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Background: Fungal multidrug efflux pumps possess a degenerate nucleotide-binding site (NBS).
Results: Restoring all the nonconserved amino acids in the degenerate NBS of Pdr5 leads to complete loss of function of the

protein.

Conclusion: The degenerate NBS is essential and acts as a structural platform supporting the canonical NBS.
Significance: This is the first study dealing with the entire degenerate NBS and its functional role.

Pdr5 is a plasma membrane-bound ABC transporter from
Saccharomyces cerevisiae and is involved in the phenomenon of
resistance against xenobiotics, which are clinically relevant in
bacteria, fungi, and humans. Many fungal ABC transporters
such as Pdr5 display an inherent asymmetry in their nucleotide-
binding sites (NBS) unlike most of their human counterparts.
This degeneracy of the NBSs is very intriguing and needs expla-
nation in terms of structural and functional relevance. In this
study, we mutated nonconsensus amino acid residues in the
NBSs to its consensus counterpart and studied its effect on the
function of the protein and effect on yeast cells. The completely
“regenerated” Pdr5 protein was severely impaired in its func-
tion of ATP hydrolysis and of rhodamine 6G transport. More-
over, we observe alternative compensatory mechanisms to
counteract drug toxicity in some of the mutants. In essence,
we describe here the first attempts to restore complete sym-
metry in an asymmetric ABC transporter and to study its
effects, which might be relevant to the entire class of asym-
metric ABC transporters.

ABC? transporters are found in all kingdoms of life; in pro-
karyotes they function as importers (1) and exporters, although
they mainly act as exporters in eukaryotes (2, 3). Multidrug
resistance (MDR) during chemotherapy in the treatment of
cancer or in immunocompromised individuals has made the
biochemical and structural study of these proteins essential. In
fungi, many ABC transporters have been at the center of scien-
tific investigation, for example, their involvement in the phe-
nomenon of pleiotropic drug resistance (4), a phenomena sim-
ilar to MDR.
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Pdr5 is an ABC transporter localized in the plasma mem-
brane of bakers’ yeast, Saccharomyces cerevisiae. It is a func-
tional homologue of P-gp (MDR1 or ABCB1), which is the most
widely studied ABC transporter from humans (5). Pdr5 is
involved in the extrusion of a wide variety of xenotoxic com-
pounds from the cell (6-8). It is a full-size transporter having
two nucleotide-binding domains (NBDs) and two transmem-
brane domains (TMDs) displaying an NBD-TMD-NBD-TMD
membrane topology. This is inverse to that of the classic topol-
ogy of ABC transporters (TMD-NBD-TMD-NBD). Since the
discovery that a mutation in the transcription factor, which
controls the expression of this membrane protein, leads to
overexpression of Pdr5 (9), it has turned out to be an important
model for studying MDR or to be more precise pleiotropic drug
resistance as it is called in yeast.

Pdr5 displays a high basal ATPase activity, which, unlike its
other human counterparts such as P-gp, does not seem to be
stimulated in the presence of substrates (7, 10). Such an uncou-
pling has important mechanistic consequences because ATP
hydrolysis is supposed to be the crucial step that triggers the
transport of substrates across the membrane, and in the proper
environment, it is strictly coupled to substrate translocation
(11). The NBDs play the role of harnessing chemical energy
from ATP and converting it to mechanical energy by inducing
structural changes in the TMDs to extrude the substrate to the
exterior of the cell (12, 13). The amino acid residues involved in
binding and hydrolysis of ATP are essential for the proper func-
tionality of the protein. A number of previous studies have
investigated the roles of individual and groups of amino acids in
the NBDs and shed light on their roles during ATP binding and
hydrolysis. As per the generally accepted model, an ABC trans-
porter binds two nucleotides in the two NBDs. This binding
occurs in a head-to-tail fashion, i.e. consensus residues from
Walker A (GXGXXGKST, where X can be any amino acid) and
Walker B (¢dpdp¢dpDE, where ¢ can be any hydrophobic amino
acid) motifs as well as the H-loop (XHX) from one NBD and the
C-loop (LSGGQ) from the other NBD sandwich one ATP mol-
ecule between them, thereby forming the nucleotide-binding
site (NBS) (12). Once both nucleotides are bound at the two
NBSs, the transporter is supposed to switch from the so-called
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TABLE 1

Role of Degenerate Nucleotide-binding Site in Pdr5

List of primers used for introducing point mutations in pdr5 gene on pRE5 plasmid

S is sense, and AS is antisense.

Mutation Direction Sequence, 5’ to 3’
P195S S GCTAGTCGTTTTAGGTAGATCAGGCTCTGGCAAAAC
AS GTTTTGCCAGAGCCTGATCTACCTAAAACGACTAGC
C199K S CGTTTTAGGTAGACCAGGCTCTGGCAAAACTACTTTATTAAAATCCATCTCTTC
AS GAAGAGATGGATTTTAATAAAGTAGTTTTGCCAGAGC CTGGTCTACCTAAAACG
N334E S GATCCAAATTTCAATGCTGGGATGAAGCTACAAGGG GTTTGGATTC
AS GAATCCAAACCCCTTGTAGCTTCATCCCAGCATTGAA ATTTGGATC
Y367H S CTGCCACAGTGGCCATCCATCAATGTTCTCAAGATG
AS CATCTTGAGAACATTGATGGATGGCCACTGTGGCAG
N1011S S GTTGTTGGTGTTGCTGGTGAAGGTTTATCTGTTGAAC AAAGAAAAAGATTAACCATTG
AS CAATGGTTAATCTTTTTCTTTGTTCAACAGATAAACCT TCACCAGCAACACCAACAAC
V1012G S GTTGCTGGTGAAGGTTTAAACGGTGAACAAAGAAAA AGATTAACC
AS GGTTAATCTTTTTCTTTGTTCACCGTTTAAACCTTCAC CAGCAAC
E1013G S GTTGCTGGTGAAGGTTTAAACGTTGGTCAAAGAAAAA GATTAACCATTGGTG
AS CACCAATGGTTAATCTTTTTCTTTGACCAACGTTTAAA CCTTCACCAGCAAC

inward-facing to the so-called outward-facing conformation,
and as a consequence of this conformational change, the sub-
strate is extruded (14). Moreover, ATP hydrolysis has been sug-
gested to be the step that sets the transporter back to the
inward-facing conformation ready to accept new substrate
molecules for the next cycle of substrate translocation (14).
However, there is debate about the number of ATP molecules
that are hydrolyzed for one cycle of transport to be completed.
But the prerequisite for both bound ATP molecules to be
hydrolyzed is the presence of key consensus residues in both
NBSs. As seenin Fig. 1, Pdr5 lacks key residues in one of the two
NBSs. Although this degenerate site could bind ATP, hydrolysis
should be impossible or severely impaired due to the absence of
these key residues. Some initial mutational studies supported
this view (10). This observation of a degenerate and a consensus
site is common in yeast ABC transporters but is uncommon in
ABC transporters of archaea and bacteria. In the case of human
counterparts, only TAP1/2 (ABC B2/B3) and many transport-
ers of the subfamily C display this sort of degeneration (15). A
well studied example of a eukaryotic protein possessing a
degenerate NBS is the cystic fibrosis transmembrane regulator.
Here, site 1 (degenerate) is proposed to be bound to ATP
through many cycles of ATP hydrolysis occurring at site 2
(canonical) and thus play a supporting role (16). This leads us to
question the functional relevance for the protein and on a
broader scale to the cell for maintaining a degenerate NBS,
because such evolutionary conservation of this trait in yeast
ABC transporters does need an explanation. In this study, we
systematically interchanged each degenerated amino acid resi-
due in the NBSs and studied its effect on the functionality of the
protein and in turn on the cellular consequences.

EXPERIMENTAL PROCEDURES

Liquid Drug Assay—Ketoconazole, fluconazole, and rhoda-
mine 6g (R6G) were obtained from Sigma, and cycloheximide
was obtained from Fluka. All drug stock solutions were pre-
pared in dimethyl sulfoxide (DMSO, Acros Organics), and fur-
ther dilutions were carried out in sterile water. Assay was car-
ried out in sterile 96-well microtiter plates (Falcon) with 20 ul
of drug, 180 ul of YPD medium, and 50 ul of Ag,, 0.2 yeast
culture. Plates were incubated at 30 °C for 48 h, and A,,, was
measured with an ELISA plate reader (FLUOstar-Optima). No
further correction was applied as none of the used drugs dis-
played an absorption to 620 nm.
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Yeast Strains and Plasmid Mutagenesis—Yeast strains were
cultured in YPD medium containing 10 g/liter yeast extract, 20
g/liter peptone, and 2% glucose. The following S. cerevisiae
strains were used in this study: YALF-A1 (MATa: ura3-52 trp
1-1 leu 2-3, his 3-11, 15 ade 2-1 PDR 1-3), YHW-A5 (MATa:
ura3-52 trp 1-1 leu 2-3, his 3-11, 15 ade 2-1 PDR 1-3
pdr5A:TRPI), and YRE1001 (MATa: ura3-52 trp 1-1 leu 2-3,
his 3-11, 15 ade 2-1 PDR 1-3 pdrSpdr5SpromA::TRPI). Details
about plasmid and strain construction can be found in Table 1
and Ref. 10. Site-directed mutagenesis of pdrS was performed
on plasmid pRE5 with the QuikChange II XL site-directed
mutagenesis kit (Stratagene).

Isolation of Plasma Membranes—Cells were grown in YPD
medium at 30 °C. At A4, of 1.5, the nitrogen source was replen-
ished by addition of a 10th volume of 5X YP (50 g/liter yeast
extract; 100 g/liter tryptone/peptone). Cells were harvested at
Agoo 0f 3.5. The isolation of plasma membranes was performed
as described elsewhere (8, 10).

Rhodamine 6G Transport Assay—Active R6G transport was
recorded according to the protocol developed by Kolaczkowski
and co-workers (17), using a FluoroLog III fluorescence spec-
trometer (Horiba). Isolated plasma membranes (30 ug of total
protein content) were resuspended in 1 ml of transport buffer
(50 mm Hepes (pH 7.0), 10 mm MgCl,, 150 nm R6G, and 10 mm
azide) and incubated at 35 °C. Transport was initiated by addi-
tion of 10 mM ATP. In the presence of ATP, Pdr5 transports
R6G from the outside to the inside of the membrane vesicle due
to its inside-out orientation (NBDs face outside). R6G accumu-
lation into the vesicle leads to self-quenching and results in the
overall decrease in fluorescence intensity. The final relative
decrease in fluorescence intensity is representative of the rela-
tive V..., for transport of the dye.

ATPase Activity Assays—Oligomycin (OM)-sensitive ATPase
activity of plasma membrane fractions was measured by a color-
imetric assay performed in 96-well microtiter plates (9, 17, 18).
Isolated plasma membranes (0.1 or 0.2 ug per well) were incu-
bated with 4 mm ATP, 5 mm MgCl, in 300 mm Tris-glycine
buffer (pH 9.0) in a final volume of 25 ul. To reduce back-
ground, 0.2 mM ammonium molybdate, 50 mM KNO,, and 10
mm NaNj, respectively, were added (9, 19). In a control reac-
tion, OM (20 ug/ml) was added to the assay to determine the
OM-sensitive ATPase activity. After incubation at 30 °C for 20
min, the reaction was stopped by addition of 175 ul of ice-cold
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FIGURE 1. Schematic architecture of NBS. A, canonical NBS of ABC transporters. B, NBS1 and NBS2 of Pdr5.

40 mm H,SO,. The amount of released inorganic phosphate
was determined by a colorimetric assay, using Na,HPO, as
standard (20).

RESULTS

A classic or canonical NBS of an ABC transporter is com-
posed of residues of the Walker A and Walker B motifs, the
Q-loop, D-loop, and H-loop from one NBD and the C-loop of
the opposing NBD forming a so-called composite ATP-binding
site (Fig. 1A). Based on structural studies of P-loop NTPases
(21), the lysine of the Walker A motif coordinates the 8- and
y-phosphate moiety of ATP, and the aspartate residue of the
Walker B motif interacts with the cofactor Mg>* (12, 22, 23),
which is essential for hydrolytic activity. The glutamate residue
of the Walker B motif and the histidine residue of the H-loop
are essential for ATPase activity and are shown to form a cata-
lytic dyad (24, 25). However, in the case of Pdr5, mutation of the
histidine in NBS2 did not reduce or even abolish ATPase activ-
ity as shown for many other ABC systems (see Zaitseva et al.
(12, 25 and reference therein)), rather it selectively influenced
the spectrum of transported substrates (10). The serine and
second glycine residue of the C-loop of the opposing NBD
interact with the y-phosphate moiety of ATP and complete the
NBS. Furthermore, the glutamine residue of the Q-loop also
coordinates directly of indirectly the cofactor Mg>™". Although
the D-loop is thought to be involved in NBD-NBD communi-
cation in the composite dimer. Here, we excluded the D-loop
and the Q-loop from our experiments. An elegant study already
investigated the role of the Q-loop in NBD-TMD cross-talk of
Pdr5, where it was seen that the mutation of Q-loop residues
from the deviant and consensus part of NBDs led to drug hyper-
sensitivity and displayed functional redundancy, while main-
taining significant ATPase activity (26). Hence, we focused only
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on the important residues of the Walker A and B motifs, the
H-loop, and the C-loop for this study.

Mutagenesis in Pdr5—Mutations to replace degenerate
amino acid residues with their consensus counterparts were
done in a stepwise fashion. The complete list of mutations is
summarized in Table 2. Site-directed mutagenesis was per-
formed in pRES5 plasmid after which the pdrS gene was subse-
quently excised and transformed into the Saccharomyces strain
Apdr5ApdrSprom, where by homologous recombination the
pdr5 gene is chromosomally integrated (10). In this back-
ground, this leads to constitutive expression of Pdr5 under the
strong pdr5 promoter. In the following, restoration of the con-
sensus sequence in the Walker A motif (C199K) located in
NBD1 and forming NBS1 is called the “Walker A” mutant; res-
toration of the consensus sequence in the Walker B motif
(N334E; NBD1) in NBS1 is called the “Walker B” mutant; res-
toration of the consensus sequence of the H-loop (Y367H,
NBD1) in NBS1 is called the “H-loop” mutant, and restoration
of the consensus sequence of the C-loop (N1011S/V1012G/
E1013G, NBD2) in NBS1 is called the “C-loop” mutant. The
corresponding combinations are called “HC-loop” (H- and
C-loop mutations), AHC (H- and C-loop as well as Walker A
mutations), and ABHC (H- and C-loop as well as Walker A and
Walker B mutations). Please note that in the context of the
combined mutations affecting the Walker A motif of NBS1, we
also exchanged the proline residue at position 195 to a serine
residue. We speculated that proline within the Walker A motif
might hamper its functionality in wrapping around the phos-
phate moiety of the bound nucleotide. However, on the level of
the single mutation, no difference to the single C199K mutant
was detected. Nevertheless, we kept this exchange in the com-
bined mutations.
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TABLE 2
List of mutations generated and used in this study
Mutation Abbreviation Alteration Motif Domain
P195S Pro in Walker A Walker A NBD1
C199K Walker A Cys in Walker A Walker A NBD1
N334E Walker B Asn in Walker B Walker B NBD1
Y367H H-loop Tyr in H-loop H-loop NBD1
N1011S, V1012G, E1013G C-loop Asn, Val, and Glu in C-loop C-loop NBD2
Y367H, N1011S, V1012G, E1013G HC-loop Tyr in H-loop H-loop NBD1/2
Asn, Val, and Glu in C-loop C-loop
C199K AHC Cys in Walker A Walker A NBD1/2
Y367H Tyr in H-loop H-loop
N1011S, V1012G, E1013G Asn, Val, and Glu in C-loop C-loop
P195S ABHC Pro in Walker A Walker A NBD1/2
C199K Cys in Walker A Walker B
N334E Asn in Walker B H-loop
Y367H Tyr in H-loop C-loop

N1011S, V1012G, E1013G

Asn, Val, and Glu in C-loop
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FIGURE 2. Liquid drug resistance assay. Cell growth of Pdr5 mutants was analyzed after 48 h of incubation at 30 °C with cycloheximide (A), ketoconazole (B),
fluconazole (C),and R6G (D). Color coding is as follows: red, Pdr5WT; black, APdr5; orange, Walker A; green, Walker B; purple, H-loop; blue, C-loop; brown, HC-loop;

dark green, AHC-loop; and magenta, ABHC-loop.

Liquid Drug Resistance Assay—To determine the effects of
mutations in key residues of the NBDs, we investigated the
changes in resistance toward specific drugs belonging to differ-
ent classes. As an internal control and reference for the absence
of resistance, the Apdr5 strain was employed. The response of
the mutants toward these drugs was interestingly not uniform.
For cycloheximide (Fig. 24), the H-loop mutant displayed a
stronger resistance as compared with wild type; for the azole
drug, ketoconazole (Fig. 2B), Walker B and H-loop mutants
were more resistant than wild type; for fluconazole (Fig. 2C),
the Walker B, H-loop, and C-loop mutants displayed stronger
resistance as compared with wild type. Finally, for R6G (Fig.
2D), the Walker A, H-loop, C-loop, HC-loop, and the ABHC
mutants displayed higher resistance. Noticeably, the ABHC
mutant, which contained all conserved residues and thereby
restored a symmetrical architecture of the two NBSs, was
severely impaired in providing better resistance toward all
drugs except for R6G.
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In Vitro OM-sensitive ATPase Assay—ATPase activity tests
were carried out, to investigate the biochemical basis for such
altered drug resistance of the mutants. For this purpose, Pdr5-
enriched plasma membranes were isolated using the Serrano
protocol (27). Fig. 3 demonstrated that the expression levels in
the plasma membrane of all mutants were very similar if not
identical to wild type levels. Therefore, the differences in resis-
tance patterns observed in the liquid drug assay cannot be
attributed to differences in the amounts of protein being
expressed.

OM-sensitive ATPase activity was measured colorimetri-
cally by determining the amount of inorganic phosphate
released over time by the malachite green assay. The results are
summarized in Fig. 4. As clearly seen, all mutants except the
AHC and ABHC mutants displayed ATPase activity compara-
ble with wild type with a 2-fold increase in apparent affinity at
maximum for the H-loop mutant. Moreover, a quantitative
analysis of the kinetic parameters of ATP hydrolysis revealed
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FIGURE 3. Expression levels of Pdr5 mutants. Upper panel, Coomassie Blue-
stained SDS-PAGE of plasma membrane preparations of S. cerevisiae cells
expressing wild type Pdr5 (Pdr5WT), no Pdr5 (A), or the different NBD muta-
tions. 15 g of total protein amount were applied per lane. Molecular masses
of marker proteins are indicated at left (M). Bands corresponding to Pdr5 and
the plasma membrane ATPase Pma1 are indicated. Lower panel, detection of
Pdr5 variants by Western blot analysis employing a polyclonal a-Pdr5
antibody.
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FIGURE 4. OM-sensitive ATPase activity of Pdr5 mutants. The assay was

performed with 0.1 or 0.2 ug of protein and incubation at 30 °C for 20 min. The

released inorganic phosphate was detected by the malachite green assay for
P, determination. (See “Experimental Procedures” for assay details.)

TABLE 3
Kinetics of ATPase activity of Pdr5 mutants

K, and V,__ values derived from Michaelis-Menten analysis of the OM-sensitive
ATPase data for wild type Pdr5 and the different mutants
Mutant K, V max
mm wmol/min-mg
Pdr5 WT 1.71 = 0.71 1.33 £ 0.23
Walker A 1.06 * 0.27 1.50 = 0.13
Walker B 1.97 £ 0.50 1.15+0.13
H-loop 4.08 = 1.49 2.09 = 0.46
C-loop 1.36 * 0.46 1.33 £ 0.17
HC-loop 1.04 = 0.23 1.37 = 0.10
AHC 1.19 £ 0.75 0.48 £ 0.97
ABHC 1.80 * 0.50 0.20 = 0.03

that the apparent affinity of these mutants toward ATP has not
drastically changed (Table 3). Only the AHC and ABHC
mutants were severely impaired in their maximal reaction
velocity (V,,,,) of ATP hydrolysis and displayed values compa-
rable with the negative control (Apdr5-containing strains).

In Vitro R6G Transport Assay—An in vitro R6G transport
assay presents an elegant readout of the functional integrity of
Pdr5 in inside-out membrane vesicles. The assay is based on the
principle of transport of R6G molecules to the inner leaflet or
the lumen of the vesicle in the presence of an energy source, i.e.
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FIGURE 5. In vitro R6G transport activity of Pdr5 mutants. Reaction mixture
contained 20 ug of protein, 300 nm R6G, 10 mm MgCl,, 10 mm NaN,, and 10
mm ATP. Reaction was initiated by addition of ATP, which leads to Pdr5-me-
diated transport of the dye from outside to inside the membrane vesicle. This
accumulation of dye leads to self- quenching and an overall decrease in fluo-
rescence intensity, which is monitored using a spectrofluorometer (Horiba,
FluoroLog ) and is indicative of Pdr5 activity. Color-coding of mutants is the
same as in Fig. 2.

TABLE 4
Kinetics of in vitro R6G transport activity of Pdr5 mutants

K, values calculated from Michaelis-Menten analysis of the transport rates with
varying R6G concentrations for wild type Pdr5 and the different mutants. V, .

values were calculated by measuring the relative percent of R6G transported at the
end of 700 s.

Mutant K, V max
nm relative transport of R6G %
Pdr5 WT 20.1 £29 83.52 5.7
Walker A 253 * 6.6 23.62 £ 2.7
Walker B 214+ 3.3 61.44 5.8
H-loop 18.7 = 3.4 71.52 = 9.7
C-loop 202+ 7.5 36.40 £ 5.6
HC-loop No transport 3.74 + 0.80
AHC No transport 2.33 = 0.67
ABHC No transport 0.68 + 0.13

ATP in our case. The decrease in fluorescence intensity is a
result of the formation of nonfluorescent excimers of R6G once
transported inside the vesicle. As summarized in Fig. 5, all
mutants except the HC-loop and AHC and ABHC mutants
were able to efficiently transport R6G, although at different
rates inside the vesicle. The affinities of these mutants toward
R6G are summarized in Table 4. As seen, the K, values are
identical within experimental error for all mutants except for
those that are impaired in R6G transport, but V, . values dis-
play considerable variation representing differential effects of
the point mutations on the rate of substrate transport.
Visualization of R6G Accumulation in Whole Cells—When
compared with the liquid drug resistance results of R6G, one
has to stress that some mutants displayed better resistance than
wild type Pdr5 but did not transport R6G in the in vitro trans-
port assay. To investigate this disparity, we visualized R6G
accumulations in yeast cells in the presence of R6G using fluo-
rescence microscopy. As demonstrated in Fig. 6, a and b, cells
lacking Pdr5 (ApdrS) clearly displayed an accumulation of the
dye within the cells, whereas wild type cells efficiently trans-
ported R6G out of the cells as no R6G fluorescence could be
detected within the cells (Fig. 6, ¢ and d). Cells expressing the
C199K mutation of Pdr5 (Walker A mutant), which are com-
paratively less efficient than the wild type cells in transporting
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FIGURE 6. In vivo accumulation of R6G within selective Pdr5 mutants. S. cerevisiae cells from the liquid drug assay microtiter plates after 48 h of incubation
at 30 °C were observed for R6G accumulation using a Zeiss LSM 780 microscope. Upper panels (a, ¢, e, g, and i) display differential interference contrast (DIC)
images, and the lower panels (b, d, f, h, and j) display the corresponding fluorescentimages. Bright fluorescence indicates rhodamine accumulation within cells.
The final R6G concentration in the cells was 10.6 pg/ml. Bar represents length of 10 um.

R6G (Fig. 5), displayed accumulation of the dye but to a reduced
extent as compared with the knock-out strain (Fig. 6, eand f). In
contrast, the HC-loop and the ABHC mutants, which displayed
higher resistance toward R6G in the liquid drug assays (Fig. 2),
demonstrated accumulation of the drug within the cells while
maintaining cell viability (Fig. 6, g—/). This strongly suggests
that compensatory mechanisms apart from transport of the
substrate outside the cell play a significant role in the resistance
toward the drug in these specific mutants and explains the dis-
parity between the transport and liquid drug assays.

DISCUSSION

Asymmetry in NBS is a feature not exclusively observed in
fungal ABC transporters. Rather a number of human ABC
transporters display this degeneration as well. Our observations
with Pdr5 after exchange of degenerate residues with consensus
ones provide strong evidence that the degenerated site is indeed
optimized to structurally and functionally support ATP hydro-
lysis occurring at the opposite end. It has been proposed for a
number of asymmetric transporters, such as the cystic fibrosis
transmembrane regulator along with fungal ABC transporters,
that the degenerated site might act as a platform for ATP
hydrolysis at the consensus site (10, 28). This theory gains more
support from our observations that, in an attempt to make the
degenerate site capable of ATP hydrolysis, renders the protein
completely nonfunctional in terms of ATP hydrolysis as well as
substrate transport.

These observations also point in the direction of subtle inter-
and intradomain communication necessary for the protein to
fuel substrate transport with the energy of ATP hydrolysis. For
an ABC transporter to function properly, a number of struc-
tural elements have been proposed to play key roles in the
“chain of communication” necessary for optimal activity.
Among these, the D-loops are involved in frans-interactions
within the NBDs, especially as the Asp residue from the con-
sensus sequence has been shown to interact with the Ser resi-
due of the Walker A in the opposite NBD (25). D-loops are also
proposed to be the sensors and communicators between the
NBSs where they can communicate ATP binding and hydroly-
sis at one site to the other site (29). The Q-loop Gln residue has
been proposed to be important in coordinating the water mol-
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ecule in the active site during ATP hydrolysis (22). The Q-loops
have also been proposed to be essential for conformational cou-
pling of movements in NBDs to the TMDs in P-gp (30); inter-
estingly, in Mrpl it was observed that the Q-loops did not play
an essential role in interdomain communication (31). As seen
from the homology model of Pdr5 (32) based on the crystal
structures of Sav1866 (33) and mouse P-gp (34), it is plausible
that the Q-loops in Pdr5 might play a role in interdomain com-
munication (26). In addition to these are the coupling helices
that are one of the most structurally distinct elements in this
communication pathway. They are like the gatekeepers guard-
ing the substrate binding pocket as well as the anchors of the
TMD:s fitting in the sockets of NBDs (35). The X-loop Glu res-
idues are also potentially important in the communication
pathway because of their placement right near the substrate
binding pocket as was first observed in the Sav1866 structure
(33), but not enough studies have been carried out on its precise
role so far.

We believe that in our “regenerated” Pdr5, it is this very com-
munication within the NBDs and, in turn, from the NBDs to the
TMDs that is disrupted by vast changes in the degenerate NBS.
This hypothesis is also supported by the recent study carried
out on the D-loops of Pdr5 by Furman et al. (36) where its role
in intradomain signaling was studied. As seen from the obser-
vations, individual mutations, viz. Walker A, Walker B, H-loop,
and C-loop, are tolerated. ATP hydrolysis is not greatly affected
in these mutants, and R6G transport is also evident, although
with varying degrees compared with the wild type. However, as
these mutations are combined, viz. HC-loop, AHC-loop, and
ABHC-loop, it first leads to lack of R6G transport (HC-loop)
(Table 4) and later to a drastic decrease in ATP hydrolysis
(AHC- and ABHC-loops) (Tables 3 and 4). The HC-loop
mutant is particularly interesting because it displays a lack of
substrate transport for R6G despite the close wild type levels of
ATPase activity. This indicates that the two events of ATP
hydrolysis and substrate transport are indeed uncoupled at
least for R6G in this mutant. In our opinion, the major effect of
changes in the degenerate site due to amino acid alterations is
the breakdown of communication between the two NBSs and
the NBS(s) and TMD(s). This is more severe in the case of the
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AHC-loop and the ABHC-loop mutants, and hence, it hampers
ATP hydrolysis even at the consensus NBS that was untouched
in this study.

In our view, Pdr5 like other yeast ABC transporters has
evolved a structural architecture consisting of a degenerate
NBS, and the entire intra- and interdomain communications
involving D-, Q-, and X-loops are in place and optimized taking
into account one consensus and one degenerate NBS. Our
study of mutating the residues involved in the degenerate site
altered the communication between the two NBS and hence
affected the ATP hydrolysis occurring at the consensus NBS.
Taking into consideration biochemical evidence from asym-
metric transporters does imply the necessity of a “quiet” plat-
form at the degenerate NBS where nucleotide exchange might
occur but much less frequently as compared with the consensus
NBS. When we make this quiet site more flexible by careful
exchange of key residues, it seems to be tolerated to an extent,
in case of Pdr5 up to the C-loop, but further changes disrupt
ATP hydrolysis completely.

In the liquid resistance assays (Fig. 2), it was observed that the
completely regenerated Pdr5 was clearly at a disadvantage in
providing resistance to the yeast cells when challenged with
different drugs. The big exception was R6G where resistance
was slightly better as compared with WT. This observation,
although primary, tells us that restoring all residues back to the
consensus sequence does more harm to the protein than being
beneficial. When compared with the liquid resistance assay
results for R6G, the AHC mutant is indeed worse than WT in
imparting resistance. But the HC-loop and ABHC-loop
mutants do display increased resistance toward R6G in the lig-
uid resistance assay. This is contradictory to our observation in
the R6G transport assays where these two mutants do not dis-
play any transport of rhodamine in membrane vesicles. To
investigate this contradiction, we employed microscopic tech-
niques to directly observe R6G in whole cells. Pdr5WT (Fig. 6, ¢
and d) and APdr5 (Fig. 6, a and b) were our positive and negative
controls, respectively. As can be clearly observed, the WT cells
that can actively transport R6G outside show no accumulation
of the dye within the cells, although the knock-out strain accu-
mulates the dye in the absence of the transporter. The Walker A
mutant, C199K (Fig. 6, e and f), which is deficient in R6G trans-
port, displays few cells, which accumulate the dye, whereas the
HC (Fig. 6, gand /) and ABHC (Fig. 6, i and j) mutants show a
large number of cells, which have accumulation of the dye
inside the cells. Differential interference contrast images of
these cells also confirmed that these cells were alive. These
observations point toward compensatory mechanisms, which
come into play only when a transport inefficient protein is pres-
ent in the cell, as the knock-out and the WT strains do not
display such behavior. We can therefore rule out the possibility
of additional transporters being up-regulated in the HC and
ABHC mutants to pump out the substrate that might lead to
increased resistance toward R6G as seen in the liquid drug tests.
However, further investigations, which are beyond the scope of
this study, are required to explain this observation at a protein
level.

Here, we have presented the first comprehensive study of
systematically replacing each degenerate amino acid residue
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involved in ATP binding and hydrolysis in Pdr5 with its con-
sensus counterpart. The completely regenerated Pdr5 protein
was functionally severely impaired as seen with ATP hydrolysis
and in vitro transport experiments. This leads us to conclude
that maintaining a degenerate ATP hydrolysis site seems essen-
tial for the optimal functioning of Pdr5 from an energetic and
also evolutionary point of view. It is also plausible that for ABC
transporters harboring a degenerate NBS that is incapable of
hydrolyzing ATP could lead to high basal ATPase activity
occurring at the consensus site. This, in turn, is a possible expla-
nation as to why some ABC transporters have and continue to
maintain a degenerate site. The trade-off between constant
ATP hydrolysis at only one site instead of two leads to the pro-
tein being ready at all times to protect the cell against xenotoxic
compounds without delay. This, to our knowledge, is a signifi-
cant deviation from ABC transporters having both NBS capable
of ATP hydrolysis and displaying substrate stimulation and val-
idates further investigation.
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