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INTRODUCTION

ABC transporters constitute a large protein family present in all kingdoms of life [1,2]. They are central to many physiological processes, and some of them are also involved in multidrug resistance (MDR) phenomenon. Indeed, overexpression of the MDR ABC pumps is the prime cause of chemoresistance in cancer cells [3]. Similarly, pathogenic fungal species such as Candida albicans take advantage of their repertoire of ABC transporters to expel a wide range of antifungal drugs, hampering the treatment of fungal diseases [4,5].

The minimal functional unit of ABC transporters consists of two transmembrane domains (TMDs), each usually comprising six transmembrane helices (TMHs) linked with intracellular and extracellular loops (ICLs and ECLs) and two nucleotide binding domains (NBDs) [6]. Transport of compounds occurs through inward-to outward-facing conformational changes of the TMDs upon ATP binding and hydrolysis by the NBDs.

Combination of these domains generates either homo-or heterodimeric half or full

MATERIALS AND METHODS

Materials

All routine chemicals used were purchased from Fisher-Scientific or SRL Pvt. Ltd., Mumbai, India. Fluconazole (FLC) was a kind gift from erstwhile Ranbaxy Laboratories, India. Rhodamine 6G (R6G), rhodamine 123 (R123), Nile red (NR), itraconazole (ITR), clotrimazole (CTZ), ketoconazole (KTZ), miconazole (MCZ) and voriconazole (VOR), anisomycin (ANI), cycloheximide (CHX) adenosine triphosphate (ATP), oligomycin (OM), trypsin, phenylmethanesulfonyl fluoride (PMSF), p-tosyl-L-lysine chloromethyl ketone (TLCK), tosyl phenylalanyl chloromethyl ketone (TPCK) and dimethyl sulfoxide (DMSO) were procured from Sigma-Aldrich Co. (St. Louis, MO). Protease inhibitors leupeptin, aprotinin, and pepstatin were purchased from G-biosciences, MO, USA). Oligonucleotides were purchased from Sigma Genosys, India. The anti-GFP monoclonal antibody was purchased from Santa Cruz Biotechnology Inc. (Texas, USA). The anti-Pma1 polyclonal antibody was a generous gift from Professor Ramon Serrano (Universidad Politecnica de Valencia-CSIC, Valencia, Spain).

Strains and culture conditions

Yeast strains are listed in Supplementary table 1. All the strains were grown in YEPD medium (yeast extract, peptone, and dextrose) from HiMedia laboratories, Mumbai India. Yeast transformants were selected on solid Synthetic Defined medium without uracil (SD-Ura). The medium comprised of 0.67 % YNB (Yeast nitrogen base) without amino acids (Difco, Becton, Dickinson and Company, MD, USA), 0.2% dropout mix without uracil and 2% glucose. Plasmids were maintained in the Escherichia coli train, cultured in Luria-Bertani medium (HiMedia Laboratories, Mumbai, India) with 100 µg/ml ampicillin (Amresco, Solon, USA).

Generation and sequence analysis of suppressor mutants

Cells from overnight culture expressing the Cdr1[L529A]-GFP mutant were mixed in 25 ml of YEPD agar medium to set a final OD 600 (optical density at 600 nm) of 10 5 cells.

Whatman paper filter disks were placed on to the plates with sterile tweezers on which toxic drugs were deposited in specific amounts. Plates were then incubated at 30°C for about 6-7 days, and drug-resistant colonies appeared within the inhibitory zones. Resistant colonies were further passaged on drug-containing plates to confirm the resistance. DNA was further isolated from those colonies, followed by PCR amplification of CDR1 using the KOD Plus DNA polymerase (TOYOBO Co. Ltd., Osaka, Japan) and primers listed in Supplementary table 2 (CDR1/F-HS and CDR1/R-HS). PCR amplicons were sequenced at least twice to identify mutations.

Site-directed mutagenesis and yeast transformation

Site-directed mutagenesis was carried out using Quick-Change site-directed mutagenesis kit (Agilent Technologies, USA), amplifying the entire plasmid bearing CDR1 or CDR2 with primers harboring the desired mutation, detailed in Supplementary table 2.

Mutations were confirmed by gene sequencing. The resulting plasmids were either digested by XbaI (pPSCDR1-GFP) or AscI (pABC3-CaCDR2-GFP) to liberate the linearized plasmid or transformation cassette, respectively. In case of pABC3-CaCDR2-GFP, before yeast transformation, the transformation cassette released after AscI digestion was purified on an agarose gel followed by gel extraction with the Qiagen extraction kit. S. cerevisiae AD1-8u - [35,36] cells were then transformed with linearized plasmid or transformation cassette using the LiAc method. The transformants were selected on SD-Ura -.

Molecular cloning of CDR2 in pABC3-GFP and its overexpression in AD1-8u - CDR2 was amplified from genomic DNA of C. albicans SC5314 strain using forward and reverse primers containing PacI and NotI restriction sites respectively (Supplementary table 2). PCR was performed as above, and the product was then A-tailed using Taq DNA polymerase (New England Biolabs, MA, USA) and cloned in the TA cloning vector pTZ57R/T using the InsTAclone PCR cloning kit (ThermoFisher Scientific, MA, USA).

Positive clones were confirmed by restriction digestion. pTZ57R/T containing CDR2 and pABC3-GFP was digested with PacI and NotI restriction enzymes. Fragments were gelpurified as above and ligated with the T4 DNA ligase (New England Biolabs, MA, USA).

Positive clones (pABC3-CaCDR2-GFP) were confirmed by restriction digestion, followed by DNA sequencing. Transformed in AD1-8u -strain was performed after AscI digestion as described above.

Confocal microscopy

AD1-8u -cells expressing the various C-terminal GFP-tagged protein variants were grown for about 12-aser confocal microscope (PA, USA) or Nikon Eclipse Ti E laser confocal microscope with 100X oil immersion objective lens.

Preparation of purified plasma membrane (PM) fractions

Purified PM fractions were prepared from 200 ml yeast culture as described previously [30,37] with the following minor modifications. The homogenization/lysis buffer comprised 10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.5 mM EDTA, and protease inhibitors comprised 10 mM Tris-HCl, pH 7.5, 10% glycerol, 50 mM NaCl and protease inhibitors as used in the lysis buffer.

Immunodetection of GFP tagged proteins

Protein in the PM fractions was quantified with the bicinchoninic acid (BCA) assay kit (G-biosciences, MO, USA). Thirty micrograms of these proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to Polyvinylidene fluoride (PVDF) membranes using the Trans-Blot Turbo system (Bio-Rad).

After having the membrane blocked in Quick block buffer (G-biosciences, MO, USA), Cterminal GFP-fused Cdr1/Cdr2 proteins on the PVDF membranes were immunodetected with HRP-labelled anti-GFP antibody (Santa Cruz Biotechnology Inc. Texas, USA) at 1:5000 dilution. The PM ATPase 1 (Pma1) was detected with anti-Pma1 polyclonal primary antibody diluted at 1:5000 and HRP conjugated anti-rabbit secondary antibody. Protein bands were detected using a BIO-RAD ChemiDoc XRS+ system following reaction with Clarity Western ECL blotting substrate (Bio-Rad).

Drug sensitivity

The sensitivity of yeast strains to xenobiotics was determined using broth microdilution assay (BMD) and serial dilution spot assay.

MIC 80 for the xenobiotic compounds were determined according to the CLSI broth microdilution method except that YEPD medium was used instead of RPMI as S. cerevisiae AD1-8u -cells do not grow in RPMI medium [17]. Briefly, a two-fold serial dilution of each xenobiotic substrate was prepared in YEPD medium and incubated with logarithmic phase cells (~10 4 80 for a particular xenobiotics substrate was defined as the lowest concentration that inhibited growth by 80%.

For serial dilution spot assay, yeast suspensions were prepared in 0.9% NaCl solution and serially diluted five-fold. A 4 µl aliquot from each dilution was spotted onto YEPD agar plates with or without xenobiotics and incubated for 48 h at 30°C.

Substrate transport assays

Rhodamine 6G efflux was quantified as described previously [38] with minor modifications. Briefly, stationary phase culture was used to set an OD 600 of 0.4 in 15 ml of YEPD broth. After 6 h, yeast cells were harvested, washed and suspended in 1.5 ml Phosphate buffered saline (PBS) to prepare a cell suspension containing approximately 10 8 cells/ml. The suspension was then incubated with 10 µM rhodamine 6G under shaking for 2 h at 30°C. Yeast cells were then harvested, washed thrice and suspended in 1.5 ml PBS containing 2% glucose. The suspension was further incubated at 30°C with shaking for absorban was used to set 0.2 OD 600 in 1 ml of PBS containing 2% glucose. The suspension was incubated with 7 µM Nile red in a shaking incubator for 45 min at 30°C. Then cells were harvested, washed with PBS and Nile red accumulation was quantified by flow cytometry using a FACSort flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA). CellQuest software (Becton-Dickinson Immunocytometry Systems, San Jose, CA) was used for data analysis.

Oligomycin-sensitive ATPase assays

Cdr1p ATPase activityin the purified PM fractions was measured by a colorimetric assay as previously described [37]. The assay was carried out in the presence and absence of oligomycin, their difference corresponding to the specific activity of the pumps in the AD1-8u -strain devoid of the primary endogenous ABC pumps. In a total reaction volume of 100 µl, ten micrograms PM protein was added to 50 µl of 2x-concentrated ATPase buffer containing 120 mM Tris-HCl, pH 7.5, 16 mM MgCl 2 , 2 mM NaN 3 and 10 mM KNO 3 .

Following this step, oligomycin was added as a specific inhibitor of Cdr1p, at 20 µM,and the sample was incubated for about 2-3 minutes. Finally, 5 mM ATP (final concentration) was added, and the reaction was initiated. After incubation at 30°C for 30 min, the reaction was stopped by addition of 1 ml of cold stop solution (0.5% ammonium molybdate, 0.5% SDS and 2% H 2 SO 4 ) and 10 µl of 10% ascorbic acid, followed by another incubation for 30 min at 30°C. The amount of released inorganic phosphate was quantified by optical density at 880 nm, using known KH 2 PO 4 amounts as standard. For drug-sensitive ATPase activity, 10 µg of PM proteins were mixed with the requisite concentration of drug and incubated for 10 min at room temperature before addition of oligomycin and ATP.

Limited trypsin digestion

Limited trypsin digestion of the PM fractions was carried out as described previously [33] with minor modifications. Briefly, 40 µg of total PM proteins were incubated with a ratio 20:1 (protein/enzyme) of trypsin (Sigma) in 50 mM Tris-HCl, pH 7.5, at 4°C for 10 min in a water bath. The reaction was stopped by adding 5x SDS-PAGE loading solution to the sample, which was then subjected to SDS-PAGE followed by immunoblotting with an anti-GFP monoclonal antibody.

Time-Resolved Fluorescence Anisotropy Decay Measurements

Fluorescence anisotropy decays of rhodamine 6G in PBS and PM proteins were measured in time-correlated single photon counting (TCSPC) setup (FL920, Edinburgh Instruments, UK) as described previously [39]. In the TCSPC setup, rhodamine 6G in PBS and PM proteins was excited using a picosecond-pulsed laser-diode (470 nm, pulse width ~100 ps), and the fluorescence decays in parallel, and perpendicular polarization relative to vertical excitation polarization were collected at 555 nm. Finally, the anisotropy decays were obtained from the equation: r(t) = (I -GI )/(I +2GI ), wherein I and I are the decays measured at parallel and perpendicular polarization and G represents the instrumental Gfactor [39]. The anisotropy decays were analyzed by a sum of two-exponentials plus a background to accommodate residual anisotropy due to bound rhodamine 6G, using the following equation [39],

r(t) = r 0 [a 1 exp(-t/ f ) + a 2 exp(-t/ b )] + c (eq 1)
where, r 0 is the anisotropy at zero-time, a 1 and a 2 are the contributions and, f and b are time-constants of the free (260 ps) and bound (3.1 ns) rhodamine 6G, respectively, and c is the residual anisotropy at a long time originating from the bound fraction of rhodamine 6G.

To calculate the overall fractions of free and bound rhodamine 6G, the relative contributions, together with constant baseline (c), were normalized such that (r

0 a 1 + r 0 a 2 + c) = 1. We defined [r 0 a 1 /(r 0 a 1 + r 0 a 2 + c)] = a f ; [r 0 a 2 /(r 0 a 1 + r 0 a 2 + c)]= a b and [c/(r 0 a 1 + r 0 a 2 + c)] = b.
The total bound fraction of rhodamine 6G was then considered as (a b + b) in all cases, and the results are included in Supplementary fig. 2A andB.

Modeling of the closed conformation of Cdr1p NBDs

Conservation and secondary structure features of the canonical ABC signature and Cdr1p deviant signature sequence were generated with Phyre2 server [40], and sequence logo was prepared using Weblogo [41]. Cdr1p full protein was modeled either based on the human ABCG5/ABCG8 crystal structure in its apo inward-facing conformation as previously described [16] or based on the human ABCG2 cryo-EM structure in its ATP-bound outwardfacing conformation (PDB 6HBU: E211Q mutant). 3D-alignment of Cdr1p NBDs was generated using the PDBeFold server (http://www.ebi.ac.uk/msd-srv/ssm/) [42] 

Statistical analyses

All plots in the study were made using GraphPad Prism (San Diego, CA). Data are represented as mean ± SD or mean ± SEM, and mentioned accordingly in the respective -test. Differences were considered statistically significant when p< 0.05 (*, ** and *** indicating p values 0.05, 0.01 and 0.001, respectively).

RESULTS

The systematic alanine-scanning of the 252 residues forming the TMDs of Cdr1p identified about one-third of residues as critical for xenobiotic efflux [16,39]. We applied the suppressor genetics strategy on mutant variants of the most essential residues. While the V532D mutant in TMH1 yielded the W1038S mutation [34], the L529A mutant was compensated by the Q1005H mutation that we report here (Fig. 1). This secondary mutation was generated when L529A mutant strain was exposed to miconazole as described in the Methods section. Our screen also included various concentrations of other antifungal drugs such as fluconazole, ketoconazole, and cycloheximide. However, miconazole was the only drug that led to an intragenic suppressor identified herein, although previous suppressor studies from our group have shown multiple drugs to be capable of inducing such compensatory mutation(s) [33,34].

Glutamine 1005 is located in NBD2, within the ABC signature sequence that contributes, with NBD1, to the non-catalytic NBS. This glutamine is highly conserved as predicted by the ConSurf server (http://consurf.tau.ac.il/) [44] (Fig. 1A). The same strain AD1-8u -(Cdr1[L529A-Q1005H]-GFP) was de novo generated to exclude the contribution of exogenous mutations. We then examined the localization of the protein by confocal microscopy (Fig. 1B), together with the Cdr1-GFP (WT) and Cdr1[L529A]-GFP primary mutant. As shown, all the proteins were localized at the plasma membrane (PM), with GFP fluorescence levels similar to the WT, a result also confirmed by Western-blot using the H + -ATPase 1 (Pma1) as PM marker (Fig. 1C). To take possible variations in protein expression levels between constructions into consideration, we normalized GFP-expression relative to that of Pma1 in three independent PM preparations for each species. We did not observe any statistically significant difference in expression levels, as shown in Supplementary fig. 1A. In further experiments, the suppressor strain refers exclusively to the de novo engineered AD1-

8u -(Cdr1[L529A-Q1005H]-GFP) strain.
The Q1005H mutation in the background of L529A alleviates the sensitivity to xenobiotics

We assayed the drug resistance capacity of the AD1-8u -(Cdr1[L529A-Q1005H]-GFP) strain in liquid (Table no. 1) and solid (Fig. 1D) media. Tests performed in liquid medium gave MIC 80 values substantially higher than those obtained with the single L529A mutant strain; a WT resistance pattern was observed for the rhodamine dyes and an intermediate one for the antifungals. Solid medium assays also supported the fact that drug resistance is significantly improved in the suppressor strain.

L529A-Q1005H variant of Cdr1p has an improved transport activity and does not display topological changes when compared to the L529A mutant

To quantitatively assess the phenotypes, we evaluated the substrate transport abilities of the mutant and its suppressor using the whole cell-based efflux and flow cytometry assays with the fluorescent substrates rhodamine 6G and Nile red, respectively, as described previously [38]. As shown in Fig. 2A, the rhodamine 6G efflux in the suppressor strain was about 80% of that of the WT, compared to the mutant strain, which was at 40%. This result supported the phenotypes observed in Fig. 1D, where the suppressor and mutant strain demonstrated full and decreased resistance, respectively. We found the same trend with Nile red (Fig. 2B), for which the intracellular accumulation was reduced by 95% in the WT and 85% in the suppressor strain, compared with the mutant strain where it was reduced by approximately 65%. Consequently, these data indicated that the Cdr1[L529A-Q1005H]-GFP protein recovered the substrate-transport capacity, which was compromised in the

Cdr1[L529A]-GFP protein.
We demonstrated earlier the usefulness of time-resolved fluorescence spectroscopy (fluorescence anisotropy decays) to monitor rhodamine 6G binding onto Cdr1p, showing that the L529A mutant protein has a reduced apparent affinity for the dye compared to the WT [39]. We applied here the same strategy to compare the suppressor protein with the WT and mutant proteins. We observed that the anisotropy decays of rhodamine 6G in both mutant and suppressor proteins were similar (Supplementary fig. 2A). Analysis of anisotropy decays using bi-exponential decay function -one exponential for free rhodamine 6G and a second for bound rhodamine 6G plus background-showed that the respective total bound contribution (a b + b) of rhodamine 6G in both mutant and suppressor proteins were close to each other (Supplementary fig. 2B). These data suggested similar rhodamine 6G binding characteristics for both proteins. Consequently, since the substrate-binding defect observed with the L529A mutant persisted with the suppressor protein, the compensation allowed by the Q1005H secondary mutation does not seem to involve a change in the affinity of the protein for the dye.

Since conformational changes in the protein tend to modulate the accessibility of protease recognition sites, we also probed the possible conformational alterations in the mutant and suppressor Cdr1p by limited trypsin digestion. Supplementary fig. 2C depicts the trypsin digestion pattern obtained with the respective PM fractions. No significant difference in the digestion patterns of the tested proteins was observed. However, since there is a difference in the densities of the digested fragments, chances of subtle perturbations do exist.

The ATPase activity of the suppressor protein is partially reduced

We then evaluated the impact of the suppressor mutation on the ATPase activity of the protein (Fig. 2C). We showed earlier that the ATPase activity of Cdr1p is sensitive to oligomycin [37] and therefore allows us to measure Cdr1-specific ATPase activity precisely in the PM fraction when overexpressed in the host AD1-8u -strain, which carries deletions in the genes encoding 7 drug efflux pumps Pdr5p, Pdr10p, Pdr11p, Pdr15p, Yor1p, Snq2p and Ycf1p [35]. The residual oligomycin-sensitive ATPase activity in the PM fraction of the host strain ranges from 7 to 15 nmoles of P i /min/mg protein [36,45]. We measured an oligomycinsensitive ATPase activity of ~78 nmoles of P i /min/mg protein in the L529A mutant PM fractions, close to the 87 nmoles of P i /min/mg protein in the WT, indicating an almost intact ATPase function. The PM fraction containing the L529A-Q1005H suppressor protein displayed an oligomycin-sensitive ATPase activity of ~57 nmoles of P i /min/mg protein, which is 35% reduced compared to the WT.

The Q1005H mutation alone increases drug resistance and decreases the ATP hydrolysis rate by two-fold

To gain further insights, we characterized the Q1005H mutation in the wild-type L529 background. Confocal microscopy and Western blots of the corresponding PM fraction showed that the Cdr1[Q1005H]-GFP protein principally localizes in the PM and is expressed at same levels as the WT (Fig. 3A and Supplementary fig. 1B). The AD1-8u -(Cdr1[Q1005H]-GFP) strain was then subjected to xenobiotic toxicity profiling. While MIC 80 for miconazole and cycloheximide remained similar to that of the WT, a two-fold higher MIC 80 was unexpectedly noted for fluconazole, ketoconazole, anisomycin and rhodamine 6G (Table 2).

To confirm this ultra-resistance of the strain, we performed serial dilution spot assays using the MIC 80 concentrations of the substrates. We indeed observed such a phenotype of the AD1-8u -(Cdr1[Q1005H]-GFP) strain on ketoconazole, anisomycin and rhodamine 6G, compared to the WT strain but not with fluconazole (Fig. 3B). Of note, both WT and

(Cdr1[Q1005H]-GFP) strains showed identical growth patterns at sub-MIC 80 concentrations of the antifungal substrates (Fig. 3B). Thus, it was evident that the Q1005H mutation by itself results in a gain of function in Cdr1p that allows the host yeast to tolerate higher concentrations of several xenobiotic agents by improving their efflux mechanism, but how does such improvement occur?

To address that question, we looked at the ability of the Q1005H mutant to transport rhodamine 6G that we found close to that of the WT (Fig. 3C), thereby confirming the fully functional status. Although Q1005 is part of the non-hydrolytic NBS, we investigated the impact of the Q1005H mutation on the hydrolytic activity of the protein. We compared the kinetics of ATP hydrolysis in the WT, L529A mutant, Q1005H mutant, and L529A-Q1005H suppressor proteins (Fig. 4A and Table 3). The V max of the ATP hydrolysis in case of Q1005H and L529A-Q1005H proteins was found to be reduced by 44% and 31%, respectively, when compared with the WT (WT: 127± 17, Q1005H: 71 ± 10 and L529A-Q1005H: 87 ± 8 nmoles of P i /min/mg protein). The V max remained similar to the WT in case of the L529A mutant protein (112 ± 14 nmoles of P i /min/mg protein). We also estimated the apparent affinity for ATP by measuring K M of hydrolysis. While K M remained the same in case of WT and Q1005H proteins (1.2 ± 0.5 mM), a modestly increased K M was observed with the L529A-Q1005H (1.4 ± 0.4 mM) and L529A (1.7 ± 0.5 mM) proteins. Given the significant reduction of ATPase activity observed in the case of the Q1005H single mutant, we also monitored its oligomycin-sensitive GTPase activity. Indeed, Cdr1p can hydrolyze both ATP and GTP and the latter was recently found to be the preferred energy source for the asymmetric bacterial ABC transporter PatA/PatB [37,46,47]. Like ATPase activity, GTPase activity was reduced by about 41%, compared to the WT (Supplementary fig. 3).

We also tested the impact of drug-substrates on the ATPase activity of the different Cdr1p species (Fig. 4B), a relationship that is characterized in the case of PDR pumps by a decrease of hydrolysis proportional to the substrate concentration [48 50]. We used miconazole, the antifungal that we used to isolate the suppressor and tested it at a concentration of 15 and 30 µM. The ATPase activities of the L529A and L529A-Q1005H

proteins were the most impacted, clearly visible at the highest miconazole concentration wherein the corresponding ATPase activities represent 56 and 41% of the WT. Notably, the ATPase activity of the suppressor was more reduced than that of the L529A mutant at 15 µM miconazole. Thus, the presence of Q1005H mutation in the L529A background increases sensitivity of the ATPase towards miconazole. However, regarding the single Q1005H mutant, we did not observe a marked change in the sensitivity profile of the ATPase, although a declining trend was evident. attribute in a better manner, we carried out the same analysis with clotrimazole, a xenobiotic with an established inhibitory role on the ATPase activity of PDR transporters [48]. Here too, we observed an ATPase sensitivity profile indistinguishable from the WT (Supplementary fig. 4).

The same suppression phenotype is observed in Cdr2[L527A-Q1003H]-GFP

We explored the effect of the corresponding mutations in Cdr2p, which is 84% identical to Cdr1p sharing 94 and 98% identity between their NBD1 and NBD2, respectively.

We cloned CDR2 and generated the different equipositional mutants, L527A, L527A-Q1003H and Q1003H in the pABC3-GFP vector and expressed them in the AD1-8u -.

Confocal microscopy and Western blot analyses of the PM fractions confirmed their proper expression and membrane localization (Fig. 5A, 5B and Supplementary fig. 1C).

Xenobiotic profiling in liquid media demonstrated that the AD1-8u -(Cdr2[L527A]-GFP) strain is highly sensitive to all the tested antifungals and 4-fold more sensitive to rhodamine 6G than the WT strain (Table 4). The Q1003H secondary mutation in the background of L527A restored a drug-resistance pattern that was partial for the antifungals and full for the rhodamine 6G dye (Table 4). In contrast to the homologous Q1005H mutant in Cdr1p, cells overexpressing the single Q1003H mutant remained unexpectedly 4-fold more sensitive to rhodamine 6G and voriconazole than the WT (Table 4). Furthermore, as for Cdr1p, the suppressor AD1-8u -(Cdr2[L527A-Q1003H]-GFP) strain demonstrated a more significant restoration of resistance in case of rhodamine 6G as compared to other compounds (Table 4); in fact, the cells overexpressing this Cdr2p variant were hyper-resistant to rhodamine 6G. To further confirm these results, sensitivity profiling was performed in solid media, leading to similar observations (Fig. 5C and5D). Unfortunately, we could not test the impact of the mutations on the ATPase activity of Cdr2p because of its very low sensitivity towards oligomycin, as already reported [36].

Location and molecular interactions of Q1005 in Cdr1p

Q1005 is the last residue of the signature sequence LSGGQ of ABC proteins (Fig. 6A). The LSG segment marks the end of a large loop and GQ lies at the beginning of the following helix VI (Fig. 6A andB). In the NBD2 of Cdr1p, NVE replace SGG, reducing the flexibility of the peptide and increasing its potential for hydrophobic and ionic interactions with the neighboring residues. Downstream of Q1005 are three positively charged residues, RKR, the latter being highly conserved among ~1000 sequencesas demonstrated in the sequence logo (Fig. 6A). This accumulation of electropositivity, added to that of the dipole of the helix VI itself, generates a positive cluster at the N-terminal of the helix in front of the ribose and polyphosphate chain of the nucleotide; the Q1005H mutation reinforces such a trend. In the 3D model that we built previously [16], Q1005 faces the short helix V that precedes the large loop surrounding the nucleoside moiety and ending by the signature sequence. In this helix, M986 and Y989 are located behind and above Q1005, generating a hydrophobic environment strengthened by the aliphatic moiety of R1008 located below (Fig. 6C).

In this current apo-state model, the NBDs are loosely interacting, and the signature sequence is far from the other motifs (Walker A and B, H-loop, etc.) involved in ATP binding in the adjacent moiety of the NBS. To evaluate the long-range impact of the Q1005H suppressor mutation, we built the 3D model of Cdr1p in an ATP-bound conformation based on the recent ATP-bound ABCG2 E211Q non-hydrolytic mutant structure (PDB: 6hbu) [15].

This new outward-facing model highlights the involvement of Q1005 in ATP-binding, now close to the nucleotide while maintaining its interaction with helix V (Fig. 6D). While no significant conformational rearrangements are observed within one NBD, each moves to the other by a swinging movement originating from residues participating in ATP binding. This rigid movement is transmitted to the connecting and coupling helices (CnH, CpH), leading to closer contact of the TMDs in the inner leaflet of the PM and looser contact at the outer leaflet level, allowing drug release. However, as ABCG2 is homodimeric, we expected some differences in the case of asymmetric transporters such as Cdr1p, especially in the noncatalytic NBS where Q1005 stands. We, therefore, generated a model based on the structure of an asymmetric transporter bound with ATP. Since no experimental structure of asymmetric Type II transporter is available in that state, we restricted the modeling to the NBDs, which are highly conserved among the ABC superfamily members, as displayed in the Supplementary fig. 5. We selected the structure of the MRP1 Q1574E non-hydrolytic mutant (PDB: 6bhu) in it srecently resolved ATP-bound state [24]. The resulting model displays the same global fold, as expected concerning the high level of structural conservation of the NBD (Supplementary fig. 6). However, apart from non-modeled parts due to missing coordinates in the original structure, few differences exist between the different NBDs, mainly helix-IV being shorter than in the ABCG family (Supplementary fig. 5). In both closed-state models, based either on the NBDs of ABCG2 or those of MRP1, the region surrounding the signature sequence containing Q1005 directly contributes to anchor the ATP in the non-catalytic NBS (red in Fig. 6E) by making at least one H-bond (two in the case of the ABCG2-based model where NBDs are closer) between the amine group of the glutamine and the OH group of the third carbon atom of the ribose. The same situation is observed in the catalytic NBSs (blue in Fig. 6E) where E307, from the consensus VSGGE signature of PDR proteins, makes contact with ATP.

While investigating the different asymmetric NBDs structures available in the ATPbound state, we came across the zebrafish CFTR E1372Q structure (PDB: 5w81) and the human CFTR E1371Q structure (PDB: 6MSM). Interestingly in both human and zebrafish CFTR, the conserved Signature glutamine is replaced by a histidine in its non-catalytic NBS ( 1346 LSHGH 1350 and 1347 LSNGH 1351 respectively). Although Q552 and Q551, from the human and zebrafish CFTR catalytic NBS signature motif (LSGGQ) respectively, bind ATP in the same fashion as in other structures, H1350 and H1351 stand too far from the ribose to generate hydrogen bonds (Fig. 6E, last panel), at a distance of 4.7 and 7.6Å respectively (zebrafish structure not shown), leading to a loose participation of the helical domain 2 to the NBS (Supplementary fig. 6). This observation suggests that the same situation may occur in the Q1005H suppressor, generating a looser interaction of the ATP within the non-catalytic NBS. Indeed, replacing Q1005 by a residue capable of forming hydrogen bond such as serine (L529A-Q1005S), tyrosine (L529A-Q1005Y) or asparagine (L529A-Q1005N) led to considerable resistance of the strains expressing the variants for different xenobiotic compounds (Supplementary table 3). However, the H-bond alone cannot be responsible for the drug resistance restoration as the yeast strains remained much more sensitive to MCZ than the L529A-Q1005H strain. Indeed, the L529A-Q1005A behaved the same. Besides, some strains were explicitly susceptible to certain toxic compounds, such as the L529A-Q1005A towards CHX or L529A-Q1005Y towards KTZ, suggesting a contribution of the substrate itself in the resulting functional conformation(s). This assumption has previously been discussed by Ernst et al. [51] about Pdr5p, where the authors pointed out the influence not only of the nature of the substrate but also of the NBDs dynamics on drug transport and selectivity, should it be in the case of a mutation (in the catalytic H-loop) or of the nucleotide usage. More recently, observations made in a structural study of the Type I transporter P-gp, either bound to inhibitors or a substrate, support the evidence that the NBDs are involved in transport selectivity by showing that the bound molecules induce specific conformational changes in the NBDs while the conformation of the TMDs remain nearly unchanged [9].

DISCUSSION

The recently reported critical role of the L529 residue from TMH1 in xenobiotic sensitivity [16,39], motivated our search for secondary mutations relieving this phenotype, a powerful tool in yeast to explore the structure and function of such proteins [29,50]. Using this approach, the single compensatory mutation that appeared was Q1005H, located within the ABC signature sequence of the non-catalytic NBS of the pump. The suppressor mutation alleviated the xenobiotic sensitivity induced by the initial L529A mutation (Fig. 1). Since the apparent affinity for rhodamine 6G is not significantly improved by the secondary mutation (Supplementary fig. 2A andB), the recovered xenobiotic resistance by the suppressor strain may be explained by a better coupling between ATPase and transport. This claim also seems plausible considering the distance of the Q1005H mutation (as far as 60 Å) from the L529 residue (Fig. 6B andD). Notably, the ATPase activity of the suppressor protein is about 65-70% of that of the WT (Fig. 2C and4A). The situation is even more evident in the single Q1005H mutant for which the ATPase (or GTPase) activity is approximately half-reduced (Fig. 4A and Supplementary fig. 3), while it displays an increased resistance for most of the xenobiotics as compared to the WT (Table 2 and Fig. 3B). The combination of the L529A and Q1005H mutations likely generates a conformation that restores the transmission between NBDs and TMDs. The equivalent set of mutations in Cdr2p revealed similar phenotypes, although more enhanced for the double L527A-Q1003H mutant (Fig. 5). The Q1005H mutation may also affect the kinetics of certain substeps of the catalytic cycle.

thereby favouring the equilibration time of the substrate to its binding site as previously proposed [49]. This kinetic phenomenon was proposed to differentially affect the substrates, since each drug exhibits specific on-and off-rates upon binding and release [49]. Thus, an altered equilibration time between substrates and the inward-facing drug binding site would result in an altered selection of substrates [49,51]. In a similar line, the E1013A mutation, previously introduced by site-directed mutagenesis in the Signature motif of the non-catalytic NBS of Pdr5p, reduced the ATPase activity by 70% and resulted in strong loss of clotrimazole and cycloheximide transport but not for R6G [27].

As indicated, the catalytic and non-catalytic NBSs of Cdr1p are successively formed and disrupted by the association and dissociation of NBD1 and NBD2 (Fig. 6B andD).

Previously, we reported that the W1038S mutation located in the D-loop of the non-catalytic NBS of Cdr1p rescues the transport-defective V532D mutation, located close to L529 on the same TMH1 side [34]. Q1005 and W1038 residues are closely situated in the NBD2 and are part of the non-catalytic NBS and at the interface between NBDs, respectively (Fig. 7A,B).

Of note, suppression mutants in Pdr5p transport defective S558Y (TMH2) mutant were also obtained, two of them being in the TMD region (M679L and G1233D) and three of them in the non-catalytic NBS, i.e. in the Q-loop of NBD1 (N242K, E244G, and ) [31] (Fig. 7A,B). Thus, several residues of the non-catalytic NBS of Cdr1p or Pdr5p were spontaneously selected to restore drug transport from TMH mutants. These data point at a direct functional role of the non-catalytic NBS in the drug transport cycle. Since ATP is not hydrolyzed at this site, it is reasonable to think that its functional role is more likely associated with a succession of tightly-and loosely-bound states.

As shown in Fig. 6E, the new ATP-bound structures of MRP1 and CFTR [24,52,53] show that when glutamine is present in the signature sequence, it interacts with the ribose of the ATP through an H-bond. However, when that residue is a histidine as H1350 in the non-catalytic NBS of CFTR, the structure shows a displacement of the histidine and neighbors from the ribose by about 1 to 2Å, consistent with a looser ATP-bound state.

Earlier, the H1350Q mutation was introduced in CFTR, and its effect on channel conductance characterized [54]. Compared to the WT protein, the mutant channel displayed the same opening capability and a similar closed-time duration, but notably, the time period of remaining in the open state was reduced by two-fold. Since the closing of the channel is initiated by ATP hydrolysis [55], this behavior suggests that the H1350Q mutation increases the ATP hydrolysis rate. This is consistent with the fact that the reciprocal Q1005H mutation in Cdr1p reduces the ATPase activity by half, which again may be due to a looser ATPbound state in the non-catalytic NBS.

The Q1005H mutation may, therefore, re-synchronize the ATPase engine with the substrate-translocation machinery, but how is the coupling restored? ABC transporters are powered with a nucleotide-binding domain dimer that opens and closes during cycles of ATP binding and hydrolysis. As shown in Fig. 7C, each domain consists of a RecA-like coredomain -helical subdomain. The helical subdomain is specific to the ABC family and contains the ABC signature sequence. EPR experiments on the maltose ABC transporters showed that these two subdomains move relative to each other by ~10°, thereby orienting the signature sequence to make contacts with the nucleotide across the dimer interface [56].

Because each coupling helix of the transmembrane domains inserts in a cleft between these

RecA and helical subdomains [57], this intradomain movement is likely part of the conformational change accompanying NBD closure and substrate translocation [56].

Consequently, Q1005 (as well as the surrounding region) should thus contribute to the closing/opening of the non-catalytic NBS, thereby generating the transmission interface with the coupling and connecting helices (Fig. 7C). In addition, a recent study on CFTR has suggested an asynchrony of motion in the two ATP-binding sites, and that closure of both catalytic and non-catalytic sites are necessary for the opening cycle of the channel [58]. For the assay, the following amounts of the xenobiotics substrates were used: 128 µg/ml and 32 µg/ml fluconazole (FLC), 1µg/ml and 0.25µg/ml ketoconazole (KTZ), 1µg/ml and 0.25 µg/ml miconazole (MCZ), 2µg/ml and 0.5 µg/ml cycloheximide (CHX), 16 µg/ml and 4 µg/ml anisomycin (ANI), and 32 µg/ml and 8 µg/ml rhodamine 6G (R6G), respectively. (C) Rhodamine 6G efflux. The host AD1-8u - efflux values were subtracted from each reading. Results are the mean ± SD for cell aliquots from three separate cultures. ATPase activity of the WT, L529A mutant, Q1005H single mutant, and suppressor (L529A-Q1005H) suppressor proteins. ATPase was measured in an oligomycin-sensitive reaction as described in Methods. Results are the mean ± SEM of activities of three independent PM preparations.

-test. (B) Miconazolesensitive ATPase assay performed similarly to that of the standard ATPase assay except that the PM proteins were incubated with 15 or 30 µg/ml miconazole before the addition of oligomycin and ATP. Results are the mean ± SD of activities of three separate PM preparations. with their corresponding suppressor mutants in yellow and magenta, respectively: L529A Q1005H (this work) and V532D W1038S [34] in Cdr1p, and S558Y N242K [29] [31] of Pdr5p. CnHx and CpHx correspond to the connecting and coupling helices, respectively. Residues within a radius of 5Å around ATP in the MRP1-based closed conformation of Cdr1p NBDs (Supplementary fig. 6) are colored in pink and shown in transparent surface to define the non-catalytic NBS. (C) Zoomed interface between NBD2 and TMD in Cdr1p showing the interplay between the RecA-like (yellow) and Helical (green) sub-domains in the non-catalytic NBS, the coupling and connecting helices (red) and the TMD (pink), transposed from the corresponding interaction observed in the maltose importer [56].

INTRODUCTION

ABC transporters constitute a large protein family present in all kingdoms of life [1,2]. They are central to many physiological processes, and some of them are also involved in multidrug resistance (MDR) phenomenon. Indeed, overexpression of the MDR ABC pumps is the prime cause of chemoresistance in cancer cells [3]. Similarly, pathogenic fungal species such as Candida albicans take advantage of their repertoire of ABC transporters to expel a wide range of antifungal drugs, hampering the treatment of fungal diseases [4,5].

The minimal functional unit of ABC transporters consists of two transmembrane domains (TMDs), each usually comprising six transmembrane helices (TMHs) linked with intracellular and extracellular loops (ICLs and ECLs) and two nucleotide binding domains (NBDs) [6]. Transport of compounds occurs through inward-to outward-facing conformational changes of the TMDs upon ATP binding and hydrolysis by the NBDs.

Combination of these domains generates either homo-or heterodimeric half or full transporters. ABC exporters of the Type I group are characterized by NBDs following TMDs, long ICLs and membrane helices/ICLs swapping between each half. Such a topology has been earlier revealed with the crystal structures of Sav1866 [7], MsbA [8], and more recently with the cryo-electron microscopy (Cryo-EM) structures of the human P-glycoprotein [9], the Zebrafish Cystic Fibrosis Transmembrane Conductance Regulator, CFTR [10] and the bovine Multidrug Resistance Protein 1, MRP1 [11]. In the last couple of years, the crystal structure of the human cholesterol transporter ABCG5/ABCG8 heterodimer [12], followed by the cryo-EM structures of the human multidrug resistance homodimeric pump ABCG2 [ 13 15] revealed a new Type II topology of ABC transporters. It is characterized by shorter ICLs than the ones of Type I exporters leading to NBDs being close to the membrane, as well as the absence of cross-over helices from one TMD to the opposite NBD. This particular topology can be extended to other members of the ABCG family as well as its orthologous yeast and plant PDR (Pleiotropic Drug Resistance) family proteins which share a specific reverse topology whereby the NBDs precede the TMDs. The Candida drug resistance 1 and 2 proteins, Cdr1p and Cdr2p in C. albicans, and the Pleiotropic drug resistance 5 protein Pdr5p in S. cerevisiae are full PDR transporters belonging to the Type II topology, as recently confirmed by systematic mutagenesis and in silico modeling studies [16,17].

Several heterodimeric half and full transporters display an asymmetry within their

NBSs where both can bind ATP, but only one can hydrolyze it. This particular non-hydrolytic NBS carries non-canonical residues in the conserved motifs involved in ATP hydrolysis [18], namely, (i) the conserved glutamate adjacent to the Walker B motif [19], (ii) the histidine of the H-loop [20] and (iii) residues of the ABC signature sequence [21]. Such asymmetry is an essential feature of clinically relevant ABC transporters such as MRP1, CFTR and the Transporter associated with Antigen Processing (TAP1/TAP2) [ 22 24]. Indeed, mutational analysis of these proteins demonstrated that non-canonical residues in the conserved motifs are not involved in catalysis [22,25,26]. Recent MRP1 structure highlighted ATP-binding as the trigger for the conformational transition from the inward-to the outward-facing orientation [24]; however, using an ATPase-deficient mutant to freeze the corresponding conformation raises a question about the respective implication of the catalytic and noncatalytic NBSs in this step. Yeast exporters of the PDR subfamily such as Cdr1p and Pdr5p serve as model systems for investigating the importance of NBSs asymmetry. Recent studies on Pdr5p highlighted the role of its non-catalytic NBS in signal transmission between TMDs and NBDs [27,28].

However, understanding how the domains interplay during such signal transmission demands further investigation. One approach is to characterize the interacting residues through the analysis of intragenic suppressor mutations [29 33]. This strategy was exploited with Pdr5p bearing the mutation S558Y, located in the outer leaflet region of TMH2, to generate, among 5 suppressors, the rescuing mutations N242K [29], D246 or E244G [31], all of them being located in the Q-loop region of NBD1 which is part of the non-hydrolytic ATP-binding site. The same approach was applied to the V532D mutant of Cdr1p, situated in the outer leaflet of TMH1, leading to the identification of the rescuing mutation W1038S, again located in the non-hydrolytic NBS but belonging to NBD2 [34].

These findings made us assume a specific involvement of the non-catalytic NBS in the mechanism of drug efflux mediated by asymmetric ABC pumps and encouraged us to look for new suppressors in Cdr1p. We assayed several primary mutants and isolated one suppressor against the L529A mutant in TMH1, namely L529A-Q1005H, that we also reproduced in Cdr2p to evaluate the level of suppressor conservation. The present data reveal that the Q1005H mutation, which is part of the non-catalytic NBS, alleviates transport defect and drug hyper-susceptibility of the L529A mutant strain by a coupling mechanism. 

MATERIALS AND METHODS

Materials

Strains and culture conditions

Yeast strains are listed in Supplementary table 1. All the strains were grown in YEPD medium (yeast extract, peptone, and dextrose) from HiMedia laboratories, Mumbai India. Yeast transformants were selected on solid Synthetic Defined medium without uracil (SD-Ura). The medium comprised of 0.67 % YNB (Yeast nitrogen base) without amino acids (Difco, Becton, Dickinson and Company, MD, USA), 0.2% dropout mix without uracil and 2% glucose. Plasmids were maintained in the Escherichia coli -Bertani medium (HiMedia Laboratories, Mumbai, India) with 100 µg/ml ampicillin (Amresco, Solon, USA).

Generation and sequence analysis of suppressor mutants

Cells from overnight culture expressing the Cdr1[L529A]-GFP mutant were mixed in 25 ml of YEPD agar medium to set a final OD 600 (optical density at 600 nm) of 10 5 cells.

Whatman paper filter disks were placed on to the plates with sterile tweezers on which toxic drugs were deposited in specific amounts. Plates were then incubated at 30°C for about 6-7 days, and drug-resistant colonies appeared within the inhibitory zones. Resistant colonies were further passaged on drug-containing plates to confirm the resistance. DNA was further isolated from those colonies, followed by PCR amplification of CDR1 using the KOD Plus DNA polymerase (TOYOBO Co. Ltd., Osaka, Japan) and primers listed in Supplementary table 2 (CDR1/F-HS and CDR1/R-HS). PCR amplicons were sequenced at least twice to identify mutations.

Site-directed mutagenesis and yeast transformation

Site-directed mutagenesis was carried out using Quick-Change site-directed mutagenesis kit (Agilent Technologies, USA), amplifying the entire plasmid bearing CDR1 or CDR2 with primers harboring the desired mutation, detailed in Supplementary table 2.

Mutations were confirmed by gene sequencing. The resulting plasmids were either digested by XbaI (pPSCDR1-GFP) or AscI (pABC3-CaCDR2-GFP) to liberate the linearized plasmid or transformation cassette, respectively. In case of pABC3-CaCDR2-GFP, before yeast transformation, the transformation cassette released after AscI digestion was purified on an agarose gel followed by gel extraction with the Qiagen extraction kit. S. cerevisiae AD1-8u - [35,36] cells were then transformed with linearized plasmid or transformation cassette using the LiAc method. The transformants were selected on SD-Ura -.

Molecular cloning of CDR2 in pABC3-GFP and its overexpression in AD1-8u - CDR2 was amplified from genomic DNA of C. albicans SC5314 strain using forward and reverse primers containing PacI and NotI restriction sites respectively (Supplementary table 2). PCR was performed as above, and the product was then A-tailed using Taq DNA polymerase (New England Biolabs, MA, USA) and cloned in the TA cloning vector pTZ57R/T using the InsTAclone PCR cloning kit (ThermoFisher Scientific, MA, USA).

Positive clones were confirmed by restriction digestion. pTZ57R/T containing CDR2 and pABC3-GFP was digested with PacI and NotI restriction enzymes. Fragments were gelpurified as above and ligated with the T4 DNA ligase (New England Biolabs, MA, USA).

Positive clones (pABC3-CaCDR2-GFP) were confirmed by restriction digestion, followed by DNA sequencing. Transformed in AD1-8u -strain was performed after AscI digestion as described above.

Confocal microscopy

AD1-8u -cells expressing the various C-terminal GFP-tagged protein variants were grown for about 12microscope (PA, USA) or Nikon Eclipse Ti E laser confocal microscope with 100X oil immersion objective lens.

Preparation of purified plasma membrane (PM) fractions

Purified PM fractions were prepared from 200 ml yeast culture as described previously [30,37] with the following minor modifications. The homogenization/lysis buffer comprised 10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.5 mM EDTA, and protease inhibitors such as 1 mM phenylmethylsulfonyl fluoride comprised 10 mM Tris-HCl, pH 7.5, 10% glycerol, 50 mM NaCl and protease inhibitors as used in the lysis buffer.

Immunodetection of GFP tagged proteins

Protein in the PM fractions was quantified with the bicinchoninic acid (BCA) assay kit (G-biosciences, MO, USA). Thirty micrograms of these proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to Polyvinylidene fluoride (PVDF) membranes using the Trans-Blot Turbo system (Bio-Rad).

After having the membrane blocked in Quick block buffer (G-biosciences, MO, USA), Cterminal GFP-fused Cdr1/Cdr2 proteins on the PVDF membranes were immunodetected with HRP-labelled anti-GFP antibody (Santa Cruz Biotechnology Inc. Texas, USA) at 1:5000 dilution. The PM ATPase 1 (Pma1) was detected with anti-Pma1 polyclonal primary antibody diluted at 1:5000 and HRP conjugated anti-rabbit secondary antibody. Protein bands were detected using a BIO-RAD ChemiDoc XRS+ system following reaction with Clarity Western ECL blotting substrate (Bio-Rad).

Drug sensitivity

The sensitivity of yeast strains to xenobiotics was determined using broth microdilution assay (BMD) and serial dilution spot assay.

MIC 80 for the xenobiotic compounds were determined according to the CLSI broth microdilution method except that YEPD medium was used instead of RPMI as S. cerevisiae AD1-8u -cells do not grow in RPMI medium [17]. Briefly, a two-fold serial dilution of each xenobiotic substrate was prepared in YEPD medium and incubated with logarithmic phase cells (~10 4 80 for a particular xenobiotics substrate was defined as the lowest concentration that inhibited growth by 80%.

For serial dilution spot assay, yeast suspensions were prepared in 0.9% NaCl solution and serially diluted five-fold. A 4 µl aliquot from each dilution was spotted onto YEPD agar plates with or without xenobiotics and incubated for 48 h at 30°C.

Substrate transport assays

Rhodamine 6G efflux was quantified as described previously [38] with minor modifications. Briefly, stationary phase culture was used to set an OD 600 of 0.4 in 15 ml of YEPD broth. After 6 h, yeast cells were harvested, washed and suspended in 1. 

Oligomycin-sensitive ATPase assays

Cdr1p ATPase activityin the purified PM fractions was measured by a colorimetric assay as previously described [37]. The assay was carried out in the presence and absence of oligomycin, their difference corresponding to the specific activity of the pumps in the AD1-8u -strain devoid of the primary endogenous ABC pumps. In a total reaction volume of 100 µl, ten micrograms PM protein was added to 50 µl of 2x-concentrated ATPase buffer containing 120 mM Tris-HCl, pH 7.5, 16 mM MgCl 2 , 2 mM NaN 3 and 10 mM KNO 3 .

Following this step, oligomycin was added as a specific inhibitor of Cdr1p, at 20 µM,and the sample was incubated for about 2-3 minutes. Finally, 5 mM ATP (final concentration) was added, and the reaction was initiated. After incubation at 30°C for 30 min, the reaction was stopped by addition of 1 ml of cold stop solution (0.5% ammonium molybdate, 0.5% SDS and 2% H 2 SO 4 ) and 10 µl of 10% ascorbic acid, followed by another incubation for 30 min at 30°C. The amount of released inorganic phosphate was quantified by optical density at 880 nm, using known KH 2 PO 4 amounts as standard. For drug-sensitive ATPase activity, 10 µg of PM proteins were mixed with the requisite concentration of drug and incubated for 10 min at room temperature before addition of oligomycin and ATP.

Limited trypsin digestion

Limited trypsin digestion of the PM fractions was carried out as described previously [33] with minor modifications. Briefly, 40 µg of total PM proteins were incubated with a ratio 20:1 (protein/enzyme) of trypsin (Sigma) in 50 mM Tris-HCl, pH 7.5, at 4°C for 10 min in a water bath. The reaction was stopped by adding 5x SDS-PAGE loading solution to the sample, which was then subjected to SDS-PAGE followed by immunoblotting with an anti-GFP monoclonal antibody.

Time-Resolved Fluorescence Anisotropy Decay Measurements

Fluorescence anisotropy decays of rhodamine 6G in PBS and PM proteins were measured in time-correlated single photon counting (TCSPC) setup (FL920, Edinburgh Instruments, UK) as described previously [39]. In the TCSPC setup, rhodamine 6G in PBS and PM proteins was excited using a picosecond-pulsed laser-diode (470 nm, pulse width ~100 ps), and the fluorescence decays in parallel, and perpendicular polarization relative to vertical excitation polarization were collected at 555 nm. Finally, the anisotropy decays were obtained from the equation: r(t) = (I -GI )/(I +2GI ), wherein I and I are the decays measured at parallel and perpendicular polarization and G represents the instrumental Gfactor [39]. The anisotropy decays were analyzed by a sum of two-exponentials plus a background to accommodate residual anisotropy due to bound rhodamine 6G, using the following equation [39],

r(t) = r 0 [a 1 exp(-t/ f ) + a 2 exp(-t/ b )] + c (eq 1)
where, r 0 is the anisotropy at zero-time, a 1 and a 2 are the contributions and, f and b are time-constants of the free (260 ps) and bound (3.1 ns) rhodamine 6G, respectively, and c is the residual anisotropy at a long time originating from the bound fraction of rhodamine 6G.

To calculate the overall fractions of free and bound rhodamine 6G, the relative contributions, together with constant baseline (c), were normalized such that (r 0 a 1 + r 0 a 2 + c) = 1. We defined [r 0 a 1 /(r 0 a 1 + r 0 a 2 + c)] = a f ; [r 0 a 2 /(r 0 a 1 + r 0 a 2 + c)]= a b and [c/(r 0 a 1 + r 0 a 2 + c)] = b. The total bound fraction of rhodamine 6G was then considered as (a b + b) in all cases, and the results are included in Supplementary fig. 2A andB.

Statistical analyses

All plots in the study were made using GraphPad Prism (San Diego, CA). Data are represented as mean ± SD or mean ± SEM, and mentioned accordingly in the respective 

RESULTS

The systematic alanine-scanning of the 252 residues forming the TMDs of Cdr1p identified about one-third of residues as critical for xenobiotic efflux [16,39]. We applied the suppressor genetics strategy on mutant variants of the most essential residues. While the V532D mutant in TMH1 yielded the W1038S mutation [34], the L529A mutant was compensated by the Q1005H mutation that we report here (Fig. 1). This secondary mutation was generated when L529A mutant strain was exposed to miconazole as described in the Methods section. Our screen also included various concentrations of other antifungal drugs such as fluconazole, ketoconazole, and cycloheximide. However, miconazole was the only drug that led to an intragenic suppressor identified herein, although previous suppressor studies from our group have shown multiple drugs to be capable of inducing such compensatory mutation(s) [33,34].

Glutamine 1005 is located in NBD2, within the ABC signature sequence that contributes, with NBD1, to the non-catalytic NBS. This glutamine is highly conserved as predicted by the ConSurf server (http://consurf.tau.ac.il/) [44] (Fig. 1A). The same strain AD1-8u -(Cdr1[L529A-Q1005H]-GFP) was de novo generated to exclude the contribution of exogenous mutations. We then examined the localization of the protein by confocal microscopy (Fig. 1B), together with the Cdr1-GFP (WT) and Cdr1[L529A]-GFP primary mutant. As shown, all the proteins were localized at the plasma membrane (PM), with GFP fluorescence levels similar to the WT, a result also confirmed by Western-blot using the H + -ATPase 1 (Pma1) as PM marker (Fig. 1C). To take possible variations in protein expression levels between constructions into consideration, we normalized GFP-expression relative to that of Pma1 in three independent PM preparations for each species. We did not observe any statistically significant difference in expression levels, as shown in Supplementary fig. 1A. In further experiments, the suppressor strain refers exclusively to the de novo engineered AD1-

8u -(Cdr1[L529A-Q1005H]-GFP) strain.
The Q1005H mutation in the background of L529A alleviates the sensitivity to xenobiotics

We assayed the drug resistance capacity of the AD1-8u -(Cdr1[L529A-Q1005H]-GFP) strain in liquid (Table no. 1) and solid (Fig. 1D) media. Tests performed in liquid medium gave MIC 80 values substantially higher than those obtained with the single L529A mutant strain; a WT resistance pattern was observed for the rhodamine dyes and an intermediate one for the antifungals. Solid medium assays also supported the fact that drug resistance is significantly improved in the suppressor strain.

L529A-Q1005H variant of Cdr1p has an improved transport activity and does not display topological changes when compared to the L529A mutant

To quantitatively assess the phenotypes, we evaluated the substrate transport abilities of the mutant and its suppressor using the whole cell-based efflux and flow cytometry assays with the fluorescent substrates rhodamine 6G and Nile red, respectively, as described previously [38]. As shown in Fig. 2A, the rhodamine 6G efflux in the suppressor strain was about 80% of that of the WT, compared to the mutant strain, which was at 40%. This result supported the phenotypes observed in Fig. 1D, where the suppressor and mutant strain demonstrated full and decreased resistance, respectively. We found the same trend with Nile red (Fig. 2B), for which the intracellular accumulation was reduced by 95% in the WT and 85% in the suppressor strain, compared with the mutant strain where it was reduced by approximately 65%. Consequently, these data indicated that the Cdr1[L529A-Q1005H]-GFP protein recovered the substrate-transport capacity, which was compromised in the

Cdr1[L529A]-GFP protein.
We demonstrated earlier the usefulness of time-resolved fluorescence spectroscopy (fluorescence anisotropy decays) to monitor rhodamine 6G binding onto Cdr1p, showing that the L529A mutant protein has a reduced apparent affinity for the dye compared to the WT [39]. We applied here the same strategy to compare the suppressor protein with the WT and mutant proteins. We observed that the anisotropy decays of rhodamine 6G in both mutant and suppressor proteins were similar (Supplementary fig. 2A). Analysis of anisotropy decays using bi-exponential decay function -one exponential for free rhodamine 6G and a second for bound rhodamine 6G plus background-showed that the respective total bound contribution (a b + b) of rhodamine 6G in both mutant and suppressor proteins were close to each other (Supplementary fig. 2B). These data suggested similar rhodamine 6G binding characteristics for both proteins. Consequently, since the substrate-binding defect observed with the L529A mutant persisted with the suppressor protein, the compensation allowed by the Q1005H secondary mutation does not seem to involve a change in the affinity of the protein for the dye.

Since conformational changes in the protein tend to modulate the accessibility of protease recognition sites, we also probed the possible conformational alterations in the mutant and suppressor Cdr1p by limited trypsin digestion. Supplementary fig. 2C depicts the trypsin digestion pattern obtained with the respective PM fractions. No significant difference in the digestion patterns of the tested proteins was observed. However, since there is a difference in the densities of the digested fragments, chances of subtle perturbations do exist.

The ATPase activity of the suppressor protein is partially reduced

We then evaluated the impact of the suppressor mutation on the ATPase activity of the protein (Fig. 2C). We showed earlier that the ATPase activity of Cdr1p is sensitive to oligomycin [37] and therefore allows us to measure Cdr1-specific ATPase activity precisely in the PM fraction when overexpressed in the host AD1-8u -strain, which carries deletions in the genes encoding 7 drug efflux pumps Pdr5p, Pdr10p,

Ycf1p [35]. The residual oligomycin-sensitive ATPase activity in the PM fraction of the host strain ranges from 7 to 15 nmoles of P i /min/mg protein [36,45]. We measured an oligomycinsensitive ATPase activity of ~78 nmoles of P i /min/mg protein in the L529A mutant PM fractions, close to the 87 nmoles of P i /min/mg protein in the WT, indicating an almost intact ATPase function. The PM fraction containing the L529A-Q1005H suppressor protein displayed an oligomycin-sensitive ATPase activity of ~57 nmoles of P i /min/mg protein, which is 35% reduced compared to the WT.

The Q1005H mutation alone increases drug resistance and decreases the ATP hydrolysis rate by two-fold

To gain further insights, we characterized the Q1005H mutation in the wild-type L529 background. Confocal microscopy and Western blots of the corresponding PM fraction showed that the Cdr1[Q1005H]-GFP protein principally localizes in the PM and is expressed at same levels as the WT (Fig. 3A and Supplementary fig. 1B). The AD1-8u -(Cdr1[Q1005H]-GFP) strain was then subjected to xenobiotic toxicity profiling. While MIC 80 for miconazole and cycloheximide remained similar to that of the WT, a two-fold higher MIC 80 was unexpectedly noted for fluconazole, ketoconazole, anisomycin and rhodamine 6G (Table 2).

To confirm this ultra-resistance of the strain, we performed serial dilution spot assays using the MIC 80 concentrations of the substrates. We indeed observed such a phenotype of the AD1-8u -(Cdr1[Q1005H]-GFP) strain on ketoconazole, anisomycin and rhodamine 6G, compared to the WT strain but not with fluconazole (Fig. 3B). Of note, both WT and

(Cdr1[Q1005H]-GFP) strains showed identical growth patterns at sub-MIC 80 concentrations of the antifungal substrates (Fig. 3B). Thus, it was evident that the Q1005H mutation by itself results in a gain of function in Cdr1p that allows the host yeast to tolerate higher concentrations of several xenobiotic agents by improving their efflux mechanism, but how does such improvement occur?

To address that question, we looked at the ability of the Q1005H mutant to transport rhodamine 6G that we found close to that of the WT (Fig. 3C), thereby confirming the fully functional status. Although Q1005 is part of the non-hydrolytic NBS, we investigated the impact of the Q1005H mutation on the hydrolytic activity of the protein. We compared the kinetics of ATP hydrolysis in the WT, L529A mutant, Q1005H mutant, and L529A-Q1005H suppressor proteins (Fig. 4A and Table 3). The V max of the ATP hydrolysis in case of Q1005H and L529A-Q1005H proteins was found to be reduced by 44% and 31%, respectively, when compared with the WT (WT: 127± 17, Q1005H: 71 ± 10 and L529A-Q1005H: 87 ± 8 nmoles of P i /min/mg protein). The V max remained similar to the WT in case of the L529A mutant protein (112 ± 14 nmoles of P i /min/mg protein). We also estimated the apparent affinity for ATP by measuring K M of hydrolysis. While K M remained the same in case of WT and Q1005H proteins (1.2 ± 0.5 mM), a modestly increased K M was observed with the L529A-Q1005H (1.4 ± 0.4 mM) and L529A (1.7 ± 0.5 mM) proteins. Given the significant reduction of ATPase activity observed in the case of the Q1005H single mutant, we also monitored its oligomycin-sensitive GTPase activity. Indeed, Cdr1p can hydrolyze both ATP and GTP and the latter was recently found to be the preferred energy source for the asymmetric bacterial ABC transporter PatA/PatB [37,46,47]. Like ATPase activity, GTPase activity was reduced by about 41%, compared to the WT (Supplementary fig. 3).

We also tested the impact of drug-substrates on the ATPase activity of the different Cdr1p species (Fig. 4B), a relationship that is characterized in the case of PDR pumps by a decrease of hydrolysis proportional to the substrate concentration [48 50]. We used miconazole, the antifungal that we used to isolate the suppressor and tested it at a concentration of 15 and 30 µM. The ATPase activities of the L529A and L529A-Q1005H

proteins were the most impacted, clearly visible at the highest miconazole concentration wherein the corresponding ATPase activities represent 56 and 41% of the WT. Notably, the ATPase activity of the suppressor was more reduced than that of the L529A mutant at 15 µM miconazole. Thus, the presence of Q1005H mutation in the L529A background increases sensitivity of the ATPase towards miconazole. However, regarding the single Q1005H mutant, we did not observe a marked change in the sensitivity profile of the ATPase, although a declining trend was evident. attribute in a better manner, we carried out the same analysis with clotrimazole, a xenobiotic with an established inhibitory role on the ATPase activity of PDR transporters [48]. Here too, we observed an ATPase sensitivity profile indistinguishable from the WT (Supplementary fig. 4).

The same suppression phenotype is observed in Cdr2[L527A-Q1003H]-GFP

We explored the effect of the corresponding mutations in Cdr2p, which is 84% identical to Cdr1p sharing 94 and 98% identity between their NBD1 and NBD2, respectively.

We cloned CDR2 and generated the different equipositional mutants, L527A, L527A-sequence logo (Fig. 6A). This accumulation of electropositivity, added to that of the dipole of the helix VI itself, generates a positive cluster at the N-terminal of the helix in front of the ribose and polyphosphate chain of the nucleotide; the Q1005H mutation reinforces such a trend. In the 3D model that we built previously [16], Q1005 faces the short helix V that precedes the large loop surrounding the nucleoside moiety and ending by the signature sequence. In this helix, M986 and Y989 are located behind and above Q1005, generating a hydrophobic environment strengthened by the aliphatic moiety of R1008 located below (Fig. 6C).

In this current apo-state model, the NBDs are loosely interacting, and the signature sequence is far from the other motifs (Walker A and B, H-loop, etc.) involved in ATP binding in the adjacent moiety of the NBS. To evaluate the long-range impact of the Q1005H suppressor mutation, we built the 3D model of Cdr1p in an ATP-bound conformation based on the recent ATP-bound ABCG2 E211Q non-hydrolytic mutant structure (PDB: 6hbu) [15].

This new outward-facing model highlights the involvement of Q1005 in ATP-binding, now close to the nucleotide while maintaining its interaction with helix V (Fig. 6D). While no significant conformational rearrangements are observed within one NBD, each moves to the other by a swinging movement originating from residues participating in ATP binding. This rigid movement is transmitted to the connecting and coupling helices (CnH, CpH), leading to closer contact of the TMDs in the inner leaflet of the PM and looser contact at the outer leaflet level, allowing drug release. However, as ABCG2 is homodimeric, we expected some differences in the case of asymmetric transporters such as Cdr1p, especially in the noncatalytic NBS where Q1005 stands. We, therefore, generated a model based on the structure of an asymmetric transporter bound with ATP. Since no experimental structure of asymmetric Type II transporter is available in that state, we restricted the modeling to the NBDs, which are highly conserved among the ABC superfamily members, as displayed in the Supplementary fig. 5. We selected the structure of the MRP1 Q1574E non-hydrolytic mutant (PDB: 6bhu) in it srecently resolved ATP-bound state [24]. The resulting model displays the same global fold, as expected concerning the high level of structural conservation of the NBD (Supplementary fig. 6). However, apart from non-modeled parts due to missing coordinates in the original structure, few differences exist between the different NBDs, mainly helix-IV being shorter than in the ABCG family (Supplementary fig. 5). In both closed-state models, based either on the NBDs of ABCG2 or those of MRP1, the region surrounding the signature sequence containing Q1005 directly contributes to anchor the ATP in the non-catalytic NBS (red in Fig. 6E) by making at least one H-bond (two in the case of the ABCG2-based model where NBDs are closer) between the amine group of the glutamine and the OH group of the third carbon atom of the ribose. The same situation is observed in the catalytic NBSs (blue in Fig. 6E) where E307, from the consensus VSGGE signature of PDR proteins, makes contact with ATP.

While investigating the different asymmetric NBDs structures available in the ATPbound state, we came across the zebrafish CFTR E1372Q structure (PDB: 5w81) and the human CFTR E1371Q structure (PDB: 6MSM). Interestingly in both human and zebrafish CFTR, the conserved Signature glutamine is replaced by a histidine in its non-catalytic NBS ( 1346 LSHGH 1350 and 1347 LSNGH 1351 respectively). Although Q552 and Q551, from the human and zebrafish CFTR catalytic NBS signature motif (LSGGQ) respectively, bind ATP in the same fashion as in other structures, H1350 and H1351 stand too far from the ribose to generate hydrogen bonds (Fig. 6E, last panel), at a distance of 4.7 and 7.6Å respectively (zebrafish structure not shown), leading to a loose participation of the helical domain 2 to the NBS (Supplementary fig. 6). This observation suggests that the same situation may occur in the Q1005H suppressor, generating a looser interaction of the ATP within the non-catalytic NBS. Indeed, replacing Q1005 by a residue capable of forming hydrogen bond such as serine (L529A-Q1005S), tyrosine (L529A-Q1005Y) or asparagine (L529A-Q1005N) led to considerable resistance of the strains expressing the variants for different xenobiotic compounds (Supplementary table 3). However, the H-bond alone cannot be responsible for the drug resistance restoration as the yeast strains remained much more sensitive to MCZ than the L529A-Q1005H strain. Indeed, the L529A-Q1005A behaved the same. Besides, some strains were explicitly susceptible to certain toxic compounds, such as the L529A-Q1005A towards CHX or L529A-Q1005Y towards KTZ, suggesting a contribution of the substrate itself in the resulting functional conformation(s). This assumption has previously been discussed by Ernst et al. 

DISCUSSION

The recently reported critical role of the L529 residue from TMH1 in xenobiotic sensitivity [16,39], motivated our search for secondary mutations relieving this phenotype, a powerful tool in yeast to explore the structure and function of such proteins [29,50]. Using this approach, the single compensatory mutation that appeared was Q1005H, located within the ABC signature sequence of the non-catalytic NBS of the pump. The suppressor mutation alleviated the xenobiotic sensitivity induced by the initial L529A mutation (Fig. 1). Since the apparent affinity for rhodamine 6G is not significantly improved by the secondary mutation (Supplementary fig. 2A andB), the recovered xenobiotic resistance by the suppressor strain may be explained by a better coupling between ATPase and transport. This claim also seems plausible considering the distance of the Q1005H mutation (as far as 60 Å) from the L529 residue (Fig. 6B andD). Notably, the ATPase activity of the suppressor protein is about 65-70% of that of the WT (Fig. 2C and4A). The situation is even more evident in the single Q1005H mutant for which the ATPase (or GTPase) activity is approximately half-reduced (Fig. 4A and Supplementary fig. 3), while it displays an increased resistance for most of the xenobiotics as compared to the WT (Table 2 and Fig. 3B). The combination of the L529A and Q1005H mutations likely generates a conformation that restores the transmission between NBDs and TMDs. The equivalent set of mutations in Cdr2p revealed similar phenotypes, although more enhanced for the double L527A-Q1003H mutant (Fig. 5). The Q1005H mutation may also affect the kinetics of certain substeps of the catalytic cycle.

thereby favouring the equilibration time of the substrate to its binding site as previously proposed [49]. This kinetic phenomenon was proposed to differentially affect the substrates, since each drug exhibits specific on-and off-rates upon binding and release [49]. Thus, an altered equilibration time between substrates and the inward-facing drug binding site would result in an altered selection of substrates [49,51]. In a similar line, the E1013A mutation, previously introduced by site-directed mutagenesis in the Signature motif of the non-catalytic NBS of Pdr5p, reduced the ATPase activity by 70% and resulted in strong loss of clotrimazole and cycloheximide transport but not for R6G [27].

As indicated, the catalytic and non-catalytic NBSs of Cdr1p are successively formed and disrupted by the association and dissociation of NBD1 and NBD2 (Fig. 6B andD).

Previously, we reported that the W1038S mutation located in the D-loop of the non-catalytic NBS of Cdr1p rescues the transport-defective V532D mutation, located close to L529 on the same TMH1 side [34]. Q1005 and W1038 residues are closely situated in the NBD2 and are part of the non-catalytic NBS and at the interface between NBDs, respectively (Fig. 7A,B).

Of note, suppression mutants in Pdr5p transport defective S558Y (TMH2) mutant were also obtained, two of them being in the TMD region (M679L and G1233D) and three of them in the non-catalytic NBS, i.e. in the Q-loop of NBD1 (N242K, E244G, and ) [31] (Fig. 7A,B). Thus, several residues of the non-catalytic NBS of Cdr1p or Pdr5p were spontaneously selected to restore drug transport from TMH mutants. These data point at a direct functional role of the non-catalytic NBS in the drug transport cycle. Since ATP is not hydrolyzed at this site, it is reasonable to think that its functional role is more likely associated with a succession of tightly-and loosely-bound states.

As shown in Fig. 6E, the new ATP-bound structures of MRP1 and CFTR [24,52,53] show that when glutamine is present in the signature sequence, it interacts with the ribose of the ATP through an H-bond. However, when that residue is a histidine as H1350 in the non-catalytic NBS of CFTR, the structure shows a displacement of the histidine and neighbors from the ribose by about 1 to 2Å, consistent with a looser ATP-bound state.

Earlier, the H1350Q mutation was introduced in CFTR, and its effect on channel conductance characterized [54]. Compared to the WT protein, the mutant channel displayed the same opening capability and a similar closed-time duration, but notably, the time period of remaining in the open state was reduced by two-fold. Since the closing of the channel is initiated by ATP hydrolysis [55], this behavior suggests that the H1350Q mutation increases the ATP hydrolysis rate. This is consistent with the fact that the reciprocal Q1005H mutation in Cdr1p reduces the ATPase activity by half, which again may be due to a looser ATPbound state in the non-catalytic NBS.

The Q1005H mutation may, therefore, re-synchronize the ATPase engine with the substrate-translocation machinery, but how is the coupling restored? ABC transporters are powered with a nucleotide-binding domain dimer that opens and closes during cycles of ATP binding and hydrolysis. As shown in Fig. 7C, each domain consists of a RecA-like coredomain -helical subdomain. The helical subdomain is specific to the ABC family and contains the ABC signature sequence. EPR experiments on the maltose ABC transporters showed that these two subdomains move relative to each other by ~10°, thereby orienting the signature sequence to make contacts with the nucleotide across the dimer interface [56].

Because each coupling helix of the transmembrane domains inserts in a cleft between these

RecA and helical subdomains [57], this intradomain movement is likely part of the conformational change accompanying NBD closure and substrate translocation [56].

Consequently, Q1005 (as well as the surrounding region) should thus contribute to the closing/opening of the non-catalytic NBS, thereby generating the transmission interface with the coupling and connecting helices (Fig. 7C). In addition, a recent study on CFTR has suggested an asynchrony of motion in the two ATP-binding sites, and that closure of both catalytic and non-catalytic sites are necessary for the opening cycle of the channel [58].

These studies and the present one allows us to propose that the non-catalytic NBS drives the translocation step upon ATP-binding by engaging the gears of the ABC engine, i.e. RecA and helical subdomains, coupling, and connecting helices. Finally, we also suggest renaming this non-catalytic/deviant/degenerated NBS -hydrolytic NBS consider its functional role better.
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  with the corresponding NBDs of ABCG5/ABCG8 (PDB 5DO7: human apo inward-facing conformation), human ABCG2 (PDB 5NJ3: apo inward-facing conformation, PDB 6ETI: BWQ-bound state, and PDB 6HBU: ATP-bound state), bovine MRP1 (PDB 5UJ9: apo inward-facing conformation, PDB 5UJA: leukotriene C4-bound state and PDB 6BHU: Q1574E mutant in the ATP-Mg 2+ bound, outward-facing conformation) and of CFTR (PDB 5UAK: human apo inward-facing conformation, PDB 6MSM and PDB 5W81: human and zebrafish phosphorylated ATP-bound outward-facing conformation, respectively) (Supplementary fig. 5). The corresponding alignments were manually refined based on 1Dalignment and submitted to Modeller [43] to generate twenty Cdr1p models with bound ATP-Mg 2+ either based on ABCG2 (PDB 6HBU), MRP1 NBDs (PDB 6BHU) or CFTR NBDs (PDB 6MSM) respectively. Best models were then manually selected. The apo model of Pdr5p, which shares 55 and 72 % of identity and similarity with Cdr1p respectively, was generated by using both ABCG5/G8-based Cdr1p model and ABCG5/G8 crystal structure (PDB 5DO7). Closed Pdr5p NBDs model was created the same way based on both MRP1based Cdr1p NBDs model and MRP1 cryo-EM structure (PDB 6BHU).

Figure 1 .

 1 Figure 1. Expression, membrane localization anddrug susceptibility profiling of the Cdr1p variants. The different strains tested are indicated in the upper right part of the figure. (A)The topology of Cdr1p highlighting the position of the initial mutation, L529A, and the suppressing mutation Q1005H. The table illustrates the conservation status of Q1005 as predicted by the ConSurf server[44] using default settings. (B) Confocal analysis of the host AD1-8u -strain, WT, mutant and reconstructed suppressor strains. (C) Immunoblot analyses of the PM fractions (30 µg loaded on SDS-PAGE) of the same strains with anti-GFP and anti-Pma1 antibodies to compare the expression levels and PM localization of the proteins. (D) Drug resistance of the strains determined by serial dilution spot assay on YEPD agar media containing various xenobiotic substrates of Cdr1p. For the assay, the following xenobiotics and amounts were used: 4 µg/ml fluconazole (FLC), 0.125 µg/ml ketoconazole (KTZ), 0.0625 µg/ml miconazole (MCZ), 0.0625 µg/ml cycloheximide (CHX), 1 µg/ml anisomycin (ANI), and 4 µg/ml rhodamine 6G (R6G).

Figure 2 .

 2 Figure 2. Substrate transport and ATPase function of the Cdr1p variants. (A) Rhodamine 6G efflux in cells overexpressing Cdr1-GFP, Cdr1[L529A]-GFP and Cdr1[L529A-Q1005H]-GFP proteins. The host AD1-8u -efflux values were subtracted from each reading. Results are -test was used to estimate the significance. (B) Nile red (NR) intracellular accumulation. Nile red accumulation in host AD1-8u -was set to 100%. Results are the mean ± SD for cell aliquots-test was used to calculate the significance values. (C) ATPase activity of the mutant and suppressor proteins. ATPase was measured in an oligomycin-sensitive reaction as described in the experimental procedures. The oligomycinsensitive ATPase activity found in AD1-8u-PM fraction, typically ranging between 4.5 and 10 nmoles of P i /min/mg protein, was subtracted from each measurement. Results are the mean ± SD of activities from three independent experiments including two independent PM preparations -test.

Figure 3 .

 3 Figure 3. Characterization of the Cdr1[Q1005H]-GFP mutant. (A) Expression of the Q1005H mutant. Left panel: confocal analyses of the AD1-8u -(Cdr1-GFP) and AD1-8u - (Cdr1[Q1005H]-GFP) strains. Right panel: immunoblot analyses of the corresponding PM fractions (30 µg proteins) with anti-GFP and anti-Pma1 antibodies. (B) Serial dilution spot assay on YEPD agar media containing various xenobiotic substrates of Cdr1p at MIC 80 and sub-MIC 80 values for the WT (AD1-8u -(Cdr1-GFP).For the assay, the following amounts of the xenobiotics substrates were used: 128 µg/ml and 32 µg/ml fluconazole (FLC), 1µg/ml and 0.25µg/ml ketoconazole (KTZ), 1µg/ml and 0.25 µg/ml miconazole (MCZ), 2µg/ml and 0.5 µg/ml cycloheximide (CHX), 16 µg/ml and 4 µg/ml anisomycin (ANI), and 32 µg/ml and 8 µg/ml rhodamine 6G (R6G), respectively. (C) Rhodamine 6G efflux. The host AD1-8u - efflux values were subtracted from each reading. Results are the mean ± SD for cell aliquots from three separate cultures.
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 4 Figure 4. Effect of ATP and miconazole on the ATPase activity of Cdr1p variants. (A)ATPase activity of the WT, L529A mutant, Q1005H single mutant, and suppressor (L529A-Q1005H) suppressor proteins. ATPase was measured in an oligomycin-sensitive reaction as described in Methods. Results are the mean ± SEM of activities of three independent PM preparations.-test. (B) Miconazolesensitive ATPase assay performed similarly to that of the standard ATPase assay except that the PM proteins were incubated with 15 or 30 µg/ml miconazole before the addition of oligomycin and ATP. Results are the mean ± SD of activities of three separate PM preparations.
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 5 Figure 5. Conservation of the suppression mechanism in Cdr2p. (A) Confocal analyses of the strains overexpressing Cdr2-GFP, Cdr2[L527A]-GFP, Cdr2[L527A-Q1003H]-GFP and Cdr2[Q1003H]-GFP proteins. (B) Immunoblot analyses of the total PM proteins (30 µg) with anti-GFP and anti-Pma1 antibodies. Pma1 serves as a PM marker and loading control. (C) Drug resistance of the strains determined by serial dilution spot assay on YEPD agar media containing various xenobiotic substrates of Cdr2p. Drugs were used at the following concentrations: 2.5 µg/ml fluconazole, 0.0625 µg/ml ketoconazole, 0.0625 µg/ml voriconazole, 0.0625 µg/ml itraconazole. (D) Spot assay to demonstrate rhodamine 6G ultraresistance of strain overexpressing L527A-Q1003H mutant variant of Cdr2p.

Figure 6 .

 6 Figure 6. (A) Conservation and secondary structure of the ABC signature and Cdr1p deviant signature sequence (l = loop, h = helix) generated with Phyre2 server [40] and submitted to Weblogo [41]. (B) Cartoon representation of ABCG5/ABCG8 based Cdr1p model [16]. Helices are shown in cylinders. TM helices are numbered from 1 to 12 and rainbow-colored, NBDs helices are numbered from III to XI and light orange-(NBD2) or pale cyan-colored (NBD1). TMH2 and TMH5 are partially transparent to allow a better view of L529. CnH=connecting helix; CpH=coupling helix. (C) Enlargement of the hydrophobic core surrounding Q1005, residues are shown in sticks with surface and backbone of the signature motif is colored in red. (D) Cartoon representation of the ABCG2 E211Q-based Cdr1p NBDs model. ATP is shown assticks with bound Mg 2+ as a sphere, Q1005 is shown as spheres. (E) Enlargement of the interaction zone between signature motif (backbone in red in noncatalytic NBS and blue in catalytic NBS) and ATP-Mg 2+ (shown as stick and sphere) in Cdr1p models based on ABCG2 or MRP1, and original MRP1 or CFTR structures. Residues equivalent to the glutamine in signature motif LSSGQ are shown in sticks, polar bonds within a cutoff of 4 Å are shown in yellow dotted line while the distance between CFTR H1350 and a red dotted line.

Figure 7 .

 7 Figure 7. Molecular localization of mutations and suppressors in the Cdr1p open and closed 3D models and sub-domains communication at the NBD2-TMD interface. (A, B) ABCG5/ABCG8-based (A) open and MRP1-based (B) closed Cdr1p models showing the distribution of Cdr1p (orange) and Pdr5p (violet purple) TMD mutants (only in panel A),

  All routine chemicals used were purchased from Fisher-Scientific or SRL Pvt. Ltd., Mumbai, India. Fluconazole (FLC) was a kind gift from erstwhile Ranbaxy Laboratories, India. Rhodamine 6G (R6G), rhodamine 123 (R123), Nile red (NR), itraconazole (ITR), clotrimazole (CTZ), ketoconazole (KTZ), miconazole (MCZ) and voriconazole (VOR), anisomycin (ANI), cycloheximide (CHX) adenosine triphosphate (ATP), oligomycin (OM), trypsin, phenylmethanesulfonyl fluoride (PMSF), p-tosyl-L-lysine chloromethyl ketone (TLCK), tosyl phenylalanyl chloromethyl ketone (TPCK) and dimethyl sulfoxide (DMSO) were procured from Sigma-Aldrich Co. (St. Louis, MO). Protease inhibitors leupeptin, aprotinin, and pepstatin were purchased from G-biosciences, MO, USA). Oligonucleotides were purchased from Sigma Genosys, India. The anti-GFP monoclonal antibody was purchased from Santa Cruz Biotechnology Inc. (Texas, USA). The anti-Pma1 polyclonal antibody was a generous gift from Professor Ramon Serrano (Universidad Politecnica de Valencia-CSIC, Valencia, Spain).

5 ml

 5 Phosphate buffered saline (PBS) to prepare a cell suspension containing approximately 10 8 cells/ml. The suspension was then incubated with 10 µM rhodamine 6G under shaking for 2 h at 30°C. Yeast cells were then harvested, washed thrice and suspended in 1.5 ml PBS containing 2% glucose. The suspension was further incubated at 30°C with shaking for absorban was used to set 0.2 OD 600 in 1 ml of PBS containing 2% glucose. The suspension was incubated with 7 µM Nile red in a shaking incubator for 45 min at 30°C. Then cells were harvested, washed with PBS and Nile red accumulation was quantified by flow cytometry using a FACSort flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA). CellQuest software (Becton-Dickinson Immunocytometry Systems, San Jose, CA) was used for data analysis.

  figure legends-test. Differences were

  [51] about Pdr5p, where the authors pointed out the influence not only of the nature of the substrate but also of the NBDs dynamics on drug transport and selectivity, should it be in the case of a mutation (in the catalytic H-loop) or of the nucleotide usage. More recently, observations made in a structural study of the Type I transporter P-gp, either bound to inhibitors or a substrate, support the evidence that the NBDs are involved in transport selectivity by showing that the bound molecules induce specific conformational changes in the NBDs while the conformation of the TMDs remain nearly unchanged[9].
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Table 1 :

 1 MIC 80 values (µg/ml) determined for various xenobiotics in liquid culture as described in the methods section. FLC: fluconazole, KTZ: ketoconazole, MCZ: miconazole, CHX: cycloheximide, ANI: anisomycin, R6G: rhodamine 6G, CTZ: clotrimazole, ITR: itraconazole, VOR: voriconazole, R123: rhodamine 123. The concentration (µg/ml) at which growth was inhibited by 80% remained the same for all the tested xenobiotics in three independent experiments.

			Strain		
	Xenobiotic				
	(µg/ml)	C	WT(Cdr1-GFP)	L529A	L529A-Q1005H
	FLC	1	128	1	16
	KTZ	< 0.004	1	0.008	0.25
	MCZ	< 0.004	1	0.008	0.5
	CHX	0.008	2	0.031	0.25
	ANI	0.5	16	0.5	2
	R6G	0.5	32	4	32
	CTZ	0.031	2	0.004	0.125
	ITR	< 0.031	> 16	0.008	1
	VOR	0.016	8	0.031	0.5
	R123	8	> 256	32	256

Table 2 :

 2 MIC 80 values (µg/ml) determined for various xenobiotics in liquid culture as described in the methods section. FLC: fluconazole, KTZ: ketoconazole, MCZ: miconazole, CHX: cycloheximide, ANI: anisomycin, R6G: rhodamine 6G. The concentration (µg/ml) at which growth was inhibited by 80% remained the same in three independent experiments for all the tested xenobiotics except KTZ, for which the variation observed is mentioned.

	Xenobiotic	Strain	
	(µg/ml)	WT(Cdr1-GFP)	Q1005H
	FLC	128	256
	KTZ	1-2	2-4
	MCZ	1	1
	CHX	2	2
	ANI	16	32
	R6G	32	64

Table 3 :

 3 Kinetic parameters of ATP hydrolysis determined in the PM fractions of Cdr1p mutantsSpeciesK M (mM) V max (nmoles of P i /min/mg protein)

	WT	1.2 ± 0.5	126.2 ± 17.2
	L529A	1.7 ± 0.5	112.0 ± 14.0
	L529A-Q1005H	1.4 ± 0.4	87.4 ± 8.6
	Q1005H	1.2 ± 0.5	71.1 ± 10.6

Table 4 :

 4 MIC 80 values (µg/ml) determined for various xenobiotics in liquid culture as described in the methods section. FLC: fluconazole, ITR: itraconazole, VOR: voriconazole, KTZ: ketoconazole, R6G: rhodamine 6G. The concentration (µg/ml) at which growth was inhibited by 80% remained the same in three independent experiments for all the tested xenobiotics except FLC, for which the variation observed in case of the WT is mentioned.

	Xenobiotic			Strain		
	(µg/ml)	C	WT(Cdr2-GFP)	L527A	L527A-Q1003H	Q1003H
	FLC	1.25	80-160	1.25	5	80
	ITR	< 0.004	> 2	0.008	0.125	> 2
	VOR	0.016	> 4	0.063	0.125	1
	KTZ	< 0.004	> 1	0.016	0.25	> 1
	R6G	0.25	128	32	> 128	32
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ABSTRACT ATP-binding cassette (ABC) transporters couple ATP binding and hydrolysis to the translocation of allocrites across membranes. Two shared nucleotide-binding sites (NBS) participate in this cycle. In asymmetric ABC pumps, only one of them hydrolyzes ATP, and the functional role of the other remains unclear. Using a drug-based selection strategy on the transport-deficient mutant L529A in the transmembrane domain of the Candida albicans pump Cdr1p; we identified a spontaneous secondary mutation restoring drugtranslocation. The compensatory mutation Q1005H was mapped 60 Å away, precisely in the ABC signature sequence of the non-hydrolytic NBS. The same was observed in the homolog Cdr2p. Both the mutant and suppressor proteins remained ATPase active, but remarkably, the single Q1005H mutant displayed a two-fold reduced ATPase activity and a two-fold increased drug-resistance as compared to the wild-type protein, pointing at a direct control of the non-hydrolytic NBS in substrate-translocation through ATP binding in asymmetric ABC pumps. Conservation and secondary structure features of the canonical ABC signature and Cdr1p deviant signature sequence were generated with Phyre2 server [40], and sequence logo was prepared using Weblogo [41]. Cdr1p full protein was modeled either based on the human ABCG5/ABCG8 crystal structure in its apo inward-facing conformation as previously described [16] or based on the human ABCG2 cryo-EM structure in its ATP-bound outwardfacing conformation (PDB 6HBU: E211Q mutant). 3D-alignment of Cdr1p NBDs was generated using the PDBeFold server (http://www.ebi.ac.uk/msd-srv/ssm/) [42] Q1003H and Q1003H in the pABC3-GFP vector and expressed them in the AD1-8u -.

KEYWORDS

Confocal microscopy and Western blot analyses of the PM fractions confirmed their proper expression and membrane localization (Fig. 5A, 5B and Supplementary fig. 1C).

Xenobiotic profiling in liquid media demonstrated that the AD1-8u -(Cdr2[L527A]-GFP) strain is highly sensitive to all the tested antifungals and 4-fold more sensitive to rhodamine 6G than the WT strain (Table 4). The Q1003H secondary mutation in the background of L527A restored a drug-resistance pattern that was partial for the antifungals and full for the rhodamine 6G dye (Table 4). In contrast to the homologous Q1005H mutant in Cdr1p, cells overexpressing the single Q1003H mutant remained unexpectedly 4-fold more sensitive to rhodamine 6G and voriconazole than the WT (Table 4). Furthermore, as for Cdr1p, the suppressor AD1-8u -(Cdr2[L527A-Q1003H]-GFP) strain demonstrated a more significant restoration of resistance in case of rhodamine 6G as compared to other compounds (Table 4); in fact, the cells overexpressing this Cdr2p variant were hyper-resistant to rhodamine 6G. To further confirm these results, sensitivity profiling was performed in solid media, leading to similar observations (Fig. 5C and5D). Unfortunately, we could not test the impact of the mutations on the ATPase activity of Cdr2p because of its very low sensitivity towards oligomycin, as already reported [36].

Location and molecular interactions of Q1005 in Cdr1p

Q1005 is the last residue of the signature sequence LSGGQ of ABC proteins (Fig. 6A). The LSG segment marks the end of a large loop and GQ lies at the beginning of the following helix VI (Fig. 6A andB). In the NBD2 of Cdr1p, NVE replace SGG, reducing the flexibility of the peptide and increasing its potential for hydrophobic and ionic interactions with the neighboring residues. Downstream of Q1005 are three positively charged residues, RKR, the latter being highly conserved among ~1000 sequencesas demonstrated in the
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