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ABSTRACT: The Walker A and B motifs of nucleotide binding domains (NBDs) of Cdr1p though almost
identical to all ABC transporters, has unique substitutions. We have shown in the past that Trp326 of
Walker B and Cys193 of Walker A motifs of N-terminal NBD of Cdr1p have distinct roles in ATP
binding and hydrolysis, respectively. In the present study, we have examined the role of a well conserved
Asp327 in the Walker B motif of the N-terminal NBD, which is preceded (Trp326) and followed (Asn328)
by atypical amino acid substitutions and compared it with its equivalent well conserved Asp1026 of the
C-terminal NBD of Cdr1p. We observed that the removal of the negative charge by D327N, D327A,
D1026N, D1026A, and D327N/D1026N substitutions, resulted in Cdr1p mutant variants that were severely
impaired in ATPase activity and drug efflux. Importantly, all of the mutant variants showed characteristics
similar to those of the wild type with respect to cell surface expression and photoaffinity drug analogue
[125I] IAAP and [3H] azidopine labeling. Although the Cdr1p D327N mutant variant showed comparable
binding with [R-32P] 8-azido ATP, Cdr1p D1026N and Cdr1p D327N/D1026N mutant variants were
crippled in nucleotide binding. That the two conserved carboxylate residues Asp327 and Asp1026 are
functionally different was further evident from the pH profile of ATPase activity. The Cdr1p D327N
mutant variant showed∼40% enhancement of its residual ATPase activity at acidic pH, whereas no such
pH effect was seen with the Cdr1p D1026N mutant variant. Our experimental data suggest that Asp327
of N-terminal NBD has acquired a new role to act as a catalytic base in ATP hydrolysis, a role normally
conserved for Glu present adjacent to the conserved Asp in the Walker B motif of all the non-fungal
transporters.

One of the most clinically significant mechanisms of azoles
resistance in the pathogenic fungi,C. albicansis an over-
expression of the drug efflux pumps encoding genesCDR1
and CDR2 belonging to the ATP binding cassette (ABC1)
(1-7) and CaMDR1 belonging to the major facilitator
superfamily (MFS) of transporters (8-10). Among the ABC
transporters, the high level of expression ofCDR1invariably
contributes to an increased efflux of fluconazole and, thus,
corroborates its direct involvement in drug efflux (6, 11, 12).
Hence, Cdr1p has not only acquired significant clinical

importance but is also considered an important target in any
design of strategies to combat antifungal resistance (7, 13,
14).

Typically, like other ABC proteins, the functional form
of Cdr1p consists of two hydrophilic nucleotide binding
domains (NBDs) located at the cytoplasmic surface of the
membrane that harness energy from ATP hydrolysis and two
hydrophobic transmembrane domains (TMDs) that are
thought to form the translocation pathway for drug efflux.
These NBDs of the ABC proteins contain three conserved
motifs required for nucleotide binding and hydrolysis: the
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sequence (16). ATP hydrolysis and substrate transport is
dependent on the cooperativity between NBDs. The Walker
A motif (GX4GK/CT/S) forms the phosphate binding loop,
or P-loop, which wraps around the phosphate chain of ATP
within this motif and makes extensive hydrogen bonding with
â-phosphate (17). The Walker B motif (I(Hy)4D) provides a
carboxylate residue that coordinates and stabilizes the Mg2+,
which is a mandatory cofactor in the hydrolysis of ATP (18).
A recent crystal structure of the stable MJ0796-E171Q dimer,
an ABC transporter ofMethanococcus jannaschii, describes
the 3D structure of the nucleotide binding pocket wherein it
is proposed that NBDs form a symmetrical dimer in which
two ATP molecules are sandwiched between the Walker A
and Walker B motifs of one NBD and the signature motif
of another NBD (19). The deduced 3D structure has
established that the signature motifs of NBDs physically
contribute to the active site by forming hydrogen bonds with
ribose and theγ-phosphate of ATP (19). Although significant
structural and functional differences are likely to exist among
different ABC proteins, it has been proposed that because
of the conserved nature of domains, the overall structure of
NBD sites of ABC proteins is probably very similar (2).

Unlike most other ABC transporters, the NBDs ofC.
albicansand all other fungal transporters of the super family
have unique positioning of a typical amino acid Cys193 in
the Walker A, Trp326, and Asn328 in and adjacent to the
Walker B motifs of N-terminal NBD, respectively (20).
Interestingly, the C-terminal NBD of Cdr1p and other ABC
fungal transporters possesses conserved motifs that are
essentially identical to non-fungal transporters (20). To begin
defining the functional significance of the conserved sub-
stitutions in the N-terminal NBD of Cdr1p, we have recently
demonstrated that the replacement of Cys193 with Ala
gravely impaired the ATP hydrolysis without affecting its
ability to bind the nucleotide (21, 22). However, substitution
of Trp326 with Ala resulted in the loss of ATP binding to
purified N-terminal NBD (NBD-512) (23). A mutagenesis
screen of another conserved residue underscored the impor-
tance of the highly conserved, putative catalytic carboxylate
residue Asp327 of the Walker B motif in the purified
N-terminal NBD of Cdr1p. The substitution of Asp327 with
Asn yielded a mutant variant protein with strongly impaired
ATPase activity, although it showed comparable nucleotide
binding to that of wild type protein. In the crystal structure

of HisP, the ATPase subunit of an ABC transporter histidine
permease fromSalmonella typhimurium, the negatively
charged side chain of this equivalent Walker B Asp residue
(Asp178) hydrogen bonds a water molecule in proximity to
the γ-phosphate of ATP. This water molecule has been
proposed to replace Mg2+ in the crystal structure (24),
implying that Asp178 and its equivalent in P-gp (Asp555/
Asp1200) coordinate Mg2+ (25). However, our initial results
suggest that an equivalent Asp residue (Asp327) in the
Walker B motif of N-terminal NBD of Cdr1p, unlike in other
non-fungal ABC transporters, may not be involved in Mg2+

coordination (23).

In this study, the precise role of Asp327 of N-terminal
NBD in ATP binding and hydrolysis is further explored and
is compared with its counter part Asp1026 of C-terminal
NBD. The substitution of both Asp residues resulted in
severely impaired ATPase activity and drug transport.
Importantly, both mutant variants showed characteristics
similar to those of the wild type with respect to photoaffinity
drug analogues of prazosin, [125I] IAAP (iodoarylazidopra-
zosin) and dihydropyridine, and [3H]-azidopine labeling but
showed differential labeling with [R-32P] 8-azido-ATP.
Although Cdr1p D1026N and Cdr1p D327N/D1026N were
severely impaired in nucleotide binding, indicating a direct
conventional role of Asp1026 in Mg2+ coordination, mutant
variants Cdr1p D327N or Cdr1p D327A elicited nucleotide
binding comparable to that of wild type Cdr1p. Our results
show that because of the replacement of conserved Glu with
Asn at position 328 in N-terminal NBD of Cdr1p and as
well as other fungal ABC transporters, the conserved Asp327
of the Walker B motif of N-terminal NBD has acquired a
new role to act as a catalytic base for ATP hydrolysis.

EXPERIMENTAL PROCEDURES

Materials.Ribonucleotides (ATP, ADP), protease inhibi-
tors (PMSF, leupeptin, pepstatin A, aprotinin, TLCK, and
TPCK) and drugs, miconazole, cycloheximide, anisomycin,
ketoconazole, itraconazole, R6G, DTT, oligomycin, and other
molecular grade chemicals, were obtained from Sigma
Chemical Co. (St. Louis, MO). Oligonucleotides used in this
study, as listed in Table 1, were commercially procured from
Sigma Genosys, Inc. Fluconazole was kindly provided by
Ranbaxy Laboratories (New Delhi, India). Anti-GFP mono-

Table 1: List of Oligonucleotides Used in This Study

name sequence

D327A/F 5′-CTAATATCCAATGTTGGGCAAATGCCACTAGAGGG-3′
D327A/R 5′-CCCTCTAGTGGCATTTGCCCAACATTGGATATTAG-3′
D327N/F 5′-CTAATATCCAATGTTGGAATAATGCCACTAGAGGG-3′
D327N/R 5′-CCCTCTAGTGGCATTATTCCAACATTGGATATTAG-3′
D327E/F 5′-CTAATATCCAATGTTGGGAAAATGCCACTAGAGGG-3′
D327E/R 5′-CCCTCTAGTGGCATTTTCCCAACATTGGATATTAG-3′
N328E/F 5′-TATCCAATGTTGGGAGAATGCCACTAGAGGGTTAGA-3′
N328E/R 5′-TCTAACCCTCTAGTGGCATTCTCCCAACATTGGATA-3′
N328A/F 5′-TATCCAATGTTGGGAGCATGCCACTAGAGGGTT-3′
N328A/R 5'-AACCCTCTAGTGGCATGCTCCCAACATTGGATA-3′
D1026N/F 5′-CCTAAATTGTTGTTATTCTTAAACGAACCAACTTCAGGGTTA 3′
D1026N/R 5′-TAACCCTGAAGTTGGTTCGTTTAAGAATAACAACAATTTAGG 3′
D1026A/F 5′-CCTAAATTGTTGTTATTCTTAGCCGAACCAACTTCAGGGTTA 3′
D1026A/R 5′-TAACCCTGAAGTTGGTTCGGCTAAGAATAACAACAATTTAGG 3′
E1027Q/F 5′-ATTGTTGTTATTCTTAGACAAACCAACTTCAGGGTTAGA 3′
E1027Q/R 5′-TCTAACCCTGAAGTTGGTTTGTCTAAGAATAACAACAAT-3′
E1027A/F 5′-ATTGTTGTTATTCTTAGAGCAACCAACTTCAGGGTTAGA 3′
E1027A/R 5′-TCTAACCCTGAAGTTGGTTGCTCTAAGAATAACAACAAT-3′
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clonal antibody and [R-32P] 8-azido ATP (15-20 Ci/mmol)
were purchased from BD Biosciences Clontech (Palo Alto,
CA) and Affinity Labeling Technologies, Inc. (Lexington,
KY), respectively. [3H] azidopine (60 Ci/mmol) was obtained
from Amersham Biosciences (Arlington Heights, III). The
radio labeled [125I] IAAP (2,200 Ci/mmol) was procured from
Perkin-Elmer Life Sciences (Boston, MA).

Media Chemicals and Strains.Plasmids were maintained
in Escherichia coliDH5R. E. coli was cultured in Luria-
Bertani medium (Difco, BD Biosciences, NJ) to which
ampicillin was added (0.1 mg/mL). The yeast strains were
cultured in YEPD broth (Bio101, Vista, CA) or SD-ura-

(Bio101). Table 2 lists all of the strains used in this study.

Methods

Site-Specific Mutagenesis.Site directed mutagenesis was
performed using the quick-change mutagenesis system as
described previously (26). The mutations were introduced
into plasmid pPSCDR1-GFP according to manufacturer’s
instructions, and the mutated plasmid pPSCDR1-GFP linear-
ized withXbaI was used to transform AD1-8u- cells by the
lithium acetate transformation protocol exploiting uracil
prototrophy (26, 27).

Immunodetection of Cdr1-GFP.Plasma membranes (PM)
were prepared fromSaccharomyces cereVisiae cells grown
in YEPD to late exponential phase, as described previously
(26). The Western blot analysis was carried out using anti-
GFP monoclonal antibody (1:5000 dilution) and anti-Pma1p
polyclonal antibody (1:1000 dilution) as described previously
(26).

Assay of Drug Susceptibility, Rhodamine 6G Efflux, and
ATPase ActiVity. The drug susceptibilities, rhodamine 6G
efflux, and ATPase activity ofS. cereVisiaecells, harboring
wild type Cdr1p and its mutant variants, were determined
as described earlier (23, 26-28).

Confocal Microscopy and Flow Cytometry.Confocal
imaging and flow cytometric (FACS) analysis of Cdr1p and
its mutant variants carryingS. cereVisiae cells were per-
formed with a Bio-Rad confocal microscope (MRC 1024)
with a 100× oil immersion objective and FACSort flow
cytometer (Becton-Dickson Immuno cytometry systems, San
Jose, CA) as described previously (26).

Photoaffinity Labeling.Photoaffinity labeling of Cdr1p and
its mutant variants with 0.5µM [3H]-azidopine (specific
activity 60 Ci/mmol), 7.5 nM [125I] IAAP (2200 Ci/mmol),
and 10 µM [R-32P] 8-azido ATP (7.5µCi/nmol) was
performed with PM proteins (30-50 µg) as described
previously (26).

Homology Modeling of NBDs of Cdr1p.Because no
structural data is currently available for NBDs of Cdr1p, the
model of the CDR1-NBD catalytic dimer along with the
ligands (ATP and Mg2+) was generated by homology
modeling to verify experimental findings. The crystal
structure of the dimeric E171Q mutant of MJ0796, an ABC
transporter fromM. jannaschii(Protein Data Bank (PDB)
code 1L2T) (19) was used as a template for modeling the
dimer. The target sequence was then aligned using ClustalX
version 1.83 (29, 30). The alignment was manually edited
so that the loop regions involved with ATP were not
influenced by the template structure but by the ATP and
metal ligand. The model was built using the program
Modeller8 v. 2 (31). An ensemble of 50 structures was
generated, and the one with the lowest objective function
(energy) was chosen for further analysis. Model evaluation
was done using PROCHECK v. 3.5.4 (32).

Routine Procedures.Protein concentrations were deter-
mined by a bicinchonic acid method (33). SDS-PAGE was
carried out according to Laemmli (34), using the Mini-
PROTEAB II gel and electro transfer system (Bio-Rad).

Table 2: List of Strains Used in This Study

name description reference

yeast strains
AD1-8u- MATa pdr1-3 hisG ura3∆yor1::hisG

∆snq2::hisG∆pdr10::hisG∆pdr11::hisG
∆ycf1::hisG∆pdr15::hisG

(27)

PSCDR1-GFP AD1-8u- cells harboring CDR1-GFP ORF
integrated at PDR5 locus

(26)

VRCG D327N CDR1-GFP cells carrying D327N mutation in
CDR1 ORF and integrated at PDR5 locus

(23)

VRCG D327A CDR1-GFP cells carrying D327A mutation in
CDR1 ORF and integrated at PDR5 locus

this study

VRCG D327E CDR1-GFP cells carrying D327E mutation
in CDR1 ORF and integrated at PDR5 locus

this study

VRCG D1026N CDR1-GFP cells carrying D1026N mutation
in CDR1 ORF and integrated at PDR5 locus

this study

VRCG D1026A CDR1-GFP cells carrying D1026A mutation
in CDR1 ORF and integrated at PDR5 locus

this study

VRCG D327N/D1026N CDR1-GFP cells carrying D327N/D1026N
mutation in CDR1 ORF and integrated at PDR5 locus

this study

VRCG N328E CDR1-GFP cells carrying N328E mutation in
CDR1 ORF and integrated at PDR5 locus

this study

VRCG N328A CDR1-GFP cells carrying N328A mutation in
CDR1 ORF and integrated at PDR5 locus

this study

VRCG E1027Q CDR1-GFP cells carrying E1027Q mutation in
CDR1 ORF and integrated at PDR5 locus

this study

VRCG E1027A CDR1-GFP cells carrying E1027A mutation in
CDR1 ORF and integrated at PDR5 locus

this study

VRCG N328E/E1027Q CDR1-GFP cells carrying N328E/E1027Q
mutation in CDR1 ORF and integrated at PDR5 locus

this study
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RESULTS

Cdr1p Mutant Variants with ConserVed Amino Acid
Substitutions in the Walker B Motif of NBDs Are Properly
Expressed and Surface Localized.Asp327 of N-terminal
NBD and Asp1026 of C-terminal NBD in the Walker B motif
of Cdr1p or its equivalent in other ABC transporters are well
conserved (Figure 1). To probe whether Asp327 has acquired
a new role because of its neighborhood conserved substitu-
tions and to compare it is functioning with its counter part
Asp1026 in the Walker B motif of C-terminal NBD, we made
point mutations of these residues. Thus, we constructed the
mutant variants D327N, D327A, D1026N, D1026A, and
D327N/D1026N of Cdr1p. Making the equivalent mutations
in both the nucleotide sites of Cdr1p allowed us to examine
their roles in ATP catalysis.

The mutant variants, designated as Cdr1p D327N, Cdr1p
D327A, Cdr1p D1026N, Cdr1p D1026A, and Cdr1p D327N/
D1026N were constructed by site directed mutagenesis and
stably overexpressed from the genomicPDR5 locus in aS.
cereVisiaemutant AD1-8u- as a heterologous hyper-expres-
sion system (35). We also tagged the green fluorescent
protein (GFP) gene at the C-terminal end ofCDR1,which
was overexpressed as a fusion protein (26). The host AD1-
8u- was derived from aPdr1-3 mutant strain with a gain-
of-function mutation in the transcription factor Pdr1p,
resulting in the constitutive hyper-induction of thePDR5
promoter (27). Single copy integration of each transformant
at thePDR5promoter was confirmed by Southern hybridiza-
tion (data not shown). The wild type Cdr1p and its mutant

variants were expressed at equivalent levels as evident from
the Western blot analysis of the PM fraction of cells
expressing these mutant variant proteins (Figure 2A). All of
the mutant variants and wild type Cdr1p were properly cell
surface localized as confirmed by confocal microscopy and
FACS analysis (Figure 2B).

Mutation of ConserVed Carboxylate Residues in the
Walker B Motif of NBDs Resulted in Abrogation of Drug
Resistance, Drug Transport, and ATPase ActiVity. We
examined the effect of these mutations on drug sensitivities
of the cells expressing wild type Cdr1p and its mutant
variants by two independent drug susceptibility assays viz.,
MIC80 (minimum inhibitory concentration for 80% inhibition
in growth) and spot assays (26). MIC80 assays revealed that
the host strain (AD1-8u-) was expectedly hyper-sensitive
to all of the tested drugs compared to the growth control
(without drug). On the contrary, for the cells expressing wild
type Cdr1p, substantial growth in the presence of drugs was
observed. Compared to the host strain (AD1-8u-), MIC80

for cells expressing wild type Cdr1p was considerably higher
(MIC80 64µg/mL for fluconazole, 16µg/mL for anisomycin,
2.0µg/mL for miconazole, 1.0µg/mL for ketoconazole, 4.0
µg/mL for Itraconazole, and 0.5µg/mL for cycloheximide)
(Figure 3A). Interestingly, cells expressing Cdr1p mutant
variants Cdr1p D327N, Cdr1p D327A, Cdr1p D1026N,
Cdr1p D1026A, and Cdr1p D327N/D1026N behaved like
the host strain (AD1-8u-) and remained hypersensitive to
the tested drugs. Accordingly, they displayed extremely low
MIC80 values (Figure 3A). The results of spot assays also
corroborated MIC80 results (Figure 3B).

FIGURE 1: Topology of Cdr1p and sequence alignment of Walker B and extended Walker B motifs from various ABC transporters. The
sequence alignment of Walker B and extended Walker B motif residues in NBDs with those from other nucleotide binding domains of
some known ABC transporters is shown. The conserved Asp and Asn residues within and adjacent to the Walker B motifs of fungal NBDs
and the equivalent Asp/Glu in non-fungal NBDs, respectively, are shown in bold and underlined.
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To check if the observed drug sensitivity by Cdr1p
carboxylate mutant variants expressing cells was associated
with the impaired extrusion ability of the cell, we performed
a rhodamine 6G (R6G) efflux assay (described under
Experimental Procedures), which is a good indicator of Cdr1p
activity (28). Strikingly, cells expressing these Walker B
mutant variants Cdr1p D327N, Cdr1p D327A, Cdr1p D1026N,
Cdr1p D1026A, and Cdr1p D327N/D1026N were severely
impaired in efflux function (Figure 3C). It is apparent that
the disruption of either NBD results in a non-functional
protein, and neither the N-terminal nor the C-terminal ATP
site can function independently of each other.

The ability of conserved Walker B mutant variants of
Cdr1p to hydrolyze ATP was also measured as the oligo-
mycin-sensitive release of Pi from Mg-ATP as described
under Experimental Procedures. PM preparations from
cells expressing wild type Cdr1p elicited an ATPase activ-
ity of ∼50-55 nmol of Pi released per min per mg of
protein. None of the mutant variant proteins displayed
ATPase activity above the host AD1-8u- control (dis-
cussed later; Figure 5A). These data suggest that the lack
of transport function of mutant variant proteins (Figure 3C)
is attributed to the impaired ATPase activity and that
both NBDs need to be functional to generate an active
transporter.

Drug Binding Remains Unaffected in the Walker B Mutant
Variants of NBDs.The drug binding properties of the wild
type and mutant variant proteins were assessed by photoaf-
finity labeling with radio labeled drug substrate analogues
of dihydropyridine ([3H]-azidopine) and of prazosin ([125I]
iodoarylazidoprazosin and [125I] IAAP). These photoaffinity
analogues have been successfully used earlier to study drug
binding sites on Cdr1p (26). PM preparations derived from
yeast cells expressing wild type Cdr1p or its mutant variants
Cdr1p D327N, Cdr1p D327A, Cdr1p D1026N, Cdr1p
D1026A, and Cdr1p D327N/D1026N were labeled with [3H]-
azidopine or [125I] IAAP (as described under Experimental
Procedures) and subjected to SDS-PAGE and autoradiog-
raphy. As expected, no binding of these analogues was
observed in the host AD1-8u- negative control, whereas an
efficient labeling of [3H]-azidopine (Figure 4A) and [125I]
IAAP (Figure 4B) was seen with all of the mutant variant
proteins, comparable to that of the wild type protein.
Photoaffinity labeling of these drug analogues with the wild
type and its mutant variant protein was specific because [125I]
IAAP labeling can be competed out by Cdr1p drug substrates
such as nystatin (Figure 4B). These data suggest that
mutations made in the Walker B motifs of the N- and
C-terminal NBDs do not affect the ability of the transporter
to recognize the drug substrates analogues.

FIGURE 2: Membrane localization and expression profile of wild type and carboxylate residue mutant variant Cdr1p. The boxed panel at
the top shows the sequence of Walker B and extended Walker B motifs of N-terminal and C-terminal NBDs of Cdr1p. (A) PM of wild type
and mutant variant protein-expressing cells were prepared, and their immunodetection was performed as described earlier (26). (B) Fluorescence
imaging (upper panel) by a confocal microscope showing membrane localization of Cdr1-GFP (Cdr1p) and its mutant variant protein-
expressing cells. Flow cytometry (lower panel) ofS. cereVisiaeexpressing Cdr1p and its mutant variants. The histogram derived from the
cell quest program depicts fluorescence intensities for AD1-8u- (control) (purple filled area) and PSCdr1-GFP (solid green line) for each
panel, and the other extra line represents that for the respective Cdr1p mutant variant-expressing cells.
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Walker B Mutant Variants of NBDs Differ in Their Ability
to Bind [R-32P] 8-Azido ATP. To further examine the cause
of impaired drug transport and ATPase activity, we explored
the effect of single or double mutations in the Walker B motif
on ATP binding in general and particularly exploring whether
a mutation in either ATP site would allow nucleotide binding
and hydrolysis at the other native site. For this, we examined
[R-32P] 8-azido ATP labeling binding of Cdr1p and its mutant
variants, which we had earlier shown to bind efficiently to
Cdr1p (26). PM preparations were photoaffinity-labeled with
10 µM [R-32P] 8-azido ATP in the presence of 8 mM MgCl2

as described in Experimental Procedures. An equivalent
amount of PM derived from the AD1-8u- host was used as
a control, and as expected, no binding of [R-32P] 8-azido
ATP was observed in this case. Membranes expressing wild
type Cdr1p and its mutant variants were, however, labeled
with [R-32P] 8-azido ATP, and the labeling of the analogue
could be competed out with molar excess of cold ATP
(Figure 4C). This labeling was strictly dependent upon Mg2+

because the presence of 2 mM EDTA completely eliminated
labeling (data not shown). Although the [R-32P] 8-azido ATP
labeling in membranes expressing Cdr1p D1026N and its
double mutant variant Cdr1p D327N/D1026N was severely
affected, there was no significant difference in labeling

between wild type Cdr1p and Cdr1p D327N or Cdr1p
D327A. It should imply that the ability to bind ATP to the
C-terminal ATP sites is reduced significantly in the protein
containing a mutation in the Mg2+ binding site (D1026N),
whereas binding to the N-terminal ATP site with the D327N
mutation is not compromised.

D327 Is InVolVed in ATP Catalysis.The photoaffinity
labeling of Cdr1p mutant variants with [R-32P] 8-azido ATP
suggested that Asp1026 of Walker B motif of C-terminal
NBD is implicated in ATP binding or Mg2+ coordination,
similar to its proposed conventional role in other NBDs (18).
However, despite being crucial for ATP hydrolysis, Asp327
in the Walker B motif of N-terminal NBD does not appear
to be involved in Mg2+ coordination (Figure 5A). To further
explore the role of Asp327, we examined the pH dependence
of ATPase activity of the wild type and its mutant variants
to highlight different roles of the two-conserved Asp. As
shown in Figure 5B, ATPase activity of Walker B mutant
variant Cdr1p D1026N does not show any pH dependence,
whereas the pH profile of the enzyme activity of Cdr1p
D327N mutant variant (retaining around 10% residual
activity) was drastically different. Of note, the Cdr1p D327N
mutant variant regains∼40% ATPase activity at acidic pH
(4.5-5.5) (Figure 5B), whereas its Ala substitution, that is,

FIGURE 3: (A) MIC80 values of cells expressing Cdr1p and its mutant variants in the presence of different drugs tested. Drug susceptibility
(MIC80) of S. cereVisiae cells expressing wild type and mutant variants of Cdr1p MICs were determined by a microdilution method as
described previously (26). (B) Drug resistance profiles of the wild type and mutants determined by spot assay. It was done as per the
protocol described earlier (26). The concentrations of the drugs used: fluconazole, 5µg/mL; anisomycin, 1.0µg/mL; miconazole, 0.5
µg/mL; and ketoconazole, itraconazole, and cycloheximide, 0.15µg/mL. (C) Rhodamine 6G efflux by the wild type Cdr1p and its mutant
variant protein-expressing cells. The R6G efflux was measured as described previously (28). The values are mean( SD (error bars) for
three independent experiments.
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Cdr1p D327A does not show similar enhancement of ATPase
activity at low pH. No similar restoration of ATPase activity
at acidic pH (4.5-5.5) could also be seen with Cdr1p
D1024N or Cdr1p D1026A mutant variants (Figure 5B).
Interestingly, the restoration of ATPase activity by cells
expressing only the Cdr1p D326N mutant variant could also
partially restore resistance to tested drugs when grown at
low pH, whereas that was not the case with cells expressing
the Cdr1p D326A mutant variant (Figure 5C). Further-
more, as evidenced by the MIC80 values (Figure 3A) and
ATPase activity (Figure 5A), the mutant variant Cdr1p
D327E also behaved very much like the wild type protein,
confirming the importance of the carboxylate residue at the
327 position.

Isolated N-Terminal Nucleotide Binding Domain D327N
(NBD-512 D327N) Confirms pH Dependence.To further
confirm that the observed pH dependence was indeed the
result of the unique placement of critical residues in the
N-terminal NBD of Cdr1p, we used purified N-terminal NBD
(NBD-512) protein (21). Indeed, the purified NBD-512
D327N mutant variant protein also showed restoration of
ATPase activity at low pH (4.5), which was not the case
with the NBD-512 D327A mutant variant protein (data not
shown). Interestingly, when purified native NBD-512 and
mutant variant NBD-512 D327N were exposed to low pH
prior to assessing their ATPase activities at the normal pH
of 6.5, the mutant variant protein retained enhanced activity
(Figure 5D).

FIGURE 4: (A) Photoaffinity labeling of wild type Cdr1p and its mutant variants with [3H]-azidopine. The PM fraction (30µg) of cells
expressing the wild type Cdr1p and its mutant variants were incubated with 0.5µM [3H]-azidopine (60 Ci/mmol) for 5 min under subdued
light. The samples were processed and analyzed as described in Experimental Procedures and loaded as AD1-8u- (control; lane 1), Cdr1-
GFP (lane 2), Cdr1p D327N (lane 3), Cdr1p D327A (lane 4), Cdr1p D1026N (lane 5), Cdr1p D1026A (lane 6), and Cdr1p D327N/D1026N
(lane 7). (B) Photoaffinity labeling of wild type Cdr1p and its mutant variants with [125I]-IAAP. The PM fraction (30µg) of cells expressing
the wild type Cdr1p and its mutant variants were incubated with 7.5 nM [125I]-IAAP (2200 Ci/mmol) in the presence and absence of 2µM
Nystatin (+lane) as described in Experimental Procedures. (C) Photoaffinity labeling of wild type Cdr1p and its mutant variants with
[R-32P] 8-azido ATP. The PM fraction (30µg) of cells expressing the wild type Cdr1p and its mutant variants were incubated with 10µM
[R-32P] 8-azido ATP 7.5µCi/nmol at 4°C and competed with 10 mM cold ATP (+ATP lane) as described in Experimental Procedures.
In Figure 4A, B, and C, the lower panel shows immunoblotting using anti-GFP antibody to ensure an equal loading of wild type Cdr1p and
its mutant variants in all of the lanes.
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Substitution of ConserVed Asn328 Resulted in SelectiVe
Loss of Function, but Unlike Cdr1p D327N, It Does Not
Show pH Dependence.In all non-fungal ABC transporters,
a very well conserved residue Glu adjacent to conserved Asp
(equivalent to Asp327) of the Walker B motif has been
implicated to function as a catalytic base in the ATP catalysis
cycle (35-39). However, all fungal ABC transporters
including Cdr1p lack this conserved Glu residue adjacent to
the Walker B core at N-terminal NBD, which is replaced
by Asn (Figure 1). Given the importance of the conserved
Glu residue in the catalytic cycle of non-fungal ABC
transporters, we explored the role of Asn328 in Cdr1p. To
investigate this, Asn328 of N-terminal NBD and Glu 1027
of C-terminal NBD at the equivalent position, adjacent to
the core Walker B motif of Cdr1p (Figure 6), were
substituted. The mutant variants designated Cdr1p N328E,
Cdr1p N328A, Cdr1p E1027Q, Cdr1p E1027A, and Cdr1p
N328E/E1027Q were constructed and expressed inS. cer-
eVisiaemutant host strain (AD1-8u-). Substitution of these
highly conserved residues did not affect cell surface expres-
sion of Cdr1p as determined by FACS and confocal analysis
(Figure 6A). However, all these mutant variants were
abrogated in their ability to efflux R6G (Figure 6B). This
loss of efflux was the result of impaired ATPase activity in

these mutant variants (Figure 6F). Interestingly, the binding
of photoaffinity drug analogues, [3H]-azidopine (Figure 6C)
and [125I] IAAP (Figure 6D), and ATP analogue [R-32P]
8-azido ATP to these mutant variants remains unaffected
(Figure 6E). Importantly, neither of these mutant variants
showed pH dependence of ATPase activity as shown by the
Cdr1p D327N mutant variant (Figure 6F, inset).

Homology Modeling of Nucleotide Binding Domains
(NBDs) of Cdr1p.In the absence of high-resolution structural
data for NBDs of Cdr1p and to validate experimental data,
we generated a homology model based on the dimeric E171Q
mutant structure of a known homologue MJ0796, an ABC
transporter of M. jannaschii. The crystallographic and
functional evidence for ABC transporters indicates that
residues from both NBDs contribute to the nucleotide binding
site. Therefore, it is sensible to refer to ATP binding to sites
rather than to individual NBDs (19). By homology modeling,
we mapped the sequence of the Cdr1p N- and C-terminal
NBDs onto the two subunits of the dimeric E171Q mutant
of the MJ0796. Analysis of the ATP-binding pocket shows
that ATP is present at the interface of the sandwich dimer
formed between the Walker A and B motifs of N-terminal
NBD and the signature motif of C-terminal NBD (Figure
7A). In all of the 50 models generated, Asp327 is predicted

FIGURE 5: (A) ATPase activity of Cdr1p with its mutant variants. ATPase activity of the PM fraction of cells expressing the wild type
Cdr1p and its mutant variants were assayed as described previously (26). The values are the mean( standard deviation of three independent
experiments. (B) pH dependence of ATPase activity of Cdr1p and its mutant variants. ATPase activity of PM fractions expressing wild
type Cdr1p and its mutant variants were assayed at different pH. The scattered plot represents AD1-8u- (b), PSCdr1-GFP (O), VRCG
D327N (1), VRCG D327A (3), VRCG D1026N ()), VRCG D1026A ("), and VRCG D327N/D1026N (4). (C) Reversal of drug resistance
at low pH by the VRCG D327N strain. The reversal of drug resistance by the VRCG D327N strain at different pH was corroborated by
a spot assay by growing the cells at different pH in presence of drug; Flu, 0.5µg/mL; Mico, 0.125µg/mL; Keto, 0.0156µg/mL; Itra, 0.125
µg/mL; Cyclo, 0.0625µg/mL; and Aniso, 0.5µg/mL. (D) ATPase activity of isolated N-terminal NBD (NBD-512) of Cdr1p and its mutant
variant proteins. ATPase activity of NBD-512 and its mutant variant proteins at pH 6.5 was assayed after the preincubation of the protein
at low pH (4.5).
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FIGURE 6: (A) Membrane localization and expression profile of wild type Cdr1p and mutant variants. The boxed panel at the top shows the sequence of Walker B andextended Walker B motifs
of N-terminal and C-terminal NBDs of Cdr1p. Fluorescence imaging (upper panel) and flow cytometry (lower panel) ofS. cereVisiae expressing Cdr1p and its mutant variants has been done as
mentioned in the legend for Figure 2B. (B) Rhodamine 6G efflux by the wild type Cdr1p and its mutant variants expressing cells. The inset shows the tableof MIC80 values of the wild type Cdr1p
and its mutant variant-expressing cells for the drug tested. (C) Photoaffinity labeling of wild type Cdr1p and its mutant variants with [3H]-azidopine. The PM fraction (30µg) of cells expressing
wild type Cdr1p and its mutant variants were photoaffinity labeled with 0.5µM [3H]-azidopine as mentioned in the legend for Figure 4A. The loading pattern is AD1-8u- (control; lane 1),
Cdr1-GFP (lane 2), Cdr1p N328E (lane 3), Cdr1p N328A (lane 4), Cdr1p E1027Q (lane 5), Cdr1p E1027A (lane 6), and Cdr1p N328E/E1027Q (lane 7). (D) Photoaffinity labeling of wild type
Cdr1p and its mutant variants with [125I]-IAAP. The PM fraction (30µg) of cells expressing the wild type Cdr1p and its mutant variants were incubated with 7.5 nM [125I]-IAAP (2200 Ci/mmol)
in the absence or presence of 2µM Nystatin (+lane) as described in Experimental Procedures. (E) Photoaffinity labeling of wild type Cdr1p and its mutant variants with [R-32P] 8-azido ATP. The
PM fraction (30µg) of cells expressing the wild type Cdr1p and its mutant variants were incubated with 10µM [R-32P] 8-azido ATP 7.5µCi/nmol at 4°C and competed with 10 mM cold ATP
(+ATP lane) as described in Experimental Procedures. In panels C, D, and E, the lower panel shows the immunoblotting using anti-GFP antibody to ensure anequal loading of wild type Cdr1p
and its mutant variants in all of the lanes. (F) Comparison of ATPase activity of Cdr1p with its mutant variants. ATPase activity of the PM fraction of cells expressing the wild type Cdr1p and
its mutant variants were assayed as described under Experimental Procedures; the values represent the average( standard deviation of three independent experiments. The inset shows the ATPase
activity of Cdr1p and its mutant variants at different pH. The scattered plot represents AD1-8u- (b), PSCdr1-GFP (O), VRCG N328E (0), VRCG N328A (̀ ), VRCG E1027Q (2), VRCG
E1027A (4), and VRCG N328E/E1027Q (().
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to form an integral part of the ATP binding pocket and could
be a prime candidate, directly involved in catalysis at the
N-terminal ATP binding site (Figure 7B).

DISCUSSION

Several aspects of the mechanisms of ABC drug transport-
ers remain unresolved. Some questions such as what the
various steps in the catalytic cycle are, the role of NBDs
with respect to ATP binding and hydrolysis, and the nature
and type of signal generated at NBDs by ATP hydrolysis,
which is transduced to the drug binding sites in TMDs to
mediate drug efflux, are poorly understood (1). Fungal ABC
transporters pose additional challenges because they have
typical amino acid substitutions in conserved motifs of
NBDs, which suggest the possibility of mechanistic differ-
ences in the ATP catalysis cycle (20). In an attempt to
understand the molecular basis of ATP hydrolysis mediated
by the major ABC multidrug transporter ofC. albicans,
Cdr1p, we have demonstrated that the uncommon and
atypically conserved Trp326 in the Walker B motif of
N-terminal NBD is crucial for ATP binding (23). We have
also shown that another uniquely replaced residue Cys193
in the Walker A motif of N-terminal NBD is critical for ATP
hydrolysis (22). Interestingly, reports from non-fungal ABC
transporters suggest that residues present at equivalent
positions of Trp326 have no demonstrable role in ATP
catalysis, whereas the residue present at the equivalent
position of Cys193 is indispensable for ATP binding and
hydrolysis (16, 40, 41). In the present study, because of the
unique placement of residues such as Trp326 of the Walker
B motif and Asn328 adjacent to the Walker B motif of
N-terminal NBD of Cdr1p, we explored whether the role of
the highly conserved Asp327 of the N-terminal NBD has
also changed in any way compared to its equivalent residue
Asp1026 of C-terminal NBD, which lies within the well
conserved Walker B motif. Of note in P-gp and other ABC

transporters is the involvement of the residues equivalent to
Asp327 and Asp1026 in Mg2+ coordination (25, 42).

We observed that mutations in the Walker B region
(D327N, D327A, D1026N, D1026A, and D327N/D1026N)
showed equivalent cell surface expression levels of Cdr1p
but resulted in abrogated efflux of R6G in all of the Cdr1p
mutant variants. Single point mutations introduced in either
of the two NBD sites of Cdr1p (D327N and D1026N)
impaired the capacity of mutant variant protein to confer
resistance to all of the tested drugs. Mutations D327N and
D1026N as well as the double mutation D327N/D1026N in
the Walker B motif of Cdr1p showed severely decreased
ATPase activity, though there was no effect on their ability
to recognize the substrate per se as confirmed by photoaf-
finity drug analogue [3H] azidopine and [125I] IAAP labeling.
These results establish that both Asp327 and Asp1026 are
critical for ATP hydrolysis at their respective positions, and
their substitution results in mutant variants that are unable
to power drug efflux without affecting drug binding.

Our photoaffinity labeling experiments with [R-32P] 8-azi-
do ATP illustrated the functional asymmetry of Asp327,
Asp1026, and the two NBD sites therein. For example,
although Cdr1p D327N showed comparable binding of
[R-32P] 8-azido ATP to that of the wild type protein, this
was not the case with Cdr1p D1026N and its double mutant
Cdr1p D327N/D1026N variant protein, which showed se-
verely impaired labeling. The inability of the Cdr1p D1026N
mutant variant to efficiently bind [R-32P] 8-azido ATP even
though the N-terminal NBD site was intact highlights the
differences in the role of the two residues. The photoaffinity
labeling data further imply that unlike at the C-terminal NBD
with D1026N, ATP binding per se is not the major cause of
dysfunction at the N-terminal NBD site with the D327N
mutation, ATP binding per se is not the major cause of
dysfunction, but the steps after initial binding are probably
affected. In a recent in vivo study, the relative contribution

FIGURE 7: Atomic model of the N- and C-terminal NBD dimer of Cdr1p. (A) Homology based model of N- and C-terminal NBD of Cdr1p.
The structure of N- and C-terminal NBD was generated by the Modeller8v2 program (19, 31). Structural diagrams were produced using
visual molecular dynamic (VMD) software (29), whereR-helices are represented as ribbons and strands as arrows. The ATP molecule is
shown in licorice format and the atoms, i.e., carbon, nitrogen, oxygen, phosphorus, and sulfur and the magnesium ion are represented in
cyan, blue, red, tan, yellow, and green, respectively. Functionally important sequence motifs of NBDs are labeled. (B) Blown-up view of
the N-terminal nucleotide binding pocket of the dimeric model of Cdr1p, highlighting the close positioning of ATP and Mg2+ with Asp327
(pink), Asn328 (blue), Trp326 (green), and Cys193 (orange) residue side chains.
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of both the N- and C-terminal NBDs in ATP hydrolysis, drug
resistance, and drug transport activity of wild type Cdr1p
was examined, wherein the unique Cys193 of Walker A of
N-terminal NBD (C193K) and a conserved Lys 901 of
Walker A of C-terminal NBD (K901C) were replaced (43).
Compared to the Cdr1p C193K, the cells expressing the
Cdr1p K901C mutant variant became relatively more sus-
ceptible to drugs. This clearly suggested that the two NBDs
of Cdr1p are functionally asymmetric (43). On the basis of
sequence analyses, it was suggested earlier that the N-
terminal NBD of Pdr5p (homologue of Cdr1p) ofS.
cereVisiaeis probably unable to perform ATP hydrolysis and
that the transporter might function with only one of its two
NBDs (20). Interestingly, in the case of P-gp, which is a
close homologue of Cdr1p, the two NBDs are partially
interchangeable (25). However, in prokaryotic ABC trans-
porters such as the histidine permease ofS. typhimurium,
both NBDs are functionally identical and contribute equally
to the protein’s activity (44). The functional asymmetry of
NBDs in Cdr1p was also illustrated in our recent study,
where swapping of NBDs resulted in non-functional Cdr1p
chimeras and, thus, suggested that the two NBDs are non-
exchangeable (45). Taken together, results confirm that the
two potential ATP binding sites of Cdr1p are not identical.
These observations are also consistent with a model in which
the binding of nucleotide at one site is indispensable for
hydrolysis at the other site, originally proposed by Senior
and colleagues for P-gp (46).

The photoaffinity labeling data further imply that at the
N-terminal NBD site with the D327N mutation in the Walker
B motif of Cdr1p, ATP binding per se is not the major cause
of dysfunction, but the steps after initial binding are probably
affected. That Asp327 and Asp1026 are important for ATP
hydrolysis was apparent but that they have acquired different
roles became clear when we monitored pH dependence of
ATP hydrolysis. Although ATPase activity of the Walker B
mutant variant Cdr1p D1026N does not show any pH
dependence, the Cdr1p D327N mutant variant showed an
enhancement in activity at acidic pH. This partial restoration
of ATPase activity at acidic pH by the Cdr1p D327N mutant
variant expressing cells was sufficient to partially power drug
transport otherwise hypersensitive Cdr1p D327N mutant
variant expressing cells could grow in the presence of tested
drugs. The restoration of ATPase activity at low pH in the
Cdr1p D327N mutant variant and not in the Cdr1p D327A
mutant variant suggests that Asp327 probably acts as a
catalysis base. At physiological pH 7.5, Asp327 of Cdr1p
would exist in its deprotonated form, fully capable of
abstracting a proton from a water molecule during ATP
hydrolysis (Figure 8A). On the contrary, at the same pH,
replaced Asn would be unable to abstract a proton. Our
observation that the Cdr1p D327N mutant variant does not
show any enhancement in ATPase activity at pH 7.5 supports
such an assumption (Figure 8B). However, at acidic pH (4.5),
solvent accessible Asn is expected to be hydrolyzed, become
Asp, which could easily abstract a proton from a water
molecule and, thus, promote ATP catalysis (Figure 8C).
Interestingly, the mutation of Asp327 to Glu was functional
and was able to power the drug efflux like the wild type
protein, demonstrating an exquisitely sensitive requirement
for the carboxyl side chain at the 327 position. Our results
with the purified domain mutant variant protein NBD-512

D327N further confirmed this pH dependence of Asp327.
Interestingly, the prior exposure of the NBD-512 D327N
mutant variant to low pH (4.5) was sufficient to enable it to
hydrolyze ATP even at pH 6.5. The exposure of the NBD-
512 D327N mutant variant protein to acidic pH would allow
Asn to become Asp, which once hydrolyzed could now
abstract a proton at pH 6.5. Our results strongly suggest that
unlike in other non-fungal ABC transport, the conserved
Asp327 in the Walker B motif has acquired a new role, where
it is not involved in nucleotide binding per se but rather
serves as a catalytic base at the N-terminal ATP site of Cdr1p
and is involved in the abstraction of a proton from a water
molecule. The conserved Asp1026 of C-terminal NBD,
however, continues to perform its traditional established role
of Mg2+ coordination in ATP catalysis. Consistent with
experimental data, the N- and C-terminal NBD heterodimer
model shows that indeed Asp327 forms an integral part of
the ATP binding pocket. Thus, in addition to extensive
biochemical data, homology modeling of NBDs also dem-
onstrates the critical role of Asp327 in ATP hydrolysis.

Conventionally, the residue equivalent to Asp327 is part
of the conserved Walker B motif found in many different
non-fungal ATPases such as the ABC proteins, including
transporters and DNA repair proteins such as Rad50 and
MutS as well as helicase (47). It is known to be essential
for chelating the Mg2+ bound to the nucleotide and is shown
to be essential for activity (18). The very well conserved
residue next to this Asp in non-fungal ABC transporters is
Glu, which points directly toward the phosphate of the
nucleotide bound in the active site (48). It has been proposed
for other proteins that in this position, Glu serves as catalytic
base to activate a catalytic water molecule for nucleophilic
attack on theγ-phosphate (19, 38, 24). For example, mutation
of the Glu residue to Ala or Gln inM. jannaschii ABC
transporters, MJ0796 and MJ1267, results in the loss of
ATPase activity, supporting the hypothesis that this residue
is required for ATP hydrolysis (38). In the case ofBacillus
subtilisABC transporter, BmrA, substitution of this Glu with
other amino acids resulted in the entrapment of the nucleotide
in triphosphate form in the active site, also indicating the
disruption of the hydrolysis reaction (36). In P-gp, the
mutation of this Glu, however, indicated occlusion of the
nucleotide in the diphosphate form, thus suggesting that the
residue plays a role in ADP release and turnover rather than
catalysis (49, 18). It would appear that the presence of
Asn328 next to the well conserved Asp327 (instead of Glu)
in the Walker B motif of the N-terminal NBD of Cdr1p and
in other fungal ABC transporters has necessitated Asp327
to acquire the role of a catalytic base in ATP hydrolysis.

On the basis of the role of Glu adjacent to the Walker B
motif of NBDs of other non-fungal ABC transporters, we
argued that the replacement of Asn with the Glu (N328E)
mutation in N-terminal NBD of Cdr1p could improve ATP
hydrolysis. Contrary to expectation, this mutation (N328E)
exhibited severely impaired ATPase and drug transport
activity (Figure 6B). Interestingly, this mutant variant unlike
Cdr1p D327N did not exhibit any pH dependence of ATPase
activity (Figure 6F). These observations suggest that though
Asn328 is important for the functionality of Cdr1p, yet unlike
its substituted residues in other ABC transporters, it does
not directly participate in ATP hydrolysis.
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In conclusion, our study provides an instance of a
functional residue migration or hopping during the evolution
of NBDs. Active site variation might reflect the evolutionary
optimization of the catalytic efficiency of fungal ABC
transporters. We show that a highly conserved Asp residue
at position 327 in the Walker B motif of N-terminal NBD
of a major ABC drug transporter Cdr1p has acquired a new
role to act as a catalysis base. Thus, the unique placement
of Cys193, Trp326, and Asn328 in the conserved motifs of
Cdr1p definitely has functional significance. Because such
unique placements are also extended to other fungal ABC
transporters, it strongly points toward their evolutionary
relevance. However, what additional advantage such changes
have brought to this class of proteins is not apparent. One
needs to wait for the 3D structure of fungal ABC transporters
to highlight the mechanistic differences with other well
conserved proteins of this super family. Considering that
many fungal ABC transporters belong to human pathogenic

fungi, it would be interesting to examine whether these
unique changes have provided any extra advantage to their
survival in the host environment.
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