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Abstract

Asymmetric ABC (ATP-binding cassette) transporters make up a significant proportion of this 

important superfamily of integral membrane proteins. These proteins contain one canonical 

(catalytic) ATP-binding site and a second atypical site with little enzymatic capability. The 

baker’s yeast (Saccharomyces cerevisiae) Pdr5 multidrug transporter is the founding member of 

the Pdr subfamily of asymmetric ABC transporters, which exist only in fungi and slime moulds. 

Because these organisms are of considerable medical and agricultural significance, Pdr5 has been 

studied extensively, as has its medically important homologue Cdr1 from Candida albicans. 

Genetic and biochemical analyses of Pdr5 have contributed important observations that are likely 

to be applicable to mammalian asymmetric ABC multidrug transporter proteins, including the 

basis of transporter promiscuity, the function of the non-catalytic deviant ATP-binding site, the 

most complete description of an in vivo transmission interface, and the recent discovery that Pdr5 

is a molecular diode (one-way gate). In the present review, we discuss the observations made with 

Pdr5 and compare them with findings from clinically important asymmetric ABC transporters, 

such as CFTR (cystic fibrosis transmembrane conductance regulator), Cdr1 and Tap1/Tap2.
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INTRODUCTION: DISCOVERY OF Pdr5

The PDR5 gene was first identified as aDNA sequence that caused hyper resistance to 

cycloheximide and sulfometuron methyl when a high-copy-number plasmid bearing the 

gene was overexpressed in WT (wild-type) yeast cells [1]. Mutants that contained a 

disruption of the gene were hypersensitive to these drugs relative to an isogenic WT control. 

Two years later, Pdr5 was found to be transcriptionally regulated by Pdr1 [2], a zinc-finger 

transcription factor that was previously cloned and characterized [3]. The PDR5 sequence 

later appeared in at least three other genetic screens [4–6]. These initial studies were carried 
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out before the era of rapid DNA sequencing, and it was not until 1994 that two laboratories 

published the complete sequence of Pdr5 and established that it was a member of the 

gigantic ABC (ATP-binding cassette) family of transporters [6,7]. At roughly the same time, 

Leonard, Rathod and Golin [8] used a [3H]chloramphenicol whole-cell assay to demonstrate 

that a null mutant of Pdr5 exhibited markedly reduced drug efflux. HPLC analysis showed 

that when WT Pdr5 transported the drug, it was unmodified [8]. Kolaczkowski et al. [9] 

observed that a deletion of Pdr5 had tremendously diminished R6G (rhodamine 6G) efflux 

capability. This study also demonstrated that Pdr5-deficient cells were hypersensitive to 

many anticancer agents, much like the mammalian drug efflux pump P-gp (P-glycoprotein)/

ABCB1.

As many genomes began to be sequenced and thousands of ABC transporters were 

identified, it became clear that Pdr5 is a horse of a different colour. It defines its own 

subfamily of ABC transporters present only in fungi and slime moulds [10]. The Pdr 

subfamily is highly asymmetric and has a characteristic set of NBD (nucleotide-binding 

domain) alterations, a reverse orientation of the standard arrangement of NBDs and TMDs 

(transmembrane domains), and a highly unusual set of strikingly short ICLs (intracellular 

loops) reminiscent of some of the prokaryotic ABC importers. One Pdr5 ATP-binding site is 

entirely canonical and catalytic; the other is atypical and non-catalytic. A schematic diagram 

of the proposed secondary structure of Pdr5 and its ATP-binding sites is found in Figure 1. It 

is worth comparing the asymmetry of Pdr5 with non-fungal asymmetric transporters. Hohl et 

al. [11] offer a useful alignment of many asymmetric ABC transporters (see Figure S3), 

although they do not include Pdr5. These sequences follow a common pattern. In the first 

NBD, the Walker B catalytic glutamate residue is replaced [often by aspartate, in CFTR 

(cystic fibrosis transmembrane conductance regulator) by serine], and the conserved H-loop 

histidine residue is changed to glutamine or serine. In the second NBD, the C-loop glycine is 

changed to alanine, valine, glutamine or histidine. In both NBDs, the completely conserved 

residues of the Q-loop and Walker A motifs are unaltered. Therefore the first ATP site is 

atypical and the second is canonical. Given the similarity of the changes in these NBDs, it is 

plausible that these transporters all descend from a primordial duplication of a prokaryotic 

gene that was passed along through evolution. The fungal Pdr subfamily, however, has an 

entirely different pattern (Figure 1). Pdr5 underwent a minimum of 11 nucleotide 

substitutions to interchange the completely conserved residues from canonical to deviant in 

the same set of motifs. Remarkably, the Walker A lysine-to-cysteine alteration required 

three nucleotide substitutions, and an entire C-loop was interchanged (Figure 1B). Nothing 

like this has been observed in any other ABC transporter subfamily. The origin of the Pdr 

subfamily was apparently a complex independent evolutionary event.

The Pdr subfamily is clinically significant. Clinical pathogens such as Candida albicans 

become multidrug-resistant by overexpressing Pdr5 homologues such as Cdr1 [12]. Similar 

multidrug resistance has been observed in Saccharomyces cerevisiae and cancer cells, which 

develop resistance to a variety of chemically dissimilar compounds, including anticancer 

drugs, primarily through the overexpression of the ABC drug transporters P-gp, ABCG2 and 

MRP1 (multidrug-resistance protein 1) [13,14].
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Pdr5 research has made major original contributions to the study of ABC transporters, 

including the basis of substrate specificity [15–17], the path of the transmission interface 

between the ATP-and drug-binding sites [18–21], the biochemical role of deviant ATP-

binding sites [22–24], and the probable gating or diode function [25]. In the present review, 

we focus on these important contributions. The observations made with Pdr5 are compared 

with other well-studied ABC transporters.

IMPORTANT FEATURES OF THE Pdr5 TRANSPORTER

Substrate size as a major basis for the tremendous promiscuity of Pdr5

Studies with Pdr5 [15–17] were among the first to systematically explore the chemical basis 

of multidrug transporter promiscuity. A large study indicated that Pdr5 mediates drug 

resistance to hundreds of different compounds [26]. Furthermore, there is some substrate 

overlap with the two other major Saccharomyces ABC drug transporters, Yor1 and Snq2. To 

explore the issue of promiscuity, our group obtained or synthesized xenobiotic compounds 

whose structures were systematically varied [15,16]. These included sets of trialkyltin 

chlorides, imidazole derivatives and tetra-alkyltins. Their chemical features were clearly 

different, but each series included a similar range in molecular volume. The relative Pdr5 

substrate strength was determined from the ratio of the minimum inhibitory concentrations 

observed in the WT strain and an isogenic pdr5 deletion mutant (Δpdr5). A high ratio was 

indicative of a strong substrate, and a ratio of 1.0 indicated that the compound was not a 

substrate. These studies led to several important observations. First, tetra-alkyltin 

compounds were effective substrates even though they contained neither aromatic nor 

electron-pair donor groups. This observation suggested that substrate requirements were not 

the same for Pdr5 as for P-gp [27]. Secondly, we made the striking observation that, 

regardless of chemistry, the molecular volume rather than the hydrophobicity of a compound 

was the critical factor in determining substrate strength. Thus, although the compounds were 

generally lipophilic, two compounds with the same size but with substantial differences in 

log P had similar substrate strength. Strong substrates had surface volumes of 200–300 Å3 (1 

Å = 0.1 nm). Above this volume, the decline in substrate capability was quite gradual. 

Compounds of less than 90 Å3, however, had minimum inhibitory concentration ratios of 

1.0, which indicated that Pdr5 played little or no role in mediating transport. Finally, various 

transport and binding assays established that Pdr5 employs multiple drug-binding regions, 

much like P-gp [28]. A similar result was soon found for the Cdr1 transporter [29].

Significantly, work with P-gp on substrate specificity also pointed to a relationship between 

substrate size and transport. Loo and Clark [28] demonstrated that the ability of 

methanesulfonate derivatives to stimulate P-gp ATPase activity was size-dependent, with a 

10–13-Å length optimum. Sauna et al. [30] looked at the effects of bivalent heterodimers of 

stipiamide on transport and [125I] iodoarylazidoprazosin photo affinity-labelling capability. 

The size of these substrates was systematically varied by adding poly(ethylene glycol) ether 

spacer groups. Plots of capability against molecular mass (not molecular volume) generated 

curves that were strikingly reminiscent of those reported for Pdr5 (although the minimum 

and optimum size values derived from molecular mass appear larger for P-gp).
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Why does Pdr5 and P-gp substrate strength within a chemical series increase with size? One 

possibility is that the Pdr5 drug-binding pocket is a continuum of residues available for 

binding instead of a structure with discrete binding sites. Large compounds have more 

residues in the pocket with which to interact than do those with less surface volume. Larger 

compounds are therefore stronger substrates than are smaller ones. Compounds that are 

similar in structure share similar binding residues and can therefore overlap to the extent that 

each can serve as a binding antagonist for the other. Other pairs of compounds are dissimilar 

enough to bind to regions of the pocket that do not overlap, and the drugs in question do not 

behave antagonistically. In fact, recently, Chufan et al. [31] demonstrated that P-gp has 

multiple drug-binding sites for a single substrate.

The crystal structure of murine P-gp bound to cyclic hexapeptides lends support to this idea 

[32]. This structure shows a very large drug-binding cavity in which at least two substrate 

molecules are bound in regions that overlap. The drug-binding residues are primarily 

hydrophobic; however, at least seven polar residues are scattered throughout the pocket and 

interact directly with a cyclic hexapeptide. A similar arrangement is proposed from the more 

recent crystal structure of the Caenorhabditis elegans P-gp homologue [33]. The structural 

results showing the presence of scattered polar binding residues also explain how two 

substrates of similar strength can have substantially different log P values.

Pdr5 ATPase has high basal activity and exhibits trans-inhibition

Kolaczkowski et al. [9] first demonstrated that Pdr5-mediated transport is linked to ATP 

hydrolysis. The first report of Pdr5 ATPase activity demonstrated that this transporter had a 

strikingly high basal level and that it could hydrolyse other ribonucleotides. This activity, 

however, was not further stimulated to a significant degree by the addition of Pdr5 transport 

substrates [34]. High basal ATPase activity seems to be common in the Pdr fungal subfamily 

[35]. Although the initial biochemical characterization of Pdr5 ATPase properties was 

correct with respect to these important features, several kinetic parameters were in error. 

This was because, at the time DeCottignies et al. [34] performed the work, the other ABC 

transporters in the PM (plasma membrane) had not yet been identified, and they were later 

found to contribute to the enzymatic activity. A Δpdr5 control, for instance, retained 

significant ATPase activity.

More than 10 years later, two additional studies added important information about the 

ATPase activity [22,36]. Both studies demonstrated that some Pdr5 transport substrates 

allosterically inhibit enzyme activity. A similar phenomenon had already been documented 

with P-gp [37,38]. This inhibition is referred to as trans-inhibition. In an interesting review, 

Gupta et al. [39] speculated that this inhibition is used to lock the transporter in the outward-

facing orientation when the transported toxic drug reaches a high extracellular concentration 

and could therefore return to the cell via the transporter’s binding pocket. This idea is an 

intriguing one, but it is important to note that many relatively strong Pdr5 substrates do not 

cause significant inhibition of the ATPase activity [20]. Furthermore, this mechanism alone 

was shown to be insufficient for preventing reflux of R6G during transport [25].

One of the studies also showed that, in contrast with the initial report, the UTPase and 

CTPase activities of Pdr5 were actually low and the Km values were quite high, suggesting 
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that pyrimidine nucleotides were unlikely to serve a significant physiological role, at least 

with the WT enzyme [36]. The GTPase activity, however, was another matter. The Km of ~1 

mM was within physiological range, and this enzyme activity, although not as robust as the 

ATPase activity, was clearly quite high. The GTPase activity was also notably more 

resistant to allosteric inhibition by clotrimazole and inhibition by vanadate and beryllium 

fluoride. This was a remarkable observation because it suggested that the conformation of 

the transporter was influenced by the type of bound nucleotide. Kolaczkowski et al. [9] had 

already demonstrated that R6G transport in vesicles was not mediated by Pdr5 GTPase 

activity. However, GTPase activity supported the transport of [3H]chloramphenicol in PM 

vesicles [36]. These observations suggest that the transport of some drugs is nucleotide-

specific. It should be noted that GTP-mediated transport is not restricted to Pdr5. The P-gp, 

Bpt1 and ABCG5/ABCG8 transporters can effectively use this nucleotide [40–42].

In the second study, Ernst et al. [22] mutagenized some of the residues in both the canonical 

and the deviant ATP-binding sites to add additional important observations on the ATPase 

activity. They constructed and analysed mutations of the canonical and deviant Walker A 

residues (K911A and C199A), the catalytic carboxylate-containing residue of the canonical 

site (E1036A; as shown in Figure 1B, there is no equivalent glutamate residue in the deviant 

site) and the canonical Hloop (H1068A). As expected, the canonical Walker A and B 

mutations were completely transport-deficient. The deviant Walker A substitution C199A 

was phenotypically WT. These results strongly suggested that the deviant ATP site is non-

catalytic, an observation clearly supported by further work with Pdr5 [23,24]. The big 

surprise, however, was the behaviour of the alanine substitution in the highly conserved 

His1068 of the H-loop. When the same substitution was made in two bacterial transporters, 

HlyB and MsbA, ATPase activity was almost completely eliminated [43,44]. In both of 

these transporters, a critical interaction between this histidine residue and the catalytic 

carboxylate-containing residue was proposed to create a catalytic dyad. The Pdr5 

substitution, however, retained WT levels of ATPase activity, but had a striking R6G-

specific transport deficiency. Clearly, then, the catalytic mechanisms of different ABC 

transporters are not always equivalent. The H1068A mutant also showed greatly increased 

resistance to trans-inhibition by R6G. In the light of these R6G-specific effects, Ernst et al. 

[22] proposed that His1068 plays a major role in the rate of conformational switching of the 

transporter from a drug-on to a drug-off conformation.

THE SIGNAL INTERFACE OF Pdr5 SHARES SOME FEATURES WITH ITS 

SYMMETRIC AND ASYMMETRIC COUNTERPARTS

A signal interface suggested by the atomic structure of the Sav1866 transporter

Complex polytopic proteins must have means of communication between multiple domains 

that perform distinct biochemical operations. ABC transporters are no exception. A 

transmission or signal interface must be established between the NBDs where ATP is bound 

and hydrolysed and the large drug-binding pocket located in the TMDs from which 

substrates are transported. The high-resolution atomic structure of the bacterial Sav1866 

multidrug transporter suggested a possible pathway of signal transmission [45]. When ADP 

was bound to the homodimer, it adopted the outward-facing conformation. In particular, 
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ICL2, which connects TMH (transmembrane helix) 2 and TMH3 made contact with the 

opposite NBDat two conserved sequences, the X-loop and the Q-loop, to create a trans 

conformation. ICL1 makes only limited contact with the cis NBD. Several seminal studies 

with the symmetric P-gp and asymmetric Tap1/Tap2 transporter (ABCB2/ABCB3) used 

cross-linking between cysteine-modified residues of ICL2 and the trans Q- or X-loops to 

lend strong support to the pathway suggested by the Sav1866 atomic structure [46,47]. 

Because P-gp and Tap1/Tap2 transporters are not especially close evolutionarily, these 

studies suggested that ABC transporters have a well-conserved transmission interface. It was 

not clear whether a transporter as deviant as Pdr5, with its extremely short ICLs, would even 

use a similar mode of transmission. Studies in our laboratory, however, proved that it did, 

with one major twist: Pdr5 employs a cis rather than a trans pathway.

An in vivo map of the Pdr5 transmission interface made possible by the power of yeast 
genetics

Yeast are amenable to several kinds of genetic analyses not readily available in mammalian 

cells. One of these is the ability to select suppressor mutants and thereby identify interacting 

residues in a biochemical pathway. This approach enabled our research group to build an in 

vivo map of the Pdr5 transmission interface. Fortunately, we had a loss-of-function mutant 

that was no longer capable of performing intradomain communication.

Ser558 lies towards the very end of TMH2 in the Pdr5 transporter. The S558Y mutant 

appeared in a 1995 screen of UV-mutagenized cells for survivors of this treatment that had 

reduced drug resistance. This mutant markedly increased hypersensitivity towards all Pdr5 

transport substrates tested, including clotrimazole. Although the S558Y mutant protein was 

present in PM vesicles at WT levels, the mutant drug hypersensitivity phenotype closely 

resembled an isogenic Δpdr5 strain. Thirteen years later, further biochemical 

characterization was performed. The S558Y mutant protein was shown to have significant, 

albeit reduced, ATPase activity and WT drug-binding capability, but almost no transport 

function [18]. Furthermore, in contrast with the WT enzyme, the ATPase activity of the 

mutant was highly resistant to trans-inhibition by clotrimazole. S558Y therefore behaved as 

a signal-transmission-defective mutant even though it was located far away from the Q-loop 

and the ICLs. A plausible model proposed for S558Y is that, although Ser558 is not 

conserved, the large bulky tyrosine side chain in the mutant kinked TMH2 and severed the 

connection between ICL1 and the NBD, possibly through the Q-loop. Our research group 

reasoned that we could identify other residues participating in the transmission interface by 

plating S558Y mutant cells on medium containing a lethal concentration of clotrimazole and 

selecting the resulting resistant suppressor-bearing mutants.

We analysed ten mutations from the suppressor screen. Their locations are shown in Figure 

2. Remarkably, eight of them were in either ICL1 or the Q-loop region, including the 

completely conserved deviant Q-loop residue Glu244. Another, M679L, was in TMH5, 

which is attached to ICL2. Therefore a majority of the residues fell into regions implicated 

by the Sav1866 atomic structure to be involved in the transmission interface. We extensively 

studied several of these mutants, notably E244G and N242K [18,19]. The suppressors also 

re-established significant trans-inhibition.
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This initial collection of mutants illustrated several important principles that recurred in a 

subsequent screen. First, in addition to E244G, most of the other suppressor mutations 

occurred in highly or completely conserved residues, including Asn242, Asp246, Pro596, 

Met679 and Gly1233. When we uncoupled the conserved N242K and E244G mutations from 

S558Y and placed them in an otherwise WT background, they showed a partial loss of 

transport capability, even though they were present in the PM at WT levels and had 

significant, albeit somewhat reduced, ATPase activity [18,19]. Not surprisingly, then, these 

residues are essential for WT transport capability and presumably for signal transmission. 

Secondly, the structure of Sav1866 and the existing cross-linking studies suggested that the 

suppressing Q-loop residues would be in the trans canonical portion of NBD1 instead of in 

the deviant cis NBD2 counterpart. Thus, whereas the analysis of S558Y suppressors 

provided excellent in vivo evidence for the participation of the ICLs and Q-loop residues in 

the transmission interface, as inferred from structural studies, the cis transmission 

conformation was unexpected.

To try to identify additional residues in the transmission face, we took advantage of the fact 

that, whereas N242K increases the resistance of S558Y, it also creates a drug-hypersensitive 

phenotype when placed in an otherwise WT protein, much like most of the other mutants 

identified in this study. Thus we were looking for suppressors of a suppressing residue, a 

strategy we termed ping-pong genetics. To do this, we simply plated cultures of the 

hypersensitive N242K strain on a lethal concentration of cycloheximide and collected 

independent suppressors that grew up as colonies after 72–96 h [19,20].

Perhaps the most important mutant in the collection was a V656L substitution that lies in cis 

orientation in ICL2 with respect to the Q-loop [19,20]. Our group also constructed and 

tested a V656A mutant and showed that it was clearly signal-deficient. Thus two different 

substitutions at Val656 gave opposite phenotypes. The V656A mutant had a phenotype that 

was nearly identical with that of S558Y, including an ATPase that was reduced relative to 

WT, but markedly resistant to allosteric inhibition by clotrimazole (5-fold as resistant as the 

WT). These data therefore strongly suggested that, although ICL2 was a mere six or seven 

residues long, it still functioned as a significant part of the transmission interface, much as it 

does in other ABC transporters. Further evidence for the cis interface came from our 

observation that V656L was also a strong suppressor of the cis Q-loop drug-hypersensitive 

mutation E244G. We found other interesting cis-acting suppressors of N242K, notably 

M649I and A666G. Ala666 is a highly conserved residue in TMH5 near the boundary of 

ICL2. Met649 occupies a similar location in TMH4. The role of these residues in signalling 

is being assessed. Because ICL2 is so short, it is plausible that portions of TMH4 and TMH5 

that flank it also make contact with the NBD. Significantly, work by Puri et al. [48] with the 

Cdr1 transporter identified alanine scan mutations in TMH5 that uncoupled ATPase activity 

and substrate transport.

The puzzling suppressor of N242K, however, was the K1016I substitution found towards 

the end of the C-loop motif of the deviant ATP site. In canonical ABC transporters, this 

motif is used to position the Mg-ATP complex for hydrolysis and plays no obvious 

signalling role in transport. Why such a substitution would appear in the N242K suppressor 
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hunt was a mystery. However, subsequent work demonstrated that the atypical ATP site is 

heavily involved in signal transmission [23,24].

Our work with the collection of suppressor mutants suggested that Pdr5 employs a cis rather 

than a trans interface. Although no other eukaryotic efflux pumps are known to have the cis 

conformation, it is present in the atomic structures of several bacterial ABC importer 

proteins such as the Met and HI 1470/HI 1471 transporters [49,50]. The cis interface 

notwithstanding, the work with Pdr5 provides excellent functional evidence for residues 

implicated from structural studies, including those in the deviant Q-loop, ICL2 and the 

flanking TMHs. Our work with Pdr5 also gave rise to several criteria that seem to indicate 

that a residue is part of the Pdr5 signal transmission interface.

i. The mutants restore resistance to a known signalling-defective mutant.

ii. A large majority of the mutants appear in places predicted by atomic structures to 

be part of the transmission interface.

iii. Loss-of-function mutations have lowered, but significant, ATPase activities and 

often alter the allosteric inhibition to a transport substrate.

iv. The residue is often highly conserved.

Important work has come from several other laboratories. Kueppers et al. [21] showed that 

atleast one transmission residue, Ser1360, also appears in the modelled drug-binding pocket. 

The ATPase activity of this mutant was considerably more resistant to trans-inhibition by 

FK506.

An important recent study by Kolaczkowski et al. [51] used a clever strategy that identified 

additional putative transmission interface residues in Cdr1. This group took a library of 

mutagenized Cdr1-encoding plasmids and transformed a Saccharomyces strain that lacked 

ABC multidrug transporters. They screened these transformants for gain-of-function 

mutations that conferred increased resistance to the Snq2 substrates, including resazurin and 

resorufin. They further characterized several mutants that did not affect the amount of Cdr1 

in PM vesicles or the ATPase activity. These mutants were in the deviant H-loop (C363R), 

the canonical Walker A region (V885G), TMH1 (G521S/D) and TMH7 (1280V). Evidence 

for a signalling role was observed with C363R and G521D/S. The Cdr1 ATPase in these 

mutants was actually stimulated by addition of febuconazole. Therefore these mutants 

altered the stimulation signal, much like S558Y, V656L and V656A altered the trans-

inhibition of Pdr5 ATPase by clotrimazole [18–20]. This study adds some important 

information (if we make the reasonable assumption that the interfaces of Pdr5 and Cdr1 are 

similar). The atomic structure of the Sav1866 transporter does not suggest a major role for 

either TMH1 or the extracellular loops. Because these locations were unanticipated and 

these mutants are all gain-of-function alleles, it will be important to see whether other 

substitutions at these residues create a loss-of-function phenotype that is consistent with a 

signal deficiency. This would establish beyond doubt that the residue is essential to the 

pathway.
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The selective advantage of transmission interface manipulation

Classic multiple drug hyper resistance is often the result of genetic alterations that result in 

overexpression of ABC transporters [2,52]. Significantly, hyper resistant yeast strains that 

already overexpress Pdr5 can acquire even greater resistance to xenobiotic compounds 

through selection on medium containing a high concentration of cycloheximide [20]. We 

sequenced five such mutants. Three, V656L, P596L and A670S, were in regions making up 

the predicted Pdr5 signal interface (V656L and P596L were also represented in our 

suppressor mutant hunt).

Clues about how these alleles might manipulate the interface to create greater drug 

resistance came from our in-depth study of V656L [20]. This allele conferred broad 

increased resistance to most Pdr5 substrates tested. Western blotting established that the 

level of mutant protein in PM vesicles was no greater than in WT. Importantly, however, 

neither was the ATPase activity. Furthermore, whereas the V656L suppression of E244G 

restored drug-resistance to WT levels, the reduced level of ATPase activity seen in the 

E244G mutant remained. Taken together, the behaviour of V656L and the E244G/V656L 

double mutant suggested that the V656L substitution increased resistance in one of two 

ways. It is plausible that the V656L mutant increases the efficiency with which the energy 

from ATP binding and/or hydrolysis is used for transport. Alternatively, the mutant might 

use another nucleotide, such as GTP, more effectively than the WT. Direct tests of these 

hypotheses, which are not mutually exclusive, are in progress. Regardless of the exact 

mechanism, the implications of this finding are important. Under selective pressure, 

evolution allows for additional mechanisms that do not simply increase the steady-state level 

of the efflux pump in the membrane or the ATPase activity.

THE FUNCTION OF ATYPICAL ATP-BINDING SITES IN ASYMMETRIC ABC 

TRANSPORTERS

ABC transporters with atypical ATP sites are numerous and include clinically significant 

members such as Mrp1, CFTR, Sur1, Sur2A and Cdr1. In Saccharomyces, the three major 

drug efflux pumps (Pdr5, Yor1 and Snq2) all have an atypical and a canonical ATP site. The 

atypical ATP sites are also often referred to as degenerate, or deviant. Although the terms 

are often used interchangeably in scientific discourse, they could be employed to make a 

useful distinction. If replacing some or all of the atypical residues with canonical ones fails 

to greatly diminish transporter function, the ATP site is degenerate. It might have a 

demonstrable function apart from simply creating the NBD hybrid dimer, but such function 

probably can be accommodated by the canonical site or is unnecessary for significant 

activity. The Tap1/Tap2 transporter appears to be an example of this phenomenon [53]. 

Alternatively, if substitution of canonical residues for atypical ones causes significant loss of 

function, which is certainly the case with Pdr5 [24], the atypical ATP-binding site is actually 

deviant.

Structural studies and mutational analyses of asymmetric transporters, including Mrp1 [54], 

CFTR [55,56], Tap1/Tap2 [53,57], Sur1 [58], and most recently TM287/288 from 

Thermotoga maritima [11], led to several important conclusions. Some of these studies 
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presented evidence that the dimer in the structure of the symmetric transporter Sav1866 is 

made in asymmetric transporters (or channels) [58] and that the atypical site is capable of 

binding nucleotides [53,54,57]. In the case of Tap1/Tap2, the deviant site actually binds 

ADP more effectively [53]. All of these studies also demonstrate that, in general, the 

atypical site is not a major contributor to catalysis [11,53–58]. This is because mutagenesis 

of the conserved motif residues present in the atypical sites of these transporters generally 

had mild effects, and the transporters retained significant function. Furthermore, in most 

instances, the atypical site lacks a catalytic glutamate residue. In contrast, mutagenesis of the 

conserved motifs in the canonical site causes a complete loss of transport capability.

The role of atypical ATP-binding sites in intradomain communication

Apart from their role in creating the NBD dimer, atypical sites are implicated in two other 

biochemical activities that are not necessarily mutually exclusive: NBD–TMD intradomain 

communication and interdomain (NBD–NBD) regulation of catalytic activity at the 

canonical site. With respect to the former, Procko et al. [59] proposed a model derived from 

structural and biochemical studies of Tap1. In this model, the binding of a peptide (the 

transport substrate) in the TMDs triggers nucleotide exchange of normally very tightly 

bound ADP for ATP in the atypical site, leading to a switch from an inward facing peptide-

binding to an outward-facing peptide-releasing conformation. ATP hydrolysis leads to a 

return to the inward-facing arrangement. The lack of strong mutational effects at the atypical 

site in Tap1/Tap2 may be explained by the canonical site’s ability to achieve the same end, 

either by nucleotide exchange or perhaps through two sequential hydrolytic events. Indeed, 

when a Tap1/Tap2 protein is constructed with two canonical ATP-binding sites, it exhibits a 

nearly WT transport capability [53].

Work from two laboratories clearly established that the deviant ATP site of Pdr5 is heavily 

involved with intradomain signalling. These results suggest a model much like the one 

proposed for Tap1/Tap2. Two lines of evidence came from our laboratory. The first is that a 

K1016I substitution in the deviant C-loop motif suppressed the drug-hypersensitivity of the 

established signalling-deficient mutant N242K [19]. We also analysed a D-loop mutation, 

D1042N [23]. This substitution had almost no effect on the ATPase activity, but the mutant 

strain was almost completely devoid of transport capability and was profoundly 

hypersensitive to Pdr5 drug substrates. The mutant phenotype was therefore much like those 

of other signalling mutants, such as S558Y and V656A. Recently, Gupta et al. [24] used a 

somewhat different approach to study the deviant Pdr5ATP-binding site [24]. They replaced 

the deviant motifs, including the Walker Amotif, C-loop and Walker B motif, with canonical 

ones in stepwise fashion, assaying each alteration along the way. This was a substantial 

undertaking, because the fungal Pdr family has many atypical residues among the collection 

of well-studied ABC transporters. Replacing the deviant Walker A or C-loop regions with 

their canonical counterparts yielded an uncoupling phenotype more or less like D1042N 

(little or no loss in ATPase activity, significant loss of drug resistance and transport 

capability).

Our observations with the D1042N mutant strain and the K1016I/N242K suppressor 

inspired the model illustrated in Figure 3 [23]. It posits that when the deviant site exchanges 

Golin and Ambudkar Page 10

Biochem J. Author manuscript; available in PMC 2016 March 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nucleotide, there is intradomain communication to the TMDs at least via the deviant C-, D- 

and Q-loops, which causes the critical inward-facing to outward-facing shift and allows the 

drug substrate to be released. ATP hydrolysis at the canonical site re-establishes the drug-

binding conformation. The D1042N mutation, as well as some of the replacements described 

by Gupta et al. [24], might inhibit the transition or perhaps adopt a novel faulty 

conformation that still allows canonical site ATP hydrolysis, but is ineffectual for releasing 

substrate. Thus this model is similar to the one proposed for Tap1/Tap2, except that Pdr5 

appears to function continuously without the need for a substrate to stimulate nucleotide 

exchange. Because nucleotide exchange at the ATP-binding sites of Pdr5 has never been 

measured, this model must be regarded as speculative. There is little doubt, however, that 

the deviant site is at least actively involved in intradomain signalling.

Atypical ATP-binding sites as regulators of ATPase activity at the canonical site

A second model of atypical site action proposes that it is a regulator of the canonical 

catalytic site. Interdomain regulation could, in principle, take place in two major ways. The 

atypical site might exert a positive or co-operative effect to allow maximum enzymatic 

activity. Mutations in important atypical residues would therefore diminish ATPase activity. 

Alternatively, the effect could be allosteric, with some loss-of-function mutants causing an 

actual increase in hydrolysis. The latter is supported by a recent high-resolution structural 

study of the TM287/288 bacterial multidrug transporter in the apo and in the AMP-PNP- 

(adenosine 5′-[β,γ -imido]triphosphate, a non-hydrolysable ATP derivative) bound 

conformation [60]. This study made several remarkable observations, but we focus strictly 

on the behaviour at the atypical site. The apo and AMP-PNP-bound structures differ in the 

interactions seen between motif residues, including the Walker A motif and the H-, D- and 

C-loops. Conformational changes were also observed at the Q-loop. However, no structural 

changes were observed with the coupling helix itself, suggesting that the atypical ATP site 

does not involve itself with intradomain communication. Instead, when the investigators 

made a D523A substitution in the Walker B motif, ATPase activity doubled relative to the 

WT, suggesting that this residue (presumably as well as others) acts as an allosteric regulator 

of the canonical catalytic site. A comparable mutation in the Lactobacillus lactis homologue 

LmrCD created a modest transport deficiency.

The degenerate site of CFTR may also perform an allosteric role. Ten years ago, Vergani et 

al. [61] presented strong evidence that dimerization of the NBDs through the binding of 

ATP allows the CFTR channel to open. ATP hydrolysis then closes the channel. The open 

state of the channel is tremendously extended by mutations that eliminate ATPase activity at 

the canonical site. Subsequent work by Tsai, Li and Hwang [62] demonstrated that ATP is 

occluded at the degenerate site for very long periods, which are equivalent to many gating 

cycles. ATP hydrolysis forced only the catalytic ATP site to come apart (thus closing the 

channel). Therefore gating was thought to be regulated by the binding and hydrolysis of 

ATP at the canonical site. These observations suggested that the degenerate ATP-binding 

site of CFTR plays a purely structural passive role. Recently, however, Csanady et al. [63] 

studied the properties of the degenerate site C-loop substitution H1348A. This mutation had 

no effect on ATP occlusion or channel burst events, but it slowed the channel-closing rate 3-

fold. The data were most consistent with an allosteric model in which hydrolytic events at 
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the canonical site bring about essential conformational changes at the deviant one. An 

important caveat is that there was no direct measure of ATP hydrolysis in this mutant or the 

WT control. Nevertheless, the data point strongly to an active role for the CFTR deviant 

ATP site in channel function.

In the light of these observations, an obvious question was whether the deviant ATP site of 

Pdr5 regulates the canonical site ATPase activity. Gupta et al. [24] demonstrated further that 

replacement of multiple (Walker A, Walker B, and C-loop) deviant motifs with canonical 

ones in Pdr5 caused a significant loss, but not a complete elimination, of both ATPase and 

transport functions, rather reminiscent of the E1013A and D1042E phenotypes seen by 

Furman et al. [23]. These mutant phenotypes can be interpreted in several ways. Gupta et al. 

[24] suggested that they demonstrate a regulatory role for the deviant ATP-binding site. One 

strong possibility is that the site is a positive regulator of the canonical site ATPase activity 

rather than an allosteric one. Thus the deviant site would control both intra-(NBD–TMD) 

and inter- (NBD–NBD) communication. These mutants, however, do not preclude an 

interpretation based on intradomain regulation. Thus, for example, the cycle shown in Figure 

3 could be slowed by a mutation resulting in both reduced transport and ATPase activity.

The Pdr5, Cdr1 controversy

None of the many mutations in the deviant Pdr5 ATP-binding site created by Furman et al. 

[23] or Gupta et al. [24] completely eliminated Pdr5ATPase activity, although some clearly 

reduced it. Thus it is highly unlikely that the deviant ATP site plays a major catalytic role in 

Pdr5. Studies have found no difference in this characteristic between Pdr5 and other 

asymmetric transporters. This observation is at odds with reports that the deviant site of 

Cdr1 plays a significant catalytic role. In a series of studies, investigators proposed a novel 

catalytic mechanism with Cys193 (located in the Walker A motif and the equivalent of 

Cys199) playing a central mechanistic role ([64–66]; see Jha et al. [65] for an illustration). 

The most compelling data supporting a catalytic role for the deviant ATP site of Cdr1 come 

from the observation that several substitution mutants of Cdr1 Asp326 (Walker B) were 

completely ATPase and transport deficient and that Asn327 mutants had a high Km value 

(ATPase).

The behaviour observed in the in vivo experiments with the Walker B Cdr1 mutants can be 

explained in two ways. First, the Cdr1 investigators argued that Cdr1 evolved a novel 

catalytic activity not present in Pdr5. The problem with this idea is that Pdr5 and Cdr1 share 

very high identity. Perhaps more significantly, the catalytic activity and various properties of 

Cdr1 (NTPase activity, lack of drug stimulation, high basal activity) appear to be nearly the 

same as in Pdr5, which almost certainly does not support an additional major activity. The 

phenotypic properties of the equivalent aspartate and asparagine mutant residues in Pdr5 

were not studied. However, when the deviant Walker B region was replaced by the 

canonical one, the Pdr5 ATPase activity was mildly uncoupled from transport [24].

An alternative explanation for the ATPase-deficient Cdr1 mutants can be posited from the 

model shown in Figure 3. A critical step in the essential conformational change from drug-

on to drug-off is a nucleotide-exchange event at the deviant ATP site. This switch may also 

be mandatory for the subsequent ATPase activity that takes place at the canonical site. Thus, 
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without nucleotide exchange and the switch to the drug-releasing outward conformation, 

there may be no ATP hydrolysis. Perhaps the deviant ATP site of Cdr1 also takes part in 

such a mechanism. If Asp326 and Asn327 are centrally involved in the nucleotide-exchange 

process, mutants with no ATPase or altered ATP binding could quite possibly result.

ABC TRANSPORTERS AS ONE-WAY GATES: Pdr5 IS A MOLECULAR 

DIODE

Once a multidrug transporter expels a drug from a cell, reflux of the toxic substrate must be 

prevented. The standard model of ABC transporters, which is supported by structural and 

biochemical studies in bacterial and mammalian systems [67,68], invokes high-affinity 

substrate-binding and low-affinity substrate-releasing conformations. The latter was thought 

to prevent rebinding of the drugs to the binding sites. Several years ago, however, Gupta et 

al. [39] proposed that ABC multidrug transporters are molecular diodes or one-way gates 

that are remodelled after drug release to preclude re-entry. One possible scenario is that key 

binding residues are rotated so that the binding sites collapse. In any event, it is plausible 

that multiple mechanisms (loss in affinity, trans-inhibition and the presence of a molecular 

diode) operate to keep the excluded drug substrate from returning to the cell. Recent work in 

our laboratory lends credence to the diode hypothesis [25].

Strong evidence that Pdr5 is a molecular diode comes from the analysis of an alanine 

substitution for Ser1368, which resides in TMH11. We discovered that although the S1368A 

mutant strain was profoundly sensitive (5–6-fold that of WT) to a set of six drugs that are 

transported from multiple sites or regions, this mutant had WT levels of Pdr5 in purified PM 

vesicles as well as WT ATPase activity and transmembrane signalling [25]. The S1368A 

mutant bound drugs as well as the WT counterpart.

The results of our initial R6G whole-cell transport assay were puzzling because the effect of 

the S1368A substitution was so mild. We initially employed the standard R6G assay used by 

several laboratories [9]. Thus we pre-loaded de-energized cells with R6G for 90 min and 

then removed the free R6G before adding glucose for transport initiation. We measured the 

transport retained at various intervals in mutant and WT cells. Under these conditions, 

transport was clearly in the direction of the R6G concentration gradient. The difference 

between S1368A and the WT was surprisingly small. The mutant’s efflux rate was only 

modestly lower than WT: the WT rate was 2.3-fold as high as the mutant’s. It was 

instructive to compare the efflux difference between S1368A and D1042N, a deviant 

signalling-deficient mutant. This alteration created a drug-hypersensitivity phenotype very 

much like that of S1368A. In contrast, the D1042N mutant strain exhibited an R6G efflux 

rate that was only 10% as high as that of the WT.

At this juncture, we began to consider the possibility that S1368A created a leak in a 

molecular diode. We reasoned that the R6G result could then be explained as shown in 

Figure 4. In the initial R6G experiment, represented in Figure 4(A), efflux along a 

concentration gradient means that, as the substrate exits the cell, it is immediately diluted. 

As a result, S1368A is more or less functional, because the effective external substrate 

concentration is low. However, the diode model predicted that when the external 
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concentration was high, forcing Pdr5 to work against a gradient, the S1368A diode would 

leak to a much greater extent (Figure 4B).

In the next series of experiments, we simply suspended cells in a high concentration of R6G 

in nutrient medium and monitored the accumulation of fluorescence over time. These 

experiments produced a markedly different outcome. Within 30 min, we found 5-fold as 

much R6G in S1368A as in the WT, and by 90 min, the difference climbed to 12-fold. 

Therefore the outcome was consistent with a leaky diode. We needed a direct demonstration 

that S1368A showed significantly more drug reflux than the WT. We loaded de-energized 

WT and S1368A cells with unlabelled R6G for 90 min. Following this, we activated Pdr5-

mediated transport by adding nutrient medium containing [3H]R6G. We determined the 

amount of labelled R6G present in the cells at 15 min (when there was still some unlabelled 

pre-loaded R6G in the cells) and 90 min. At 15 min, the S1368A mutant had accumulated 3-

fold as much [3H]R6G as the WT. At 90 min, we observed no significant increase in the WT 

accumulation, but the S1368A cells continued to incorporate [3H]R6G, and the differential 

between strains rose to ~6-fold. Thus the transport experiments strongly supported the idea 

that Pdr5 remodels itself to preclude the re-entry of drugs that are pumped out of the cell.

Probably because of the complex phenotype that must be tested, these experiments were the 

first to suggest a diode mechanism in an ABC transporter. It is worth speculating whether 

this is a feature of at least all ABC export pumps. In the case of multidrug pumps, reflux of 

even very small amounts of highly toxic compounds could be lethal to a cell. Perhaps 

multiple mechanisms, including trans-inhibition and molecular diodes, appeared during the 

evolution of such pumps. However, if a transporter exports or imports substrates that are 

neither toxic nor rate-limiting in quantity, the simple loss of affinity in the substrate off 

conformation might be sufficient.

Only 2 months after the Pdr5 diode study was published, additional evidence for a molecular 

diode mechanism in an ABC transporter appeared in an elegant study with Tap1/Tap2 

transporter [69]. These investigators presented evidence that the canonical D-loop regulates 

the gating of the diode in this ABC transporter.

WHAT THE FUTURE HOLDS

Many important questions remain to be addressed, including the sequence of events in the 

catalytic cycle, if purified Pdr5 could be successfully reconstituted with high activity. The 

construction of a cysteine-less Pdr5 that is active may be very difficult. Perhaps it will 

become feasible to identify interacting residues by using novel amino acid technology with 

residues capable of cross-linking. This would be quite useful, for instance, in validating or 

rejecting features of the recently constructed atomic model of Pdr5 [70]. This model 

probably already requires some revision, because the Pdr5 NBD–ICL interaction is 

modelled in the standard trans conformation, whereas the cis counterpart is strongly 

supported by suppressor genetic data. Finally, a recent study identified ~30 proteins that 

interact with Pdr5 [71]. Determining the role of these proteins in Pdr5 function should be 

extremely useful in developing a more detailed mechanistic understanding of the Pdr5-

mediated transport process.
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ABC ATP-binding cassette

AMP-PNP adenosine 5′-[β,γ-imido]triphosphate

CFTR cystic fibrosis transmembrane conductance regulator

ICL intracellular loop

NBD nucleotide-binding domain

P-gp P-glycoprotein

PM plasma membrane

R6G rhodamine 6G

TMD transmembrane domain

TMH transmembrane helix

WT wild-type
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Figure 1. Secondary structure of Pdr5 and organization of the NBDs into canonical and deviant 
ATP sites
(A) Schematic diagram of the organization of Pdr5. NBD1 is followed by TMD1 composed 

of six α-helices followed by NBD2 and TMD2 (also made of six helices). (B) Pdr5 is an 

asymmetric transporter with one canonical ATP site made up of the Walker A and B motifs 

and Q-loop region from NBD2 and the C- and D-loop from NBD1. The second site is 

atypical (Walker A and B motifs and Q-loop from NBD1, C- and D-loop from NBD2) and 

its Walker B motif lacks a catalytic glutamate residue. This pattern of alterations is found 

only in the Pdr ABC subfamily of fungal transporters.
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Figure 2. Location of transmission interface residues identified using suppressor genetics
The residues with substitution mutations that suppress the clotrimazole hypersensitivity of a 

S558Y strain are shown in aqua. Residues with substitutions suppressing N242K 

cycloheximide-hypersensitivity are shown in peach. Mutations at Asp246, Met649, Val656 

and Ala666 were recovered twice and mutants at Ser597 were recovered three times. ECL, 

extracellular loop; ICL, intracellular loop and L1, L2 and L3 are linker regions. Figure 

adapted from Rutledge et al. [70]. Used by permission.
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Figure 3. The deviant ATP site plays a major role in intradomain signalling
The model shown proposes that nucleotide exchange (III) at the deviant ATP site (shown as 

a black ATP exchanging with a red ATP) results in a conformational switch from inward-

facing drug-binding (II) to outward-facing drug-releasing. Once in the outward-facing mode, 

ATP (red) is hydrolysed to ADP (green)+Pi, and the transporter is restored to the drug-

binding inward-facing conformation (IV). Drug molecules are indicated as green circles. 

Figure taken from Furman et al. [23].
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Figure 4. Pdr5 as a molecular diode: model for the effect of the S1368A gate keeping mutant
In the model, blue circles represent transport substrates and blue arrows show the direction 

of drug passage. Unhydrolysed ATP is shown in red, and ADP is shown in green. The 

nucleotide exchange at the deviant ATP site of Pdr5 induces a conformational switch from 

an inward (drug-binding) to an outward (drug-releasing) conformation. ATP hydrolysis at 

the canonical site allows the drug to be released and also causes remodelling of the 

transporter to preclude re-entry of the unwanted drug as the transporter is restored to its 

inward-facing conformation. When the transport is in the direction of the gradient (A) and 

the external concentration of the drug is relatively low, reflux because of the S1368A mutant 

phenotype is limited. In (B), the external drug concentration is high, transport is against a 

gradient and the S1368A mutant phenotype is most severe. Adapted from Mehla et al. [25].
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