C for
90 min. The cells were collected by microcentrifugation and
washed with 1 ml cold 0.02 M Hepes buffer (pH 7.0) minus
glucose. The pellets were resuspended in 500 pl of the same
buffer and analyzed with a fluorescence activated cell sorter
whose laser had an excitation wavelength of 529 nm and an
emission wavelength of 553 nm. For each determination, the
median retained fluorescence was obtained from sorting
10,000 cells. We analyzed the data with a CellQuest program.
We expressed retained fluorescence in arbitrary units.

We also measured R6G transport in the direction of a
concentration gradient. We loaded 3 x 10° exponentially
dividing cells with R6G. We suspended them in 100 ul 0.02 M
Hepes buffer (pH 7.0) minus glucose for 90 min in the pres-
ence of 20 pM R6G. Following loading, cells were collected by
microcentrifugation and the supernatant removed before
resuspending in 500 pl 0.02 M Hepes (pH 7.0) plus 1 mM
glucose. We incubated the tubes at 30 °C for a desired time.
We terminated transport reactions by placing the tubes in an
ice water bath. We determined cell fluorescence as described
before.

Measurement of [°H]-R6G reflux

Reflux of 20 pM [*H]-R6G during transport was measured
as first described by Mehla et al. (13). Cells were grown and
5 x 10° were preloaded in 500 pl of 20 uM R6G in the absence
of glucose as described before. Following this, the cells were
pelleted by microcentrifugation (1 min, 15,000 rpm), the su-
pernatant was discarded, and the pellets were resuspended in
500 pl 0.02 M Hepes buffer (pH 7.0) containing 1 mM glucose
and 20 uM [*H]-R6G. Cells were incubated for 15 min at 30
°C. Transport was terminated by placing the reaction tubes in
an ice water bath. The cells were pelleted at 4 °C and the
supernatants were discarded. The cells were washed 3x with
1 ml of ice cold 0.02 M Hepes buffer (pH 7.0) minus glucose.
The radioactivity remaining in the cells was determined by
scintillation counting in a TriAthler liquid scintillation counter
(Lab Logic). Passive exchange experiments were performed
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with the same protocol except that cells were resuspended in
Hepes buffer containing 20 uM [*H]-R6G but no glucose.

Statistical analyses

Statistical analyses were performed with Prism Graphpad
software (GraphPad Software Inc). Unless otherwise indicated,
the error bars represent the mean with the standard error.

Bioinformatic analyses

Alignments between ABC transporters were made with the
ExPASy database (https://www.expasy.org/).

Data availability

All data are included in the main text or as two tables and
four figures in the Supporting Information.

Supporting information—This article contains supporting informa-
tion (34).
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